Chapter 7
Designing Drugs Against Hsp90 for Cancer
Therapy

Stefan O. Ochiana, Tony Taldone and Gabriela Chiosis

Abstract Heat shock protein 90 (Hsp90) is a molecular chaperone exploited by
cancer cells to aid the function of numerous oncoproteins. The recognition of Hsp90
as a critical facilitator for oncogene addiction and survival of the cancer cell has
opened a promising new niche for cancer treatment. The serendipitous discovery
that the broad spectrum anticancer activity of the natural products geldanamy-
cin (GM) and radicicol (RD) was a result of inhibition of Hsp90 resulted in the
development of improved derivatives of these natural products. One of these was
17-allylaminogeldanamycin (17-AAG), a closely related analog of GM, and was in
fact the first Hsp90 inhibitor to enter the clinic. However, GM and its analogs suffer
from poor “drug-like” properties and this served as a strong impetus for the devel-
opment of novel synthetic Hsp90 inhibitors. These efforts resulted in the devel-
opment of numerous potent synthetic small molecule inhibitors with significant
scaffold diversity as well as superior pharmacokinetic and toxicity profile to have
entered clinical trials. This review highlights the drug discovery efforts pertaining
to the development of the first and second-generation Hsp90 inhibitors, and also
gleans over their individual promise as clinical agents for anticancer therapy.

1 Introduction

Heat shock proteins were first reported in the early 1960s when they were seren-
dipitously discovered by the Italian scientist Ferruccio Ritossa [1] who observed
that cells could mount very strong transcriptional activity upon exposure to heat.
Subsequent work undertaken by Tissieres et al. led to the discovery of heat shock
proteins by means of electrophoretically studying the newly synthesized proteins
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Fig. 7.1 a Structure of Geldanamycin, the first reported Hsp90 inhibitor. b Structure of human
Hsp90a bound to (1; PDB ID: 1YET), H-bonds are shown by dotted lines. ¢ Ansamycin inhibitors
of Hsp90; in red is shown the benzoquinone (i.e., quinone ring) moiety and in blue the methoxy
group at C17

in heat-shocked Drosophila larvae [2]. Over the course of a few decades, various
research groups have shown that the vast majority of these proteins are molecular
chaperones that aid the correct folding of proteins and guard the proteome from the
threat of misfolding and aggregation [3, 4]. A noteworthy member of this family is
heat shock protein 90 (Hsp90), a chaperone that employs a complex cycle of client
protein binding and hydrolysis of adenosine triphosphate (ATP) to regulate both
the stability and activity of its client proteins, including kinases, steroid hormone
receptors, and transcription factors [5, 6]. Furthermore, when the Hsp90 chaperone
cycle is inhibited, its client proteins become destabilized, are ubiquitinated, and
consequently degraded by the proteasome [7—9]. The knowledge that many Hsp90
client proteins (e.g., human epidermal growth factor receptor 2, HER2; AKT; met
proto-oncogene (MET); epidermal growth factor receptor, EGFR; estrogen receptor
(ER); Raf-1) are known to play significant roles in the development and promotion
of cancer has sparked a strong interest in this chaperone as a viable target for cancer
therapy [10-12].

As is often the case in drug discovery, natural products played an important
role in the discovery of Hsp90 inhibitors. In fact, the very concept of inhibition of
Hsp90 as a viable anticancer strategy was demonstrated with two seminal natural
products, geldanamycin (GM; Fig. 7.1a) and radicicol (RD; Fig. 7.2a). GM is a ben-
zoquinone ansamycin which was first isolated in 1970 from a fermentation broth
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Fig. 7.2 a Resorcinol inhibitor of Hsp90, radicicol (in blue is shown the resorcinol moiety), and
the structure of human Hsp90a bound to RD (Radicicol) (PDB ID: 4EGK), H-bonds are shown
by dotted lines. b Scaffold modifications of CCT018159 leading first to VER-49009, and then to
the clinical candidate NVP-AUY922. ¢ From fragment to lead to clinical candidate AT13387. d
Regions explored leading to Ganetespib. e KW2478 a resorcinol type inhibitor of Hsp90

of Streptomyces hygroscopicus [13]. Though GM was originally pursued as an an-
tibiotic, its anticancer properties were discovered later from a phenotypic screen of
compounds able to reverse the phenotype of v-src transformed cells [14], and these
screening efforts also identified other structurally related benzoquinone ansamycins
including herbimycin and macbecin. A landmark publication by Whitesell et al. in
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1994 showed that GM bound to Hsp90 [15]. Subsequently, it was demonstrated
that GM binds to the N-terminal nucleotide-binding pocket [16, 17] and inhibits the
adenosine triphosphatase (ATPase) activity of Hsp90 [18]. The binding of GM to
Hsp90 disrupts formation of the “closed” Hsp90 complex, inhibiting progression of
the chaperone cycle, resulting in client protein degradation by the ubiquitin protea-
some system [7, 19].

The crystal structures of the natural products GM and RD with the Hsp90 N-
terminal domain provide essential aspects of their nucleotide mimicry [20]. In the
case of GM, the crystal structure showed that the macrocyclic ansa ring and pen-
dant carbamate are directed towards the bottom of the binding pocket (Fig. 7.1b),
whereas the benzoquinone ring (depicted in red; Fig. 7.1a) was oriented towards the
top of the pocket. On the other hand, the orientation of RD is opposite to that of GM
since the resorcinol ring (depicted in blue, Fig. 7.2a) directed towards the bottom
of the pocket and the macrocycle, with its conjugated bond system and epoxide,
is facing the top of the pocket. The adenosine triphosphate/adenosine diphosphate
(ATP/ADP) adenine’s NH, group is mimicked by the carbamate functionality of
GM and the resorcinol moiety of RD, which make direct and indirect (water medi-
ated) hydrogen interactions with the protein (Figs. 7.1b and 7.2a). Additionally,
hydrophobic interactions are also observed in this pocket for both natural products.
As this chapter will show, the motifs of GM and RD are an occurring theme in many
Hsp90 inhibitors that have reached the clinic.

Initially, there was considerable hesitancy towards targeting a housekeeping
protein that is abundantly expressed in normal cells due to the perceived risk that
inhibition might lead to undesirable toxicity. However, numerous groups were un-
deterred by this, buoyed in the knowledge that GM had previously been shown
to be selectively toxic towards cancer cells, though the reasons for the observed
therapeutic index for Hsp90 inhibitors was not yet known. The first major insight
into the reasons underlying this was presented in a seminal paper by Kamal et al.
which showed that cancer cells are composed of a distinct pool of Hsp90 compared
to normal cells [21]. This work showed that the Hsp90 inhibitor 17-allylaminogel-
danamycin (17-AAG; Fig. 7.1¢) bound Hsp90 in tumor cells with a 100-fold greater
affinity than Hsp90 in normal cells. Furthermore, Hsp90 in cancer cells was shown
to be entirely in multi-chaperone complexes with co-chaperones (i.e., Hsp70/Hsp90
organizing protein, HOP, p23, Hsp70, etc.) with high ATPase activity, whereas
Hsp90 in normal cells was determined to be in a latent uncomplexed state. This
work provided a solid rationale for the observed selectivity of GM for cancer cells
over normal cells, and served as a powerful impetus for the development of Hsp90
inhibitors by multiple institutions throughout the world. Later on, Moulick et al.
revised this view and showed that Hsp90 forms biochemically distinct complexes
in malignant cells where a major fraction of cancer cell Hsp90 retained “housekeep-
ing” chaperone functions similar to normal cells, whereas a functionally distinct
Hsp90 pool enriched or expanded in cancer cells and referred to as “oncogenic
Hsp90” executed functions necessary to maintain the malignant phenotype [22].
This work also indicated that Hsp90 inhibitors have distinct selectivity profiles for
the two Hsp90 species, providing perhaps a rationale for the non-overlapping thera-
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peutic index and tumor retention profiles noted for the several Hsp90 chemotypes
currently in clinical evaluation.

While the early stages in the development of Hsp90 inhibitors was undertaken by
only a select group of research institutions and small biotechnology companies, our
increased understanding of tumor Hsp90 biology has changed this landscape dra-
matically. Hsp90 has currently emerged as one of the most highly pursued drug tar-
gets for the treatment of cancer with 17 agents already in various stages of clinical
trials [23]. Hsp90 is a very attractive target for a number of reasons. Hsp90 regulates
multiple oncogenic signaling pathways and its inhibition enables these pathways to
be targeted simultaneously [8, 24]. Additionally, it provides a potential advantage
over other anticancer strategies (i.e., kinase inhibitors) in that it may be less suscep-
tible to resistance mechanisms [25]. For this reason, the use of Hsp90 inhibitor can
be envisioned not only as a monotherapy but also as combination therapy to combat
the developing of resistance observed with current anti-cancer drugs. Finally, as we
shall show, from a drug discovery perspective Hsp90 has turned out to be a highly
druggable target.

It is significant that each of the compounds currently in the clinic target the N-
terminal ATP pocket of Hsp90 [11, 23, 26]. There is also future promise for other
clinical agents which disrupt Hsp90 chaperone cycle by alternative mechanisms
such as targeting co-chaperone-Hsp90 interactions (e.g., Cdc37, HOP), targeting
client-Hsp90 interactions or developing inhibitors that bind to the Hsp90 C-terminal
ATP-binding site [12, 27, 28]. To date, there are no approved Hsp90 targeted agents,
but the fact that clinical activity has been obtained with multiple drugs in various
tumors is promising to change this status quo.

The great amount of work that has been undertaken on developing Hsp90 in-
hibitors is evinced by the sheer number of compounds reported in the literature to
modulate Hsp90 function through a variety of mechanisms and constitute a broad
array of structural classes [11, 12, 23, 29, 30]. Indeed, the complex and dynamic
nature of Hsp90 function presents multiple opportunities for the design of drugs that
target it and is a major reason why so many compounds have been identified. The
dynamic nature of Hsp90 is exemplified by the significant structural changes it un-
dergoes throughout the various stages of the chaperone cycle that ultimately result
in client protein folding. What is more, it is becoming increasingly clear that even if
these clinical agents share a similar binding site, their precise mode of binding may
be different resulting in wide-ranging effects on biology [22, 31]. Conformational
dynamism of Hsp90 enables an inhibitor to potentially target multiple diverse con-
formations and it is becoming apparent that the ability of an inhibitor to sample a
variety of conformations can have dramatic effects on the observed biology. While a
better understanding of the observed biological effects to the precise binding mode
of inhibitor is clearly necessary, it is obviously clear that the plasticity of Hsp90
has not prevented the discovery and development of inhibitors using standard ap-
proaches in drug discovery.

Herein, we would like to review the strategies used to design some of the ma-
jor classes of Hsp90 inhibitors that are being evaluated in clinical trials. In this
chapter, we focus on the medicinal chemistry efforts pertaining to select scaffolds
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and describe progress from initial discovery to their advancement into clinical
agents. While various methods have been used to discover the initial lead molecules
(i.e., phenotypic screening, structure-based drug design (SBDD) [32], biochemical
and cell-based screening, and fragment-based drug discovery (FBDD) [33]), in each
case standard medicinal chemistry concepts were utilized to optimize the initial
leads into clinical candidates. This was done with strong absorption, distribution,
metabolism excretion, and toxicity (ADMET) considerations and with an increas-
ing focus on tumor Pharmacokinetics (PK) properties. The focus on tumor PK is
derived from the peculiar PK profile that Hsp90 inhibitors display, being selectively
retained in tumor rather than normal tissues, often at pharmacologically relevant
concentrations for an extended period of time. This effect was first noted by Vi-
lenchik et al. [34]. This profile augurs well for development of these compounds
into drugs as one can envision a molecule which is rapidly distributed to the tumor
tissues where the drug is retained in sufficient concentration to cause marked anti-
cancer activity and at the same time is rapidly cleared from non-cancerous tissues,
thus decreasing the probability of observing toxic side effects.

2  Hsp90 Chemotypes: From Discovery to Development

2.1 Ansamycin Natural Product Class as the First Hsp90
Inhibitors

The discovery of lead agents for Hsp90 inhibition was initially paved by the thor-
ough investigation of the ansamycin natural product class (Fig. 7.1). This was also
the first class to have been evaluated in clinical trials. GM demonstrated both in
vitro and in vivo antitumor activity in preclinical models, but it never reached clini-
cal trials as a result of liver toxicity as well as poor solubility and metabolic and
chemical instability [35, 36]. The hepatotoxicity observed with GM was attributed
to the chemical instability of the quinone ring, which is known to be reactive to-
wards nucleophiles that are typically present in biological molecules [37, 38], and is
exacerbated by the C-17 methoxy group (Fig. 7.1a, methoxy group shown in blue,
quinone shown in red). However, analogs of GM that contain alkylamino groups in-
stead of the C-17 methoxy group retain their biological activity and show decreased
hepatotoxicity [39]. Reflective of its high reactivity, the methoxy group of GM is
easily substituted by reaction with amines and at least two significant derivatives
have been prepared by this approach. Substitution with an allylamino group resulted
in 17-allylamino-17-demethoxygeldanamycin (17-AAG; Fig. 7.1c), a compound
that shared important biological features with GM but displayed a more favorable
toxicity profile [40]. 17-AAG was the first Hsp90 inhibitor to be evaluated in clini-
cal trials in 1999, and subsequent published clinical data for 17-AAG demonstrated
in tumors molecular signatures (i.e., c-Raf-1 and CDK4 depletion and Hsp70 in-
duction) indicative of target inhibition [41]. This information combined with the
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knowledge that clinical activity has been seen for 17-AAG in melanoma, multiple
myeloma, prostate, and breast cancer [8] provided proof of concept for Hsp90 in-
hibition in patients. The further advancement of this compound was impeded as a
result of its poor pharmaceutical and toxicity profile. For example, because of its
low solubility, 17-AAG was administered intravenously using a dimethyl sulfoxide
(DMSO) and egg phospholipid vehicle, which, at doses higher than 100 mg/m? was
itself toxic (i.e., bad odor, nausea, anorexia), and these vehicle-related toxicities,
attributed to the DMSO formulation, were as major as the ones resulting from the
drug itself [23]. Additionally, 17-AAG is a substrate of the P-glycoprotein-mediated
efflux and the polymorphic cytochrome P450 CYP3A4 [42]. Finally, the delayed
hepatotoxicity observed for 17-AAG in the clinic with the twice a week continuous
dosing schedule [43] further supported ongoing endeavors to develop non-ansamy-
cin Hsp90 inhibitors with an improved toxicity profile.

Kosan Biosciences initiated a program aimed at finding potent, water soluble
inhibitors of Hsp90 based on the GM scaffold, and thus synthesized more than 60
17-alkylamino-17-demethoxygeldanamycin analogs [11, 39]. Their efforts resulted
in  17-(2-dimethylaminoethyl)-amino-17-demethoxygeldanamycin (17-DMAG;
Fig. 7.1c), an analog which contains the ionizable N,N-dimethylethylamine group
instead of the methoxy group at C-17. The ionizable amino group results in an in-
creased solubility profile as well as higher oral bioavailability and equal if not better
antitumor activity than 17-AAG [44]. Thus, in 2004, 17-DMAG was advanced into
clinical trials where it was evaluated both orally and as an intravenous (IV) agent.
Clinical benefit was reported in 42 % (i.e., 8 out of 19) of patients with refractory
HER2 + metastatic breast cancer and in patients with refractory ovarian cancer who
were progressing on standard chemotherapy, and also promising results were seen
in patients with chemotherapy refractory acute myelogenous leukemia since 3 out
of 17 patients showed complete response to the Hsp90 therapy [26]. Nonetheless, in
2008, the clinical development of 17-DMAG was discontinued owing to unaccept-
able toxicity, which was target unrelated [26].

Infinity Pharmaceuticals attempted to address the pharmaceutical deficiencies
characteristic to the ansamycin inhibitors through IPI-504 (Retaspimycin), the hy-
droquinone hydrochloride salt of 17-AAG (Fig. 7.1c). This was obtained by re-
ducing 17-AAG to the corresponding hydroquinone using Na,S,0, which was
subsequently treated with hydrochloric acid (HCI; Fig. 7.1c). The hydrochloride
salt was chemically stable to oxidation and improved the aqueous solubility >4000-
fold when compared to 17-AAG [45, 46]. Moreover, the hydroquinone compound
(IPI-504) was shown to be the more potent Hsp90 inhibitor when compared to the
quinone (17-AAG) and this was suggested to be due to the various hydrogen bond-
ing now possible with the hydroquinone derivative [45, 46]. In the clinic, IPI-504
has shown promising activity in patients with non-small cell lung cancer (NSCLC)
and oncogenic anaplastic lymphoma kinase (ALK) gene rearrangements [47]. In a
Phase II trial, 28 % of patients with NSCLC were able to see a stabilization in their
condition as well as tumor reduction [29]. In the clinic, the evaluation of this agent
against gastrointestinal stromal tumor (GIST) was terminated due to unexpectedly
high hepatic toxicity. The exact mechanism of the liver toxicity is still elusive but it
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may perhaps relate to the potential to form a quinone through oxidation in vivo. The
quinone moiety can be seen as a liability since it has potential for adduct formation
and redox metabolism, and this most likely contributes to the liver toxicity [48]. On
the whole, IPI-504 is a clinical agent with improved PK and toxicity properties and
this profile makes it the most promising candidate from the ansamycin class.

Overall, the natural product-based Hsp90 inhibitors have pharmaceutical limita-
tions related to their ADME properties. The pioneering work with GM served as
a proof-of-concept for this cancer target. However, the combined knowledge that
GM and related derivatives show dose-dependent liver toxicity, and that RD deriva-
tives suffer from severe toxicities in rats and mice [49] opened the landscape to the
discovery and development of synthetic inhibitors. These are compounds based on
novel chemical scaffolds that sought to overcome the limitations observed with
GM, RD, and their derivatives.

2.2 Resorcinol Derivatives

A number of compounds which have been advanced into the clinic contain a res-
orcinol moiety, and in this regard can be related to RD (Fig. 7.2a). RD is a resor-
cylic acid lactone first isolated in 1953 from Monosporium bonorden [50] and later
shown to be a potent Hsp90 inhibitor where it affects key components of the mo-
lecular chaperone in a manner similar to GM [51]. The resorcinol core of RD binds
deep in the ATP-binding pocket and provides key interactions which are essential
for its potent inhibitory activity [20, 51]. Although RD has potent activity in vitro,
this did not translate to in vivo activity [52]. The in vivo inactivity is attributed
to the highly reactive functionalities in its structure such as a, B, y, d-unsaturated
carbonyl group and an epoxide (Fig. 7.2a) which are readily metabolized [53, 54].
These liabilities were partially addressed through synthetic modifications. In one
approach, the electrophilic epoxide was replaced with a relatively unreactive cyclo-
propyl group [53], which resulted in an analog that retained potency when tested
in the MCF-7 breast cancer cell line with an IC,, of 54 nM vs. 23 nM for RD [53]
and also showed activity in vivo in a MX-1 adenocarcinoma mouse model [55].
In another approach, the biologically unstable carbonyl was converted to oxime
derivatives [52, 56]. One of the most potent of these oxime derivatives was shown
to have significant antitumor activity in MX-1 and A431 epidermoid carcinoma xe-
nograft models [57]. Despite these results, any attempts, this far, to directly modify
RD have failed to deliver clinically viable compounds. Nonetheless, the resorcinol
core of RD is an essential motif distinguishing several small molecule Hsp90 clini-
cal agents which are described below.

2.2.1 NVP-AUY922/VERS2296

A high-throughput screen of approximately 56,000 compounds was initiated to
identify novel small molecule inhibitors of Hsp90. The assay used in this screen
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measured inhibition of yeast Hsp90 ATPase activity using the malachite green detec-
tion of inorganic phosphate [58] and identified the resorcinolic pyrazole compound
CCTO018159 as the most potent hit (Fig. 7.2b). Crystallographic data revealed that
CCTO018159 bound to the ATP pocket in the N-terminal domain of yeast Hsp90 in a
manner similar to RD [59]. The two phenolic hydroxyls and the adjacent pyrazole
nitrogen of CCT018159 form a network of hydrogen bonds, similar to RD, with
Asp79, Gly83, and the hydroxyl side chain of Thr171, and water molecules found at
the base of the pocket. From the crystal structure, it was deduced that the 5-methyl
group (Fig. 7.2b, CCT018159) was only 4 A away from the carbonyl oxygen of
Gly97 and this hydrogen bond acceptor could potentially be exploited to increase
activity by the installation of a donor group. Replacement of the C5-methyl group
by an amide group allowed the formation of a hydrogen bond with Gly97 as predict-
ed by modeling, and this is supported by the increase in potency against the target
and functional assays resulting in compound VER-49009 (Fig. 7.2b) which showed
inhibition of cell proliferation comparable to the clinical agent 17-AAG [60].

Further medicinal chemistry efforts were focused on varying the pyrazole, in-
troduction of a solubilizing group on the 4-arylpyrazole substituents, and also opti-
mization of the 5’-substituent on the resorcinol ring [61]. Replacement of the more
polar pyrazole with the isoxazole was well tolerated and bound Hsp90 with similar
affinity, and also showed that isoxazole derivatives were more potent in cell growth
inhibition assays [61]. Prior knowledge gained from other work [60, 62—64] sug-
gested the importance of a solubilizing group on the 4-aryl ring, and thus their
subsequent efforts focused on substitutions on the para-position of the aromatic
ring. The morpholine moiety was found to be an optimal choice, one that also had
additional hydrophobic interactions with Thr109 and Gly135 [61]. From the 4,5-di-
arylisoxazole series, VER-52296/NVP-AUY922 (Fig. 7.2b) emerged as a potent
Hsp90 inhibitor which also showed antitumor activity in colon and breast cancer
xenograft models [61, 65]. This lead candidate subsequently advanced to clinical
trials where it is evaluated not only as a single agent but also as a combination
therapy in various cancers. The first clinical results with NVP-AUY922 in patients
with advanced solid tumors were disclosed in mid 2013 and showed that the drug
was well tolerated, though among other common toxicities (e.g., diarrhea, nausea,
fatigue) visual side effects were noticed at higher doses in some patients, but these
visual symptoms were typically reversed upon interruption or discontinuation of
the treatment [66]. The drug also provided evidence of Hsp90 inhibition in both pe-
ripheral blood mononuclear cells (Hsp70 induction) and tumor (reduction in levels
of AKT and decrease of metabolic activity by'*F-FDG PET) [66]. Following these
results, Phase II single-agent and combination studies are in progress in patients
with HER2+ breast, gastric and non-small cell lung cancers [66].

2.2.2 AT-13387

Scientists at Astex Pharmaceuticals used a FBDD approach to identify AT-13387.
They used nuclear magnetic resonance (NMR) and high throughput X-ray crys-
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tallography to discover fragments with Hsp90-binding affinity. These efforts re-
sulted in the discovery of two fragments, one of which was a phenolic chemotype
(Fig. 7.2c, Hit Fragment) with affinity in the high micromolar range as determined
by isothermal titration calorimetry [67].

The follow-up on this hit fragment used crystallographic information which in-
dicated that the methoxy group could be substituted to fill a proximal lipophilic
pocket [67]. Analogs substituted with chloro, ethyl, isopropyl, and fert-butyl were
initially prepared, and it was shown that a 100-fold improvement in potency was
obtained for isopropyl and fert-butyl analogs, which are able to fill the lipophilic
pocket. Then, two analogs containing the hydroxyl (OH) at the 2-position of the
phenol instead of the 4-OH were pursued given the knowledge that 2-OH group in
RD forms a direct hydrogen bond to Asp93 (Fig. 7.2c, Hit Fragment). However,
these analogs were tenfold less potent than the 4-OH substituted compounds, and
this implied that the 4-OH group must be an important contributor for affinity in
the series. Their next synthetic iteration was aimed at modifying the diethylamide
in the original hit fragment, and guided by X-ray crystallography, they pursued ter-
tiary amides substitutions. The isoindoline moiety emerged as the best choice, one
that provided a significant improvement in affinity of several-hundred-fold. Fur-
ther modification of the phenol into a resorcinol resulted in a compound (Fig. 7.2c,
Lead) with subnanomolar affinity, very good ligand efficiency and cell activity
[67]. This initial lead was further modified first by the introduction of halogens
at the 4, 5, and 7 positions of the isoindoline which were all tolerated. The subse-
quent structure-activity relationship (SAR) was primarily focused on substitutions
at the 5-position of the isoindoline ring system shown to be best overall for activity,
though the 4-position was also explored, with a focus on basic and other solubi-
lizing functionalities. Among the substitutions explored at the 5-position were N-
methylpiperazine, N,N-dimethylethanolamine, 2-methoxyethoxy, and 4-morpholi-
nylmethyl, and all these compounds had good enzyme and cell activity [68]. Addi-
tionally, analogs containing N-methylpiperazine or N,N-dimethylethanolamine had
high tumor retention and efficacy in HCT116 human colon carcinoma xenografts
when compared to their original lead [68]. In order to increase the pKa of the basic
center and also lower lipophilicity, a methylene linker was introduced at the 5-posi-
tion linking the isoindoline with N-methylpiperazine or N,N-dimethyl. A compound
preclinical selection process then ensued where the key parameters evaluated were
in vivo target modulation, predicted human dose, selectivity, solubility, stability,
formulation, and ease of synthesis [68]. From this triage process emerged the lead
candidate AT-13387 (Fig. 1.2¢) [69]. Same study also showed that the suppression
of client proteins can last up to 72 h in NCI-H1975 xenograft tumors in mice when
given as a single dose. The drug has subsequently advanced to the clinic where it is
evaluated in patients with metastatic solid tumors.

2.2.3 STA-9090 (Ganetespib)

Ganetespib (Fig. 7.2d) is a novel resorcinol-containing triazole compound that is
being developed by Synta Pharmaceuticals. The medicinal chemistry efforts re-
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sulting in the identification of STA-9090 have not yet been described. However,
the patent literature does provide the main regions explored for the resorcinol-
containing triazole series, and these are shown in Fig. 7.2d (i.e., R, R,, R;, R, Z,
and X). Briefly, the Hsp90 inhibitory compounds disclosed explored at R,, R,=H,
OH, SH, alkyl, etc.; R,=H, alkyl, alkenyl, cycloalkyl, heteroaryl, etc.; R,=H, OH,
alkyl, alkenyl, cycloalkyl, etc.; Z=OH, SH, NH,; and X=N, alkyl, H, OH, etc.
[70]. Ganetespib is among the Hsp90 triazole-containing inhibitors disclosed in the
patent. This compound has a molecular weight (MW =364.4) that is considerably
lower than most of the newer second generation Hsp90 inhibitors and is relatively
hydrophobic (cLogP=3.3) [71]. X-ray studies of STA-9090 bound to Hsp90 not
only confirmed the critical hydrogen interactions of the resorcinol hydroxyl group
with Asp93 and the carbonyl of triazolone with Lys58 but also showed that the hy-
drazinecarboxamide moiety of triazolone makes a distinctive hydrogen bond with
Gly97 that is not observed with ansamycin analogs [71]. Additionally, there are
water bridge bonds between the 4-hydroxyl of resorcinol and Leu48 and Ser52 that
are vital for binding efficiency [71].

STA-9090 was shown to have potent in vitro cytotoxicity when tested in various
solid and hematologic tumor cell lines [71]. Additionally, ganetespib demonstrated
antitumor efficacy in solid and hematologic xenograft models. Ganetespib subse-
quently advanced to clinical trials both as single agent and in combination therapy
for a variety of cancers. In the clinic, ganetespib showed manageable side effects
[72] and also clinical activity, for example, in previously heavily pretreated patients
with NSCLCs [73]. This drug candidate is the most advanced Hsp90 inhibitor cur-
rently in the clinic where it is undergoing evaluation in several Phase II trials as well
as a Phase III clinical trial for various human cancers.

2.2.4 KW-2478

The focus of Kyowa Hakko Kirin Pharma was initially on the development of ox-
ime derivatives of RD, but their progress into the clinic was discontinued due to
severe toxicities seen in rats and mice. As a result Kyowa Hakko Kirin Pharma
decided to shift its focus towards the development of new small molecule Hsp90 in-
hibitors with an improved safety profile [49]. To achieve their goal, a unique screen-
ing system was established which consisted of a binding assay where Hsp90 was
fixed onto plates, and to these wells, the compounds to be screened were added. The
plates were washed a few times, after which biotin-labeled RD was added and poly-
HRP streptavidin solution was added to verify the competitive inhibition with RD
[49]. These efforts resulted in the identification of a number of leads containing a
resorcinol moiety. Although detailed SAR leading to the identification of KW-2478
(Fig. 7.2¢e) has yet to be disclosed, lead optimization utilized X-ray crystallography,
cell-based assays, and in vivo models. KW-2478-inhibited biotin-RD binding to
Hsp90a with an IC, value of 3.8 nM [74] and was found to have good solubility in
saline (>30 mg/mL), no hepatotoxicity in animal studies, good PK profile, and also
no metabolism by CYP3A4 enzyme [49]. Hence, it was subsequently advanced into
Phase I clinical trials in patients with multiple myeloma and non-Hodgkin’s lym-
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phoma where no dose limiting toxicities (DLTs) or retinal toxicity was noticed at
doses up to 176 mg/m? [49]. This clinical agent is also currently being evaluated as
a combination therapy with bortezomib in a Phase I/II trial in patients with multiple
myeloma.

2.3 Purine and Purine-Like Analogs

Structure-based drug design of Hsp90 inhibitors was made possible with the ad-
vent of crystal structures of GM [16, 17], RD [20], and ADP [16] bound to the
N-terminal nucleotide-binding domain (NBD) of Hsp90. These structures show the
ATP-binding pocket to have a distinctive Bergerat fold that is observed only in the
GHKL ATPase protein family [75, 76]. The unique “bent” conformation adopted by
ATP when bound to Hsp90 was incorporated into the design of the synthetic class of
inhibitors. Chiosis et al. utilized co-crystal structures of Hsp90 with its ligands (i.e.,
GM, RD, and ADP) to rationally design the first synthetic Hsp90 inhibitor, purine-
based PU3 (Fig. 7.3a) [77]. PU3 was shown to inhibit the binding of purified Hsp90
to immobilized GM with an EC,;=15-20 pM. Furthermore, PU3 was the first
synthetic molecule to show similar phenotypic properties to GM, including degra-
dation of HER2 and inhibition of cancer cell growth [77]. In the design of PU3, the
purine core of the endogenous ligands were linked to an aryl moiety via the 8-posi-
tion through a methylene linker (i.e., Purine-CH,-Aryl, Fig. 7.3a). This structural
arrangement allows PU3 to adopt a bent shape even in the unbound state. Although
previous crystal structures aided in the design of this class, they could not predict
the precise mode of binding for these molecules. Interestingly, a crystal structure of
PU3 bound to the NBD of Hsp90a showed that it induces a conformational shift that
exposes a pocket not observed in any of the previous structures [78].

As discussed below, the essential motif exemplified by PU3, purine-linker-aryl,
would be maintained for essentially all of the inhibitors of this class, with only
slight variations. The SAR that was constructed on the purine scaffold can be di-
vided into four parts: (1) the purine ring, (2) the linker, (3) the 8-aryl ring, and (4)
the 9-alkyl substituent. The purine core is not very amenable to structural modifica-
tions given its overall tight fit in the pocket and important binding interactions made
by the exocyclic amino group. The same holds true for the linker which is critically
important for imparting an acceptable angle between the purine and aryl rings. The
best results in advancing this class of compounds into clinical candidates came
through modifications of the 8-aryl ring and the N9-alkyl substituent. Affinity has
generally been improved through modifications of the 8-aryl ring that impart strong
binding interactions within the newly created binding pocket. Additionally, PK
properties have been improved largely through modifications to the 9-substituent
which is oriented towards the solvent exposed region. This strategy was indeed suc-
cessful as changes made to the aryl fragment resulted in compounds that went from
micromolar potency (e.g., PU3, bound Hsp90 with moderate activity and showed
biological activity in the 50 pM concentration range or PU24FCI which exhibited
biological effects in the 2—6 uM range) through to the nanomolar level (e.g., PU-
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H71) [79], and this is schematically depicted in Fig. 7.3a. The initial lead PU3 was
subsequently picked up by numerous research groups and optimized via various
strategies to lead to potent drug candidates that display a much improved PK and
toxicity profile compared to the ansamycin analogs. Combined these efforts have
resulted in the advancement to clinical trials of PU-H71, MPC-3100, CNF2024/
BIIB021, and Debio 0932 (CUDC-305; Fig. 7.3).



164 S. O. Ochiana et al.

2.3.1 Early SAR of the Purine-Scaffold Class

The discovery of PU3 triggered an interest in the purine-scaffold class demonstrat-
ed by early publications aimed at studying the main pharmacophore requirements
for this class of inhibitor [78, 80, 81]. In the first reported SAR, extensive knowl-
edge was obtained from a careful study of the almost 70 derivatives synthesized
[80]. These analogs were evaluated for Hsp90 binding via a solid phase competition
assay for their ability to compete with immobilized GM and their cellular activity
was tested by the ability of the drugs to arrest the growth of MCF-7 breast cancer
cells and to induce the degradation of HER2 tyrosine kinase [80]. The advent of
multiple co-crystal structures of a series of purine-based inhibitors bound to Hsp90
[81] have allowed to explain the earlier observed SAR and subsequent ones. For
example, it was previously noticed that when the butyl chain of PU3 is replaced
with pent-4-ynyl the activity increases, and this was attributed to an increase in-
teraction between the alkyne group and hydrophobic lid of the pocket. The crystal
structure also helped to explain why functionalities on the 9N moiety could not
have any substituent on C1 where a steric clash with Leul07 would occur. In addi-
tion, at position 2 of the purine only fluorine was tolerated which increased potency
and water solubility in this series whereas larger groups like cyano, vinyl, iodo,
methoxy, ethoxy, or amino decreased activity [80]. Modification of the methylene
linker with -O-, -NH-, -CH,CH -, -OCH,- were each detrimental to activity, which,
hinted at the importance of the dihedral angle between the purine and the aryl moi-
ety. With regards to the 8-aryl moiety, the addition of chlorine to the 2’-position
increases activity while the addition of bromine was found to have little to no effect
compared to PU3. The combination of all the favorable functionalities provided an
additive effect and resulted in the most potent compound, PU24FCl, which had an
IC,,=1-2 uM in degradation of HER2 in MCF-7cells and was shown to be 30-fold
more potent than PU3 (Fig. 7.3a). Notably, PU24FClI displayed antiproliferative ef-
fects against various cancer cell lines with IC,)=2—7 uM and caused the degrada-
tion of Hsp90 client proteins at similar concentrations [34]. Importantly, PU24FCl
showed 10- to 50-fold higher affinity for tumor vs. normal tissue Hsp90. This com-
pound also showed antitumor effects in vivo when administered at 200 mg/Kg ip
on alternate days in mice bearing MCF-7 breast cancer xenografted tumors where
it resulted in significant depletion of HER2, AKT, and Raf-1 in tumors and also a
72 % decrease in tumor burden vs. untreated control mice [34]. Various groups took
on the prospect of further developing the purine class of inhibitors by performing
extensive SAR, and included the testing strategy in the preclinical development of
their Hsp90 inhibitors. These combined efforts have culminated in four compounds
being evaluated in the clinic for cancer.

23.2 PU-H71

PU-H71 was discovered by researchers at Memorial Sloan-Kettering Cancer Center
through the further development of PU24FCI (Fig. 7.3a). These efforts were greatly
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assisted by improvements in binding assays designed to measure affinity to Hsp90.
Development of fluorescent polarization (FP) assays enabled for the accurate evalu-
ation of the potency of compounds in a more high-throughput manner. These as-
says were first developed for purified protein and then later for cancer cell lysates
which more accurately define the affinity of the compound for the oncogenic Hsp90
complex [82—-84]. A significant development within the purine-scaffold series came
from the finding that the sulfur linker showed activity similar to the methylene [79,
85]. This modification enabled for more extensive SAR evaluation of the 8-aryl
moiety through the advent of suitable chemical methods as well as the broader
availability of aryl iodides required in the synthesis of the requisite 8-arylsulfanyl
adenine derivatives, since the rather limited availability of aryl acetic acids needed
for the synthesis of methylene-linked compounds would have limited development
[80, 83, 86]. Through these efforts, it was found that the 2-halo-4,5-methylenedioxy
series was the best aryl moiety to fit into the Hsp90 hydrophobic pocket [ 79, 83]. As
can be seen from PU-H71, CUDC305, and MPC-3100, the methylenedioxy moiety
is indeed a recurring theme in 3 of the 4 clinical candidates within the series.

Orientation of the N9-substituent towards solvent-exposed region makes this
part of the molecule an ideal place to introduce moieties that would improve PK
properties. Thus, the pent-4-ynyl previously determined to be favored by the Hsp90
pocket [80] was subsequently replaced with ionizable amino groups that enabled
the formation of salt, and hence dramatically enhanced solubility while retaining
biological activity of these compounds. PU-H71, a potent water soluble compound
with an IC,;~50 nM in cellular models of cancer, contains a 3-isopropylamino-
propyl group at N9, sulfur as the linker, and 2-iodo-4,5-methylenedioxy for the aryl
group [79]. This inhibitor was shown to have potent activity in various preclinical
models of triple-negative breast cancer (TNBC) [87], small-cell lung carcinoma
(SCLC) [88], hepatocellular carcinoma [89], diffuse large B-cell lymphomas [90],
and myeloproliferative disorders [91]. In addition, PU-H71 was also shown to have
extended tumor retention and prolonged PD effects; one such example is the reten-
tion of this compound at pharmacological doses and the associated suppression of
Hsp90 oncoclients such as AKT for over 48 h in TNBC tumors. Drug concentra-
tions in normal tissues and plasma declined quickly being almost undetectable by
6 h [87]. This drug candidate has subsequently advanced to Phase I clinical trials
where it is being evaluated in patients with solid tumors, lymphoma, and myelopro-
liferative disorders [23]. The first results from the two Phase I clinical trials with
PU-H71 are anticipated in mid 2014.

2.3.3 MPC-3100

MPC-3100 was discovered by scientists at Myrexis Inc. who decided to pursue their
Hsp90 discovery program using the intrinsic activity of the purine scaffold as a
starting point [92]. Their first SAR efforts entailed the replacement of the propargyl
group of A, a derivative previously reported by the Chiosis group [79] (Fig. 7.3b),
with the phenyl bioisostere linked to the N9 via alkyl chains of different lengths
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(Fig. 7.3b; B). The two carbon linker was determined to be optimal and various
substitutions on the aromatic ring (i.e., at position 2, R=F, Cl, Br, compound B;
Fig. 7.3b) were probed for best activity using FP. Unfortunately, the limiting factor
of these analogs was their decreased metabolic stability, therefore, further structural
changes to the pendant aryl group were explored. Introduction of heteroaromatic
ring systems (e.g., pyridine, pyrole, imidazole, etc.) or replacement of the phenyl
ring with the thiophene bioisostere generally resulted in a significant loss of potency
[92]. Since these modifications were not successful and some were even detrimen-
tal, other strategies were pursued. To this end, their first attempt was substitution
of the phenylethyl with an aminomethyl- cyclopropyl group, still this choice did
not bear fruit as the potency was not improved and more this analog suffered from
high clearance rate and very low oral bioavailability [92]. Thus, their subsequent
endeavors were towards improving oral bioavailability while preserving potency,
and they opted for the introduction of the piperidine moiety which is frequently
used by medicinal chemists as it provides an expedient platform for drug discovery.
Next, variations were made to the piperidine N-substituent in order to improve both
potency as well as ADME properties consisting of N-alkyl (e.g., i-Pr, i-Bu, CH,CF,,
CH,-cyclo-hexyl) and N-acylpiperidine analogs. From these efforts, it was discov-
ered that the optimal piperidine N-substituents were N-hydroxyacyl moieties which
provided both potency and metabolic stability.

Further extensive SAR studies were carried out for the 8-aryl region in an effort
to replace the 6-bromo-1,3-benzodioxole moiety with other functionalities such as
dihydrobenzofuran, benzofuran, benzodioxane, benzoxazine. However, none had
more favorable PK profiles than the 1,3-benzodioxole analogs [92]. It should also
be noted that these derivatives containing a bromine on the 2'-position of the 8-aryl
group are less potent than their iodine derivatives at the same position. Overall, the
SAR of the pendant N-9 piperidine moiety and of the 1,3-benzodioxole ring, com-
plemented by in vitro profiles and PK properties led to the selection of MPC-3100
(Fig. 7.3b) as the most suitable drug for advancement. MPC-3100 was administered
orally and demonstrated significant antitumor activity in the NCI-N87 gastric can-
cer xenograft model [92]. MPC-3100 has recently completed Phase I clinical trials
in refractory or relapsed cancer. This study revealed the safety and tolerability when
administered orally of MPC-3100 at doses lower than 600 mg/day with the most
common side effects reported having gastrointestinal origin (i.e., diarrhea, nausea,
and vomiting) [92].

As a result of the relatively poor solubility and bioavailability of MPC-3100,
Myrexis developed MPC-0767 (Fig. 7.3b) [93], a novel L-alanine ester pro-drug
of MPC-3100 which has completed all requirements for Investigational New Drug
(IND) filing. Nonetheless, in February 2012, the development of activities in the
preclinical and clinical oncology programs of Myrexis were suspended [94], and
currently, there are no ongoing clinical trials indicative, perhaps of the uncertain
future of these two potential drugs.
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2.3.4 Debio 0932 (CUDC-305)

The structure of CUDC-305, though technically an imidazopyridine, bears strong
resemblance to other members of the purine class (Fig. 7.3c). To date, the only
report regarding the design and synthesis of CUDC-305 was provided in a poster
presented at the American Association for Cancer Research (AACR) 102nd Annual
Meeting that took place in 2011 at Orlando, Florida [95]. Upon analysis of the exist-
ing SAR for the purine class [79, 81, 83], efforts at optimization were focused pri-
marily on the regions indicated by arrows in Fig. 7.3c. The impetus to develop the
imidazopyridine scaffold was likely the result of available crystal structures of pu-
rine-scaffold compounds which showed that the purine N3 interaction with Hsp90
is less critical for activity. Hence, their research team concluded that replacement
of nitrogen with carbon should not result in diminished potency and could provide
novelty and potentially unique properties [95]. Their SAR for the solvent exposed
region examined various side chains such as pentynyl, butynyl, hexynyl, pentyl, re-
placement of terminal alkynyl with cyano, ether, and amide chains, as well as amino
containing chains. This screen provided as the best side chain the neopentylamine
with an ethyl linker connected to N9. The 8-aryl region was also subject to SAR
exploration, and again the methylenedioxy analogs, similar to PU-H71 and MPC-
3100, was determined to be best. Finally, they also examined substituents at posi-
tion 2’ of the phenyl ring and found the dimethylamine moiety to give a favorable
Hsp90 inhibitor [95]. Their most potent analog was CUDC-305 (IC,;=100 nM)
[95]. This compound, later renamed Debio 0932, is orally bioavailable, blood-brain
barrier-permeable, and can achieve therapeutic levels in brain tissue (suggesting
perhaps its potential role to treat brain tumors). Additionally, in tumor tissues the
drug displays high concentrations and prolonged half-life (t,,=20.4 h) [95, 96].
It was subsequently advanced to the clinic where Debio 0932 went through the
dose escalation portion of a Phase I study where it was evaluated for safety and
tolerability at various doses given orally in patients with advanced solid tumors
or lymphoma [97]. The results of the Phase Ib study are expected in the near term,
and currently the drug is the subject of a Phase I/II clinical study in patients with
advanced lung cancer [97].

2.3.5 BIIB021

BIIB021 (Fig. 7.3d) was discovered by scientists at Conforma Therapeutics [98]
and is unique from the other compounds in this class in that the aryl moiety is at-
tached to the N9 position of the purine instead of the C8 position (Fig. 7.3d; 7a).
They showed that potent inhibition of Hsp90 was possible when the NH, group was
also moved from the 6- to the 2-position. These changes maintained the optimal
six bond distance between the NH, and the aryl group required for potent bind-
ing by the pharmacophore (purine-linker-aryl). Their first efforts were on exploring
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the effect of the halogen (i.e., Cl, Br, and I) at the 2'-position of the benzyl ring of
compound 7b (Fig. 7.3d), and their expectation to see an increase in potency was
confirmed. Then, the importance of the chlorine atom at the C6 position of the
purine ring was studied. Attempts to modify the chlorine with other functionalities
(NH,, OCH,, OH, SH, H, or CH,) resulted in a decrease of activity suggesting that
the halogen is important not only for hydrophobic contacts but also for its elec-
tron withdrawing characteristics [98]. Their next optimization steps were aimed
at improving the aqueous solubility and to achieve this they replaced the phenyl
ring with a pyridine. The subsequent SAR on the 9-heteroaryl moiety (Fig. 7.3d;
7¢) determined 3,5-dimethyl-4-methoxypyridine as ideal, and from this emerged
the potent inhibitor 6-chloro-9-((4-methoxy-3,5-dimethylpyridin-2-yl)methyl)-9H-
purin-2-amine (Fig. 7.3d; BIIB021) which had a better profile based on the in vitro
potency, pharmaceutical properties, and in vivo oral efficacy. The antitumor activity
of BIIB021 was demonstrated in a number of human tumor xenograft models where
the drug was given orally on both daily and intermittent dosing schedules [99].
BIIB021 was advanced in the clinic by Biogen Idec where it has been evaluated in
several Phase I and II clinical trials in patients with gastrointestinal stromal tumors
(GIST) and hormone receptor positive metastatic breast cancer [11]. Additionally, a
Phase II study of BIIB021 in patients with GIST refractory to imatinib and sunitinib
was published in 2013 and showed that treatment with BIIB021 led to metabolic
responses in >20% of patients with no significant hepatotoxicity when compared
to IPI-504 [100]. However, the further advancement of BIIB021 in the clinic by
Biogen Idec seems unlikely given the desire of the company to shift away from
the oncology development program [101], and currently the company is seeking to
out-license BIIB021.

2.4 Other Chemotypes

2.4.1 SNX-5422/PF-04929113, a Dihydroindazolone Derivative

SNX-5422 (Fig. 7.4a) is based on a unique dihydroindazolone scaffold and was
discovered by scientists at Serenex. They used a chemoproteomics-based strategy
in screening a focused chemical library against a diverse set of potential targets
[102]. In this unbiased approach both the hit compound and target were identified
concomitantly, so that the screen enabled for the identification of the most optimal
starting point at the level of both biology and chemistry. This was achieved using an
ATP-affinity column to which ATP-binding proteins were first loaded, and this was
then challenged with a diverse set of 8000 compounds for their ability to displace
unspecified proteins from this column. Some of the compound-protein interactions
found from this screen involved Hsp90. The decision to pursue Hsp90 stemmed
from the potential of it as a target and by the novelty and diversity of the chemical
leads identified by the screen.

The researchers at Serenex were inspired to pursue a synthetically tractable ben-
zamide hit (Fig. 7.4a; compound A) which conferred structural novelty, chemi-
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cal tractability, high selectivity for Hsp90, low molecular weight, and heteroatom
count [102]. The screen was further validated by X-ray crystallography analysis.
Their follow-up synthetic design complemented by structural information resulted
in compound B (Fig. 7.4a) which met their requirements of strong affinity to Hsp90
and cell activity. The Serenex efforts extended further since precautions were taken
to replace the possible metabolic liability of the methyl at C2 of the pyrrole moiety
of B with a trifluoromethyl, a group known to enhance metabolic stability. Ad-
ditionally, the pyrrole moiety of compound B was substituted with a pyrazole de-
signed to confer an increase in polarity and solubility [103]. These changes resulted
in the new lead candidate SNX-2112 which exceeded the potency of 17-AAG [102].
The last optimization step was focused on improving the oral bioavailability of
SNX-2112, and this was achieved via the introduction of the glycine ester prodrug
moiety to give their clinical candidate SNX-5422 (Fig. 7.4a) [102]. The prodrug is
rapidly hydrolyzed to the parent SNX-2112 in vivo following oral dosing given that
the levels of SNX-5422 were below the lower limit of quantitation at all time points.
Additionally, SNX-5422 showed significant antitumor activity in different human
tumor xenograft models in mice when administered orally [102].

In 2007, Serenex began a Phase I trial of SNX-5422 in patients with solid tumor
and lymphoma. Later in 2008, Pfizer Inc. had reached an agreement to acquire
Serenex [23] and thus to continue development of SNX-5422. However, the ad-
vancement of SNX-5422 in the clinic was halted in 2010 by Pfizer as a result of
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reports of ocular toxicity in a Phase I study [104]. At that time, Pfizer decided that
comprehensive ocular assessments are needed for the drug before any further de-
velopment. The drug was subsequently picked up by Esanex Inc. which is presently
evaluating the drug in the clinic in patients with resistant lung adenocarcinoma and
selected HER2 + cancers.

2.4.2 HSP990 (NVP-HSP990)

HSP990 (Fig. 7.4b) is a potent and selective Hsp90 inhibitor that was discovered
by Novartis. The discovery process for this compound relied on high throughput
screening which was complemented by structure based lead optimization [105],
though the detailed SAR is yet to be published. Potency against the various Hsp90
isoforms was evaluated in a binding assay using biotinylated-GM and in ATPase
activity assays [105]. The 2-amino-4-methyl-7,8-dihydropyrido[4,3-d]pyrimidin-
5(6H)-one scaffold is structurally diverse from the other Hsp90 inhibitors, and crys-
tallographic work shows that NVP-HSP990 binds to the N-terminal ATP-binding
domain of Hsp90 [105]. Though the crystal structure is yet to be published, it is
likely that the 2-NH, group of NVP-HSP990 interacts with Asp93 similarly to NH,
of purine and the resorcinol moiety.

This drug candidate was shown to have potent antiproliferative activity in vari-
ous cell lines as well as efficacy in vivo when tested in the GLT-16 xenograft model
[105]. NVP-HSP990 was under investigation as an oral agent in two Phase I tri-
als in patients with advanced solid tumors. However, the further development of
NVP-HSP990 has been stopped due to its failure to achieve clinically meaningful
responses at the maximum tolerated dose [106].

2.4.3 XIL888, A 2-amino Terephthalamide Derivative

XL888 (Fig. 7.4c) is a novel tropane-derived inhibitor of Hsp90 discovered by
Exelixis. The strategy used to obtain some hits involved an HTS campaign of
4.1 million compounds from the company’s in-house chemical library [107]. The
percentage displacement of biotinylated-GM from the Hsp90 chaperone complex
was the method used to screen compounds and to identify initial leads. The most
promising scaffold was a 3-amidotropane which provided sub-micromolar 1C,s
in the Hsp90 displacement assay, and this was subsequently optimized through a
structure-guided approach. Some problems encountered during optimization related
to high molecular weights (>650 amu) and polar surface areas (>135 A%) which
were outside of the desired range for orally bioavailable drugs [107]. This observa-
tion was further confirmed by rat PK which indicated high clearance and no cal-
culable oral bioavailability. SAR efforts were focused on reducing the polarity and
molecular weight of the nicotinamide portion (Region 1; Fig. 7.4c) of the scaffold.
Thus, the amide functionality of the nicotinamide portion was replaced with ketone
derivatives (Region 1; Fig. 7.4c) which had lower molecular weights (<520 amu)
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and PSA (<120 A?) and improved rat PK when compared to the amides. There
was little tolerability for ketone steric bulk (i.e., progressing from methyl ketone to
ethyl, isopropyl, or cyclopropylketone) since Hsp90 inhibition decreased with in-
creasing size, but noticeably the cyclopropylketone derivative showed encouraging
results in the cell assay measuring HER2 degradation in NCI-N87 cells [107]. Next,
efforts were directed towards introducing substituents on the benzamide 5-posi-
tion (Region 2; Fig. 7.4c) portion of the molecule. A screen of a varied set of small
alkyl amines was performed and these showed similar activity in the biochemical
assay, still they did show variation in the NCI-N87 HER2 degradation assay. The
most potent compound in cells was the R-sec-butyl compound (Fig. 7.4c; XL888)
with an IC,;=56 nM and an attractive rat PK. As a whole, the extensive medicinal
chemistry efforts coupled with biochemical and X-ray crystallographic methods
were successful in the optimization process of the 3-amidotropane hit leading to
XL888. The efficacy experiments performed in NCI-87 mouse xenograft model
showed tumor regression, and further preclinical investigations coupled with more
toxicity assessment resulted in the selection and advancement of XL888 into clini-
cal trials [107, 108].

The first Phase I safety study of XL888 was terminated by the sponsor Exelixis
[23] with no particular reason being disclosed. Another Phase I study of XL888
in combination with vemurafenib for patients with unresectable Serine/threonine-
protein kinase B-raf (BRAF) mutated stage III/IV melanoma is underway [108,
109]. This study is supported by a report showing that signaling proteins involved
in intrinsic and acquired resistance to BRAF inhibitors are clients of Hsp90 and
inhibiting Hsp90 restored sensitivity to vemurafenib [108].

3 Future Drug-Discovery Efforts

3.1 Selective Inhibition of Hsp90 Isoforms

Hsp90 has four different paralogs, Hsp90a and Hsp90p in the cytoplasm, Grp94 in
the endoplasmatic reticulum (ER), and tumor necrosis factor receptor-associated
protein 1 (Trap-1) in the mitochondria. The Hsp90 clinical candidates described
in this chapter are reported to be pan-Hsp90 inhibitors. Nevertheless, there is a
growing interest in the development of isoform-selective inhibitors. A better un-
derstanding of the biological activity of each isoform would potentially allow the
development of better and more selective therapeutics. The advent of new tools
to study the contribution of the four Hsp90 paralogs [110, 111] has already set the
ground for the design of paralog-selective inhibitors which will not only provide
a better understanding of the role of each isoform in disease, but could potentially
improve the toxicity profile of the pan-inhibitors. There are currently significant
efforts underway and some of these directed towards Trap-1 and Grp94 selective
inhibitors are discussed below.
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3.1.1 Targeting Trap-1 for Cancer Therapy

Recent studies have demonstrated that Trap-1 levels are highly expressed in mito-
chondria of tumor cells, but are either very low or undetectable in normal tissues
[112, 113]. As a result, selective targeting of Trap-1 has become of interest as a
potential cancer-specific target. The first reported class of small molecule to se-
lectively target the Hsp90 network in tumor mitochondria is represented by Gami-
trinibs (GA mitochondrial matrix inhibitors) [112, 114]. Gamitrinibs are analogs
of GM containing a mitochondrial targeting moiety connected through a linker at
the C17 position. The gamitrinibs are distinct from current Hsp90 inhibitors since
they display a “mitochondriotoxic” mechanism of action, resulting in very fast and
complete tumor cell killing by apoptosis [114]. This property combined with the
information that gamitrinibs have no effect on overall Hsp90 homeostasis outside of
mitochondria make these anticancer agents novel and potentially attractive for hu-
man testing [ 114]. Extensive preclinical evaluation of gamitrinib for prostate cancer
revealed that it induces prostate cancer cell death, and this is achieved mechanisti-
cally via acute mitochondrial dysfunction including loss of membrane potential and
release of cytochrome c [115]. Overall, it has been demonstrated in vivo that gami-
trinibs show preclinical efficacy combined with a good safety profile in models of
drug-resistant and bone metastatic prostate cancer [115].

3.1.2 Targeting Grp94 for Cancer Therapy

Glucose-regulated protein 94 (Grp94) expression is associated with advanced stage
and low survival in various cancers and correlates well with cancer growth and
metastasis [116—119]. Most cancer-related studies on this chaperone looked at the
immunogenic activity of Grp94-peptide complexes [117] and its role in the regula-
tion of EGFR and HER2 in the ER, secretion of IGF-I and -II, and the regulation
of Toll-like receptors (i.e., TLR1, TLR2, TLR4, and TLR9) and integrins [116—118,
120]. This was complemented by another report which used library screening (i.e.,
screened > 130 purine-scaffold compounds) in a fluorescence polarization assay to
test the compounds for all four Hsp90 paralogs, and were able to find derivatives
that had selectivity for Grp94 [111]. The library screen was further analyzed by
structural and computational analysis which indicated the presence of a new alloste-
ric pocket where these Grp94 selective compounds insert. These paralog selective
inhibitors also inhibited Grp94-mediated cellular events such as IGF-II secretion
and TLRY trafficking [111]. Importantly, Hsp70 induction, which is a hallmark of
cytosolic Hsp90 inhibition, was not observed. Additionally, this work also provided
proof for the role of Grp94 in preserving the architecture of high-density HER?2 for-
mations at plasma membrane, specifically in cancer cells where HER2 has to chan-
nel the amplified signal through the receptor [111]. The new mechanistic insights
reveal the importance of Grp94 inhibition in certain breast cancers (i.e., HER2 over-
expressing), and the newly uncovered allosteric-binding site in Grp94 is an avenue
to be explored by future drug discovery efforts.
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3.2 Alternative Modes of Modulating Hsp90 Activity in Cancer

As already mentioned, all of the Hsp90 inhibitors that have entered clinical trials
target the N-terminal ATP pocket of Hsp90. One drawback of these agents is that
they induce a heat shock response which in turn increases the cellular levels of
prosurvival chaperones (i.e., Hsp27 and Hsp70). Therefore, alternative approaches
to inhibit Hsp90 function without inducing a heat shock response would be highly
desirable. Efforts in this regard are increasingly being pursued and include develop-
ing inhibitors that bind to the C-terminal domain, molecules that target the binding
of Hsp90 to either co-chaperones, or to client protein. Though none of these ap-
proaches have yet provided a clinical candidate they offer a potential for further
future drug development that may result in one.

3.2.1 Inhibitors that Target the C-terminus of Hsp90

Novobiocin (NB), a coumarin antibiotic, was the first compound shown to bind
weakly to the C-terminal nucleotide-binding site (~700 uM in SKBr3 cells) [27]
and was shown to affect the association of Hsp90 with its co-chaperones Hsc70 and
p23 [121, 122]. Subsequent work aimed at improving the observed low affinity of
NB for Hsp90 has resulted in more potent analogs such as KU174 (K,;=94 uM)
which has a 12-fold higher affinity than NB (K;=1.1 mM) when analyzed by sur-
face plasmon resonance (SPR) [123]. Importantly, KU174 does not induce a heat
shock response and displays antitumor activity in prostate cancer cells [123, 124].
However, evaluation of KU174 in mouse was prevented by the extensive metabo-
lism and clearance observed when pilot PK studies were performed with this spe-
cies [123].

Epigallocatechin-3-gallate (EGCG) has also been shown to inhibit Hsp90 by
binding to the C-terminus [125]. Recently, a report on SAR study was disclosed
[126] and the best analog displayed anti-proliferative activity against the MCF-7
breast cancer cell line with an IC, ;=4 uM, an 18-fold improvement over EGCG
(MCF-7 IC, ;=74 uM) [126]. Other C-terminus inhibitors reported in the literature
are cisplatin [127], taxol [128], and withaferin A [129]. It is interesting to speculate
how much of the anticancer activity of cisplatin and taxol, two popular clinical
agents, is as a result of affecting Hsp90 function. Despite an undeniable interest
in Hsp90 inhibitors for cancers, the further advancement of C-terminal inhibitors
in the clinic is sluggish perhaps due to their observed weak biological activity and
potential pleiotropic mechanisms of action.

3.2.2 Targeting Co-chaperone—Hsp90 Interactions
Hsp90 is assisted in its chaperone activity by a cohort of co-chaperones (e.g.,

Hsp70, Cdc37, Ahal, HOP, etc.) which modulate Hsp90 ATPase and determine the
rate of chaperone cycling [10]. Therefore, Hsp90 activity can be indirectly modu-
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lated by targeting co-chaperone function, and some initial efforts towards targeting
co-chaperone-Hsp90 interactions are indeed described in the literature [12].

3.2.3 Targeting Client Protein Binding to Hsp90

Strategies which target the binding of client proteins to Hsp90 offer an exciting
opportunity to develop novel anticancer drugs. Developing such molecules which
target-specific protein-protein interactions is notoriously difficult; however, this has
already been attempted with some success for the client protein survivin. Survivin
is an inhibitor of apoptosis protein that is overexpressed in almost all human tumors
and has critical roles in tumor cell proliferation and cell viability [130, 131]. Thus
targeting the survivin-Hsp90 complex may be a suitable strategy for cancer therapy.
To this end, a peptide sequence of survivin called shepherdin was designed via
structure-based mimicry as a high affinity (K;~80 nM) inhibitor of the survivin-
Hsp90 interaction, but subsequent data suggested that shepherdin could perhaps
function as a more global antagonist of Hsp90 activity [132]. Later work screened
a database of nonpeptidic structures using combined structure and dynamics based
computational design, and this resulted in the identification of the small compound
5-aminoimidazole-4-carboxamide-1-f-D-ribofuranoside (AICAR) which binds to
the Hsp90 N-domain, in vivo destabilizes numerous Hsp90 client proteins (count-
ing survivin), and also displays selective anticancer activity in several tumor cell
lines [131]. Overall, the experimental structural data (i.e., docking studies, molecu-
lar dynamics, and NMR) for these inhibitors provide insights for the future design
of better compounds.

4 Conclusions

Undoubtedly, there has been considerable progress in the development of Hsp90
inhibitors over the past decade. While the first generation of compounds, natural
products GM and RD, served as proof of concept for Hsp90 as an anticancer target,
their further advancement in the clinic has met many obstacles as a result of their
poor drug like properties. The challenge to develop better therapeutics that would
overcome most of the limitations observed with the first generation drugs resulted
in the second generation synthetic Hsp90 inhibitors. This chapter summarized the
main medicinal chemistry SAR and drug design strategies performed by various
research groups for a number of candidates being evaluated in clinical trials. All the
clinical candidates are indeed a testimony to the arduous efforts of both academia
and industry towards the development of better Hsp90 therapeutics for the treat-
ment of cancer. Furthermore, herein we also touched upon other chemotypes with
alternative binding modes that are currently in preclinical development.

To date, no Hsp90 inhibitor has yet been approved by the Food and Drug Admin-
istration (FDA), a reality which may reflect our little understanding about the best
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use of these compounds in the clinic, and also our limited knowledge in selecting
those patients who will likely benefit most from Hsp90 inhibitor therapy. This may
soon change as results from the numerous clinical trials become available and are
carefully scrutinized. To conclude, this chapter highlighted potent and pharmaceuti-
cally promising Hsp90 clinical agents that have populated the field, some of which
are credibly poised to ultimately reach market approval in the future. Understand-
ably, progress in this field will be aided by a better comprehension of the interaction
of the inhibitor with the target thus leading to better clinical response.
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