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Abstract

Introduction—Heat shock proteins (Hsps) are proteins with important functions in regulating
disease phenotypes. Historically, Hsp90 has first received recognition as a target in cancer, with
consequent efforts extending its potential role to other diseases. Hsp70 has also attracted interest
as a therapeutic target for its role as a co-chaperone to Hsp90 as well as its own anti-apoptotic
roles.

Areas covered—Herein, patents from 2008 to 2013 are reviewed to identify those that disclose
composition of matter claimed to inhibit Hsp90 or Hsp70.

Expert opinion—For Hsp90, there has been considerable creativity in the discovery of novel
pharmacophores that fall outside the three initially discovered scaffolds (i.e., ansamycins,
resorcinols and purines). Nonetheless, much of the patent literature appears to build on previously
reported structure activity relationship through slight modifications of Hsp90 inhibitor space by
finding weaknesses in existing patents. The major goal of future development of Hsp90 inhibitors
is not necessarily identifying better molecules but rather understanding how to rationally use these
agents in the clinic. The development of Hsp70 inhibitors has lagged behind. It will require a more
concerted effort from the drug discovery community in order to begin to realize the potential of
this target.
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1. Introduction

Heat shock proteins (Hsps) are required for proper folding and activity of proteins in the cell
[1,2] and are characterized by their ability to become overexpressed under conditions of
stress (i.e., heat shock, oxidative stress, malignant transformation). Hsps are classified
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according to their approximate molecular weight and include the small Hsps (i.e., Hsp27),
Hsp40, Hsp60, Hsp70, Hsp90 and Hsp110. Their relevance in disease is currently a hot topic
in medicine and attempts to modulate their activity is a highly pursued and active area of
research. Currently, the Hsps receiving most attention from a drug discovery perspective are
Hsp90 and Hsp70. Both have been shown to be overexpressed in cancer [3-6] and to act
together in cancer-promoting multi-chaperone complexes [7,8].

Many of Hsp90's client proteins play a role in the development and progression of cancer
(i.e., EGFR, human epidermal growth factor receptor 2 [HERZ2], breakpoint cluster region,
abelson, c-Kit, mitogen-activated protein kinase/ERK kinase, VEGFR, Fms-like tyrosine
kinase 3, androgen receptor, BRAF), and these proteins are especially dependent on Hsp90
function for their activity. Concordantly, inhibition of Hsp90 has been demonstrated in
numerous preclinical models of cancer to result in antitumor activity. Similarly, Hsp70 is
essential for the survival of cancer cells as knockout of both Hsp70 and Hsc70 function
results in selective cancer cell death [9]. In addition to its role as a co-chaperone of Hsp90,
Hsp70 is also a powerful pro-survival protein through its inhibition of apoptosis at numerous
points within the intrinsic and extrinsic cell death pathways [10]. Although historically Hsps
were first recognized for their implication in cancer, understanding has been rapidly building
over the past decade recognizing a role for these proteins in neurodegenerative disease
[11,12], autoimmune disease [13,14] and infections caused by bacteria, fungi, viruses and
other parasites [15,16].

Both Hsp90 and Hsp70 are ATPases that utilize repetitive cycles of ATP binding and
hydrolysis in a complex cycle required for protein folding [17]. Both undergo extensive
conformational changes that are regulated by binding of nucleotides, substrates and co-
chaperones. The function of Hsp90 is modulated by a number of co-chaperones such as
Hsp70, HIP, HOP, p50, AHA1 and p23. Hsp70 acts with two types of co-chaperones in
protein folding, J-domain proteins such as Hsp40, which serve both to deliver substrate
proteins to Hsp70 as well as to stimulate their ATPase activity, and nucleotide exchange
factors such as Hsp110, which is essential for nucleotide exchange. The complex structural
movements undertaken by Hsp90 and Hsp70 during their substrate regulation provide a
structural basis for their vulnerability to inhibition. Indeed, small molecules that either
interfere directly with nucleotide binding or allosterically alter the conformational flexibility
of the Hsps diminish protein activity [18-21].

Driven by both a strong biological rationale for Hsps as targets and a good structural
understanding for inhibitor discovery, much effort has been subsequently devoted toward
the development of Hsp inhibitors as a potential anticancer strategy [20-23]. This review
will focus on patents that have been disclosed from approximately 2008 to 2013 and which
describe novel composition of matter claimed to inhibit either Hsp90 or Hsp70. There are
many excellent reviews available describing structures disclosed before 2008 and the readers
should refer to these [21,24-27].

Patents related to Hsp90 predominate as it has been more thoroughly validated as an
anticancer strategy and also more effectively pursued. Aside from this, it is also clear for
reasons discussed below, that it has been a target far more druggable than Hsp70. Efforts to
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develop Hsp70 inhibitors have been less fruitful as can be seen by the rather limited number
of patents disclosing such composition of matter. As a further indication to this point, there
are currently about 17 clinical trials ongoing that examine the use of Hsp90 inhibitors in
cancer, whereas there are none yet investigating Hsp70 inhibitors.

2. Hsp90 inhibitors

Hsp90 contains a Bergerat fold specific to the GHKL family of ATPases [28] and thus binds
ATP in a rather unique bent conformation. These features have enabled the development of
highly selective inhibitors of Hsp90. In fact, all of the compounds that have been advanced
to clinic thus far function by competing with ATP for binding to this unique nucleotide-
binding site [23]. Other means for inhibiting Hsp90 function have been reported and include
molecules that target the C terminus and those which inhibit interaction between Hsp90 with
either its co-chaperones or client proteins. This review has been limited to ATP-competitive
inhibitors that target the nucleotide-binding pocket and a discussion on molecules which
inhibit Hsp90 by alternative mechanisms is beyond the scope of this review. Readers
interested in learning about these alternative modes of Hsp90 inhibition are referred to
earlier review articles on this topic [18,29,30].

Many compounds were claimed as Hsp90 inhibitors in earlier patents (c. 2008)
[25,26,31,32] and will not be described here. A number of these have been developed into
compounds which are currently being evaluated in the clinic for cancer and include those
from the ansamycin class (17-allyl-17-desmethoxygeldanamycin [17-AAG] [1], 17-
desmethoxy-17-N,N-dimethylaminoethylaminogeldanamycin [17-DMAG] [2] and IPI-504
[3]), purine-scaffold class (B11B021 [4], PU-H71 [5], MPC-3100 [6]), resorcinols (NVP-
AUY922 [7], AT-13387 [8], KW-2478 [9]), dihydroindazolones (SNX-5422 [10]) and
others (XL-888 [11], NVP-HSP990 [12]) (Figure 1) [23,25,33,34]. The discovery and
development of Hsp90 inhibitors continues to be an active area of research and this review
will outline efforts in this area from 2008 to 2013, as described below.

2.1 Ansamycin derivatives

The ansamycins have a significant historical relevance in the field of Hsp90 inhibitors.
Geldanamycin (GM; 13) was the first Hsp90 inhibitor discovered, but its displayed
hepatotoxicity prevented its evaluation in humans (Figure 2) [23]. Other derivatives such as
17-AAG (1) and 17-DMAG (2), showed improved toxicity profile and in fact 17-AAG was
the first Hsp90 inhibitor to be evaluated in humans (Figure 1) [23]. However, its
development was halted for a variety of reasons, one being its dose- and schedule-dependent
propensity for liver toxicity. This stems from the presence of a benzogquinone moiety on the
GM-type scaffold, a ring that is reactive toward nucleophiles such as glutathione [35]. It is,
thus, of no surprise that ensuing synthetic efforts in this class focused on modifying the GMs
to limit glutathione conjugation, while maximizing their reduction to stable Hsp90 inhibitory
hydroquinones. This was deemed as a strategy for optimizing the therapeutic index.

Along these lines, Discovery Partner International claimed oxime derivatives of GM, 17-
DMAG and herbimycin 14 — 16, respectively (Figure 2) [36]. Compounds 14 — 16 retained
affinity for Hsp90 comparable to the parent compounds, while exhibiting enhanced water
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solubility and oral bioavailability. These oximes were unreactive toward nucleophiles and,
therefore, claimed to be devoid of hepatotoxicity.

The University of Colorado disclosed novel ansamycin analogs substituted at the 19-position
of the molecule. Compounds exemplified in the patent were of general formula 17 (Figure
2), in which X = -OCHg, -NH-(CH3),N(CH3), or -NHCH,-CH=CH, and R = alkyl, allyl or
5- or 6-membered aryl or heteroaryl [37]. The rationale behind the synthesis of these
derivatives was to block potential thiol conjugation at the C19 position with endogenous
nucleophiles such as glutathione and thereby decrease the potential for such reaction to
occur upon in vivo administration. Although these modifications reduced the glutathione
reactivity of these molecules, they came at a significant cost to Hsp90-binding affinity. For
example, 19-aryl ansamycins which were the most active compounds of this series, had a
low micromolar activity, which compared to the parent unmodified benzoquinone was a 1-
to 2-log drop in activity (e.g., 19-Phe-DMAG [18]; IC5 = 3 uM against MiaPaCa-2
pancreatic cancer cell lines compared to 0.13 uM for 17-DMAG) (Figure 2) [38].

2.2 Purine-scaffold-derived

Purine-derived Hsp90 inhibitors are one of the most patented classes of small molecule
inhibitors and trace their origins to the first reported synthetic Hsp90 inhibitor, PU3 (19;
Figure 3) [39]. This compound along with several other Hsp90-binding pharmacophores was
claimed by Memorial Sloan Kettering Cancer Center (MSKCC) [40]. Subsequently, several
groups have adopted this scaffold as a lead for optimization and as a result numerous patents
are available which claim particular compounds, several of which have already entered the
clinic. Efforts by MSKCC to optimize compound 19 resulted in compound PU-H71 (Figure
1) [41-45], which is currently being evaluated in clinical trials for cancer. Similar efforts by
other groups have resulted in the clinical compounds B11B021 [46-49] by Conforma
Therapeutics (acquired by Biogen Idec) and MPC-3100 by Myrexis (Figure 1) [50]. As a
result of the success of this class, compounds continue to be patented and many of the
claims are based on derivatization of the purine-scaffold at N3-, N9- or C8-position of the
purine ring (Figure 3).

Within the 8-aryl-substituted purine class, the N9-substituent has proven to be highly
amenable to structural modification. In these molecules, this position is oriented toward the
solvent exposed region of the protein and as a result numerous compounds have been
reported that modify this part of the molecule [51]. A number of patents have claimed
molecules with such structural alterations, as is detailed below.

In 2008, MSKCC claimed purine-derived Hsp90 inhibitors of general structure 20 for the
treatment of neurodegenerative diseases [52]. Unlike the previous derivatives destined for
cancer applications, these compounds were designed with blood-brain barrier (BBB)
permeability in mind. The patent discloses both composition of matter and a testing strategy
for the discovery of Hsp90 inhibitors for neurodegenerative diseases. Appropriately
substituted analogs such as compounds 21 and 22 were able to cross the BBB and favorably
modulate several hallmarks associated with tauopathies, such as Alzheimer's disease and
frontotemporal dementias (Figure 3).
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In 2011 and 2012, MSKCC extended their claims on substituted purine derivatives and
related compounds of the formulas 23 and 24 (Figure 3) [53]. These wide-ranging patents
encompass numerous compounds. A major focus in one patent application was placed upon
replacement of the X, moiety with aromatic, heteroaromatic as well as alkyne groups. These
compounds, such as compound 25, were obtained through palladium catalyzed cross-
coupling reactions (i.e., Suzuki, Stille, Sonagashira) of compounds such as PU-H71, which
are substituted with an iodine at X,. Derivatives with R group at N9 being amide,
sulfonamide or sulfinamide such as representative example 26 (Figure 3) had the unexpected
benefit of limited to no activity when tested for potential human ether-a-go-go-related gene
(hERG) liability, while retaining potent Hsp90-mediated biological activity (ECgg = 12 nM
Hsp90 binding; > 100 uM hERG binding).

In 2008, Wyeth claimed compounds containing sulfamoyl moieties attached to the purine
scaffold at the N9 position as well as to the corresponding triazolo-, pyrazolo- and
pyrrolopyrimidines [54]. This series of inhibitors is claimed to be inspired by the naturally
occurring antibiotic 2-chloro-5’-sulfamoyl adenosine (CSA; 27) [55], which was also found
to inhibit Hsp90 (Figure 3). Compound 27 was toxic to mice as a result of its protein
synthesis-inhibiting properties through inhibition of aminoacyl tRNA synthetase [56]; thus,
efforts reported in this patent were aimed at increasing potency and safety. Important
examples are purine-scaffold derivatives modified at N9 position with a sulfamoyl moiety
and consist of one of two types. In the first type, an all-carbon alkyl chain of variable length
is followed by the sulfamoyl group (28) and in the second type, an oxygen-containing
carbon chain of variable length is followed by a sulfamoyl chain (29) (Figure 3). The
activity of these compounds was evaluated by a battery of assays including: i) a competition
binding assay; ii) a luciferase refolding assay; iii) a client protein degradation assay; and iv)
a cell growth inhibition assay. Representative compounds such as compounds 28 and 29
were claimed to have activity in these assays, which is not surprising as they closely mimic
PU-H71 (Figure 1), the MSKCC developed inhibitor and not CSA.

In 2008, Curis claimed a series of chimeric Hsp90 inhibitors, which were designed to
simultaneously act as histone deacetylase (HDAC) inhibitors as well (30, Figure 3).
Combined inhibition of both these targets was hypothesized to potentially provide
advantageous results in the treatment of cancer [57]. In addition to containing an Hsp90
binding moiety, these compounds also contained an N-hydroxyalkylamide group to act as
HDAC or matrix metalloproteinase inhibitors by virtue of their ability to bind zinc ions. The
benefit of such chimeric molecules may be that they may have enhanced activity when
compared to a combination of separate molecules and, further, may be liable to decreased
toxicity since only one molecule is administered. The activities of the compounds were
determined in separate in vitro inhibition assays of Hsp90 chaperone activity and HDAC
enzymatic activity, but no in vivo assessment was provided to prove that such dual inhibitors
do indeed provide an advantage over individual Hsp90 and HDAC inhibitors. The purine
part of compound 30 is similar to the potent Hsp90 inhibitor PU-H71 claimed earlier by
MSKCC.

In 2009, Chroma claimed purine-derived amino acids (31) and the corresponding esters for
the treatment of proliferative diseases which are mediated by inappropriate Hsp90 activity as
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well as inflammatory and immune disorders or for the protection of normal cells against
cytotoxic agents (Figure 3) [58]. However, biological activity data were provided only for
the amino acid methyl ester (32; Figure 3). Its activity in the binding assay was rather
ambiguous (ICsg = < 1 uM) and was not potent in the cytotoxicity assay (ICsg=>5 uM
against U937 and HUT78 cancer cells).

Myrexis described a series of N-substituted ethylpiperidines attached to the purine ring via
the N9 or N3 position (33; Figure 3) [59] as an extension of an earlier related patent in which
MPC-3100 (Figure 1) was disclosed [60]. As mentioned previously, MPC-3100 had entered
clinical trials and completed a Phase | clinical evaluation in refractory, or recurrent, cancer
patients. The compounds described in this patent maintained the ethylpiperidine moiety at
the N9 or N3 position of the purine, while varying the right side aryl component (Figure 3;
compound 34). As was the case for MPC-3100, the presence of bromine at the R1 position
on these structures rendered these compounds of lower Hsp90 inhibitory activity when
compared to the corresponding iodo-compounds [61].

2.3 Purine-like: imidazopyridine

In 2008, Curis disclosed a series of imidazopyridine inhibitors (35) for the treatment of
Hsp90-related diseases, including cancer, autoimmune and neurodegenerative diseases
(Figure 3) [62]. These compounds are similar to the purine-scaffold compounds, however,
the nitrogen at 3-position is replaced by a carbon. These compounds are generally good
Hsp90 inhibitors, although it appears that replacement of N with C diminishes activity [63].
Some examples (compounds 36 and 37) are shown in Figure 3. One compound from this
series, CUDC-305 (or Debio093; 37), is currently in clinical evaluation. It shows favorable
affinity for Hsp90a/p (1C5p ~ 100 nM) and the Hsp90 complex derived from various cancer
cells (average IC5p = 48.8 nM) and displays anti-proliferative activity against a broad range
of cancer cell lines (average I1Cgg = 220 nM). CUDC-305 crosses the BBB to reach
therapeutic levels in brain tissue [64]. In 2010, Curis extended their claims for the use of
these compounds for the treatment of malignancies associated with brain and lung [65].

2.4 Purine-like: imidazole derivatives

Crystax Pharmaceuticals described a series of derivatives of generic formula 38, where one
of the a-d atoms is N and the remaining are C and Rj is substituted thioaryl or benzyl
(Figure 3) [66]. Most of the compounds described in the patent have imidazole as the core
and are exemplified by compound 39 (Figure 3). These compounds also bear similarity to
PUHT71, but have diminished Hsp90-mediated activity (ICsg = 0.88 pM against Hsp90 in a
fluorescence polarization [FP] assay using PU-H71-Bodipy as a tracer and in cell activity of
15.9 UM in MCFT7 cells).

2.5 Pyrrolopyridine/pyrrolopyrimidine/ pyrazolopyrimidine derivatives

In 2008, Vernalis described a series of pyrrolopyridine derivatives of generic formula 40,
which they narrowed to sub-genus compound 41, in which Ry and S; = H, alkyloxy or
alkylthio groups of varying length, branch and heteroatoms; Rz and R4 = halogen, cyano,
alkyl groups (Figure 4) [67]. This patent did not provide any further biological data for these
compounds other than modest Hsp90 inhibitory activity determined by FP assay. The
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following year, Vernalis disclosed a pyrrolopyrimidine class of compounds as Hsp90
inhibitors [68]. These compounds were of the generic structure 42, in which R = methoxy or
cyano; Ry and R, = H, alkyl, haloalkyl, cycloalkyl, saturated heterocyclic ring when N is
considered as part of the ring; Rs and R4 = H, alkyl up to 3 carbon long, 3 — 6 membered
cycloalkyl ring when C is considered as part of the ring (Figure 4). Only 22 compounds
were described in the patent, including compound 43, which had an ICgg of 24 nM in a FP
competition assay. These compounds are similar to a previously disclosed compound, NVP-
BEP800 (44), which has a pyrimidothiophene core instead of pyrrolopyrimidine (Figure 4)
[69]. NVP-BEP800 (44) is a potent Hsp90 inhibitor that has demonstrated significant
anticancer effect in a BT474 human breast cancer model [70,71], however, it has not yet
entered into clinical trials.

In 2010, Chroma Therapeutics claimed a series of pyrrolopyrimidines as inhibitors of Hsp90
[72]. They reported on 7-(pyridin-2-yImethyl)-pyrrolopyrimidines with an amino acid
function connected to an alkoxy-4-(prop-1-yn-1-yl)benzene linker at position-5 of the
pyrrolopyrimidine scaffold. The most potent disclosed compound was 45 (Figure 4). The
susceptibility of compound 45 to hydrolysis suggests that the acid may be the active form in
cells. These compounds appear to be similar to a series of pyrrolopyrimidines previously
claimed in a patent by Conforma Therapeutics in 2006, which contained EC144 (46), an
orally available compound that induced HER?2 degradation (i.e., a functional read-out of
Hsp90 inhibition in cancer cells) with an ECsg = 14 nM (Figure 4) [73,74].

Pfizer claimed related 2-aminopyrimidines as Hsp90 inhibitors of general structure 47
(Figure 4) [75]. Representative example (48) showed a K; = 9 nM in a scintillation proximity
assay (Figure 5). In a subsequent patent, related pyrazole-containing derivatives such as
compound 49 were claimed [76]. Compound 49 is an optimized compound which shows a
Kj =6 nM in the abovementioned assay and cellular activity of 1Cgg = 36 nM for
degradation of AKT kinase in NCI-H1299 cells (i.e., a functional readout of Hsp90
inhibition in cancer cells). Good stability in human liver microsomes and oral bioavailability
in rats (15 — 20%) and dogs (50 — 60%) were also claimed for this compound. When
administered to mice bearing A2058 melanoma xeno-grafts, compound 49 displayed 75 and
96% inhibition of tumor growth when dosed orally at 10 or 25 mg/kg/day, respectively, for
over 14 days.

Daiichi Sankyo claimed cyclized pyrazolopyrimidines of general structure 50 (Figure 4)
[77,78]. A compound derived from these series, compound 51, inhibited the ATPase activity
of Hsp90 with an ICsg = 0.61 uM (Figure 4). In a subsequent patent, compound 52 is
reported to have an 1Csqg = 13 and 26 nM in inhibiting the growth of SKBr3 and NCI-H460
cancer cell lines, respectively (Figure 4) [79,80]. These compounds in large appear to
closely mimic the structure of the Conforma Therapeutics-derived compound BI1B012
(Figure 1).

Poniard Pharmaceuticals describe compounds of general formula 53, in which derivatives
such as compound 54 were claimed to have growth inhibitory 1Csps of < 70 nM against
MCF-7, SKBr3, BT-474 and HT29 cancer cells (Figure 4) [81]. Additionally, compound 54
had an 1C5p = 90 nM in an assay to measure HER2 degradation in SKBr3 cancer cells.
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2.6 Quinazoline derivatives

Scientists at DAC-SRL, an oncology division of the Genextra group, described compounds
related to 2-amino-7,8-dihydro-6H-quinazolin-5-one oximes (55) as Hsp90 inhibitors for the
treatment of cancers and other proliferative diseases (Figure 5) [82]. Compounds described
in the patent are of generic formula 55, where R = H, halogen, alkyl, OH; Ry, R3 = H,
alkyl, substituted or unsubstituted aryl; Rg = H, alkyl. Optimization led to derivatives of type
56, which showed ICgy < 1 pM for Hsp90 inhibition in a FP assay (Figure 5). In a
subsequent patent, the same group disclosed several optimized compounds of generic
formula 57, where R = H, up to 5 carbon alkyl, alkylene, non-aromatic heterocyclyl with at
least one heteroatom (Figure 5) [83]. An example from this series is compound 58, which
had an 1Csq of 24 nM for Hsp90 inhibition in the FP assay and ~ 100 nM in inhibiting select
cancer cells (Figure 5). Interestingly, Takeda Pharmaceuticals have claimed a similar series
of oxime derivatives in addition to oxime derivatives of related d-lactam analogs similar to
NVP-HSP990 (Figure 1) [84].

In 2009, Merck disclosed quinazolinamide derivatives of general structure 59 to treat
diseases by the inhibition, regulation or modulation of Hsp90 (Figure 5) [85]. The evaluation
of these new inhibitors was performed by a radioligand binding filtration assay, wherein
their ability to replace radiolabeled 17-AAG from recombinant human Hsp90a was
determined. Structure activity relationship (SAR) in this class of inhibitors indicated
electron withdrawing or donating groups at the 2’-position of R’ (59, Figure 5) of the phenyl
ring to be well tolerated for Hsp90 inhibitory activity. Compound 60 is a representative
example from the series (Figure 5). In a subsequent patent, structures of type 61 were
disclosed, which are similar to compound 60 (Figure 5). Most of the compounds described
in the patent, exemplified by derivative 62, showed 1Cgq values from 10 nm to 1 pM (Figure
5) [86]. In two subsequent patents [87,88], scientists from Merck described optimized
structures with modification at the 6-position of the quinazoline ring such as compounds 63
and 64 (Figure 5).

2.7 Tetrahydropteridine and derivatives

In 2008, Astra Zeneca published a patent describing 5,6,7,8-tetrahydropteridine derivatives
of general formula 65 (Figure 5). Derivatives belonging to subgroup 66 showed most potent
Hsp90 inhibition activity in a FP assay (Figure 5; ICsq of 67 = 49 nM) [89]. Poniard
Pharmaceuticals also disclosed aminopteridine derivatives as Hsp90 inhibitors with generic
formula 68 [81], similar in structure to those described previously by Astra Zeneca (Figure
5). Compound 69 is a representative example of this series that had activity in cancer cells at
~ 100 nM.

2.8 Resorcinol derivatives

Radicicol (RD; 70) (Figure 6), a macrocyclic antibiotic isolated from Monosporium
bonorden, was the first resorcinol-containing molecule found to bind to the N-terminal
domain of Hsp90 and to exert in cancer cells Hsp90-mediated biological activity [90,91].
Since then many pharmaceutical companies have been actively pursuing the development of
small-molecule Hsp90 inhibitors based on the resorcinol core of RD. This is epitomized by
the filing of various patents having diverse chemical structure that incorporate the resorcinol
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core and the advancement of these agents to clinic (e.g., NVP-AUY922, AT13387,
KW-2478; Figure 1).

Synta Pharmaceuticals disclosed a series of compounds of generic formula 71 containing
1,2,4-triazole ring as Hsp90 inhibitors, in which ring A = substituted aryl or heteroaryl; Ry =
-OH, -SH, -NHR, and the like; Rg = substituted or unsubstituted, monocyclic or bicyclic
and aryl or heteroaryl ring (Figure 6) [92]. In this patent, compound 72 was shown to be
more potent than 17-AAG in inhibiting Hsp90 ATPase activity (Figure 6). This patent also
describes the synthesis of STA-9090 (73; Ganetespib), which is currently undergoing
clinical evaluation for the treatment of various solid tumors (Figure 6). Ganetespib killed
cancer cells with BRAF mutation at low nanomolar concentrations with 1Csgs in the range
of 4 — 40 nM. These effects were greater in combination with the BRAF inhibitor
vemurafenib, which led to a patent filing of ganetespib in combination with a BRAF
inhibitor for the treatment of cancers with BRAF mutation VV600E [93].

In a subsequent patent, the oxygen at the 4-position of the resorcinol was incorporated into a
five- or six-member ring. These derivatives, however, represented by the prototype
compound 74, demonstrated modest activity (Figure 6) [94]. Derivatives of general formula
75, where Ry = R, = OH; Ry and Rg = branched or unbranched alkyl groups and R7 = alkyl
chain, heteroalkyl and heteroaryl ring, were also claimed (Figure 6) [95]. Compound 76 is
an example from this series (Figure 6). In yet another patent from Synta, the resorcinol
moiety was replaced by 6-hydroxyindazole that resulted in compounds such as compound
77, which in contrast to earlier agents from Synta is claimed to be orally bioavailable in rats
[96]. In further series of inhibitors, the triazole was replaced with pyrrole or an open
hydrazonamide [97,98]. These were not favored modifications, as compound 78, an example
from the pyrrole series, and compound 79 from the hydrazonamide series both had modest
activity.

Arqule, Inc. has patented a series of resorcinol-containing tetrazoles of generic formula 80
as Hsp90 inhibitors (Figure 6) [99]. In these compounds, R4 = cyclic or linear, branched or
unbranched alkyl or substituted aryl, and compounds such as 81 and 82 were determined to
be effective Hsp90 inhibitors in a fluorescent ELISA assay with ICgg < 1 uM (Figure 6).
These, however, showed only modest activity in cancer cells.

Sigma-Tau Research group also patented resorcinol type derivatives of generic structure 83
as Hsp90 inhibitors (Figure 6) [100]. The compounds described in the patent have isoxazole
3-carboxamide as a core with substituted or unsubstituted amino or amido group at the 4-
position of isoxazole and a chlorine or isopropy! group as X-substituent in the resorcinol
moiety. A representative compound is 84. In another patent, Sigma-Tau Research group
described 1,2,3-triazole derivatives of general structure 85 (Figure 6) [101]. Compound 86 is
a representative example of this series [101]. These derivatives show similarity to NVP-
AUY922 (Figure 1), a clinical compound developed by Novartis/Vernalis that is currently in
clinical evaluation.

A series of resorcinol compounds of generic formula 87 was described as Hsp90 inhibitors
by Merck GMBH, where dihydroisoindole was attached at position-5 of the resorcinol core
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(Figure 6) [102]. These compounds, such as derivative 88, bear structural resemblance to the
clinical compound AT13387 (Figure 1) developed by Astex Pharmaceuticals and are
substituted with a carboxamide at position-1 of the resorcinol ring instead of the isopropy!l
group seen in AT13387.

Nerviano Medical Sciences claimed a series of bicyclic pyrazole and isoxazole derivatives
of general structure 89 as Hsp90 inhibitors (Figure 6) [103]. The most potent compound
reported was compound 90 which, however, had a modest, micromolar range activity
(Figure 6). Nerviano also patented a series of resorcinols of general structure 91 (Figure 6)
[104]. In this patent, numerous heterocycles attached to the resorcinol ring were claimed,
including isoxazole and pyrazoles. Compound 92 (NMS-E973) is a representative example
(Figure 6). It induced HER2 degradation (ICsg = 0.11 uM) and inhibited the proliferation of
A2780 ovarian cancer cells (IC55 = 0.06 uM). Compound 92 showed favorable solubility in
water at pH 7 (179 puM) [105]. When administered intravenously at 30 and 60 mg/kg to mice
bearing A2780 tumors for 10 consecutive days, compound 92 resulted in a tumor growth
inhibition of 53 and 74%, respectively.

3. Hsp70 inhibitors

For the reasons described above, Hsp70 has attracted considerable interest as an anticancer
target. However, it has proven to be more of a challenge to drug than Hsp90 and a number
of reasons can be attributed to this [106]. Unlike the case with Hsp90, drug-like natural
product inhibitors with specific binding mode and, moreover, captured by a crystal structure
to potentially guide structure-based drug design are unavailable for Hsp70. Another reason
is related to the nature of the nucleotide-binding pocket of Hsp70. This pocket is
considerably more hydrophilic compared to that of Hsp90 and adopts an actin-like fold
whereby ATP binds in a more extended conformation and makes important polar contacts
deep within the pocket through its - and y-phosphate groups.

In the first reported rational design approach to develop ATP-competitive Hsp70 inhibitors,
nucleotide mimetics such as the dibenzyl-8-aminoadenosine analog VER-155008 (93) were
developed by scientists at Vernalis to bind into the N-terminal ATP pocket of Hsp70 (Figure
7) [107]. Despite this compound binding Hsp70 with reasonably high affinity (Kg = 0.3 pM),
it exhibited low cellular potency in a cytotoxicity assay against HCT116 colon cancer cells
(Glsg = 5 pM). Although a poor permeability profile cannot be excluded as a major factor
toward this compound's limited cellular activity, other factors also contribute to this effect.
Mainly, Hsp70 has a high affinity for ADP (0.11 — 0.5 pM) and combined with the high
intracellular concentrations of ATP (1 — 6 mM), it makes it difficult to obtain reversible
competitive inhibitors, altogether underscoring the difficulty in targeting the ATP pocket of
Hsp70 with reversible competitive inhibitors.

Other efforts took advantage of the highly dynamic nature and the conformational flexibility
of Hsp70. These compounds, reported before 2008, were identified from library screens
designed to identify inhibitors of either the ATPase activity or the folding capacity of yeast
or bacterial Hsp70. Follow-up biochemical studies indicated that they altered Hsp70 activity
through a variety of distinct interaction modes [20,21,108].

Expert Opin Ther Pat. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Taldone et al.

Page 11

MAL3-101 (94) and MAL3-39 (95) are dihydropyrimi-dines [109] that inhibit J-domain-
stimulated ATPase activity of yeast Hsp70 without effecting endogenous ATPase activity
(i.e., non-stimulated) (Figure 7). These compounds were identified from a library of 31
compounds with structural similarity to NSC 630668-R/1 [110] and 15-deoxyspergualin
(DSG) [111,112] - two compounds previously known to modulate the function of Hsp70.
NSC 630668-R/1 is an inhibitor of endogenous and J-domain-stimulated ATPase activity,
whereas DSG is a stimulator of Hsp70 ATPase activity. Methylene blue (96), azure ¢ (97)
and myricetin (98) were identified as inhibitors of the ATPase activity of Hsp70 from a
high-throughput screening of a 2800-member library of bioactive compounds (Figure 7)
[113]. MKT-077 (99) was initially discovered following optimization efforts [114] that had
previously identified such rhodacyanine dyes as possessing anticancer activity (Figure 7)
[115]. Only after its initiation into clinical trials was it found to bind with Hsp70 (actually
mortalin, the mitochondrial Hsp70 member) [116]. As no crystal structure of inhibitor bound
to Hsp70 is available, the precise mode of binding for these compounds is not known.
However, myricetin [117] and MKT-077 [118] by NMR studies are proposed to interact
with allosteric sites outside the nucleotide-binding domain (NBD) of Hsp70.

Although these compounds inhibit Hsp70 function, they are generally believed to have a
pleiotropic mechanism of action and likely bind to multiple targets within the cell.

These molecules have also been hindered by a largely non-tractable SAR and due to their
little drug-like character it is unclear whether they will become useful drugs. Therefore,
there remains clearly a strong need for Hsp70 inhibitors based on pharmacophores that
enable substantial medicinal chemistry for the discovery of Hsp70 drug candidates. The
efforts listed below reveal some of the most recent patents claiming certain molecules as
Hsp70 inhibitors.

3.1 Imidazole derivatives

In 2008, Yonsei University claimed a number of imidazole compounds that were reported to
induce apoptosis [119]. Using a cell-based screen of compounds capable of inducing
apoptosis, researchers identified compounds 100 — 103 from an imidazole library of
compounds (Figure 8). Apoptozole (100) induced significant cell death through apoptosis in
SK-OV-3 (ovarian cancer), HCT-15 (colon cancer cells), A549 (lung cancer) with ICgq of
0.22, 0.25 and 0.13 puM, respectively [120]. Using an apoptozole-conjugated agarose matrix,
a single heavy band at about 70 kDa was identified by affinity purification from P19
embryonic carcinoma cells following SDS-PAGE. This was identified as Hsc70 by
nanoLC-MS/MS and confirmed by western blot analysis, which showed that binding of both
recombinant Hsc70 and Hsp70 could be competed off the apoptozole matrix with soluble
apoptozole. Apoptozole inhibited the ATPase activity of Hsp70 (20% at 50 uM and 55% at
200 uM) and was determined to bind to the NBD [121]. A biotinylated-apoptozole bound
Hsc70 and Hsp70 with Ky = 0.21 and 0.14 puM, respectively [120].

3.2 Aptamers/polypeptides

In 2009, the Institut National de la Sante et de la Recherche Medicale have claimed certain
peptide aptamers of < 15 amino acids that bind selectively to Hsp70 [122,123]. These
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aptamers were identified through an optimized yeast two-hybrid procedure for their ability
to selectively bind to human Hsp70 [124]. Two of the aptamers, A8 (104) and A17 (105),
demonstrated a strong interaction with Hsp70 and it was determined that A8 bound to the
substrate binding domain (SBD) and A17 bound to the NBD (Figure 8). Although none of
the aptamers exhibited toxicity when administered alone, both A8 and A17 strongly
sensitized cancer cells to apoptotic cell death following treatment with cisplatin as well as
with fluorouracil or etoposide. When B16F10 melanoma cells transfected with either A8 or
A17 aptamer expression vectors were grown in non-immunodeficient C57/BL6 mice, both
resulted in smaller tumors as compared to control. Furthermore, both A8 and A17 expressed
mice showed significant antitumor effect in combination with cisplatin with most exhibiting
complete response. However, in immunocompromised athymic nude (nu/nu) mice, there
was no observed anticancer activity, suggesting involvement of the immune system. Further
study revealed that A8 and A17 induced an increase in the number of tumor infiltrating
CD8* T cells and macrophages. When the 13-aa peptide P17 was directly administered, it
exhibited all of the observed effects of the aptamer A17 in vitro and in vivo.

3.3 Derivatives of pyrrhocoricin

Pyrrhocoricin (106) is a 20-amino acid glycopeptide identified from a subset of insect-
derived peptides possessing antibacterial activity (Figure 8) [125]. It was shown to inhibit
the ATPase activity of the bacterial chaperone protein DnakK, although its precise site of
binding is not known. Early research had shown that aa's 1 — 9 had activity comparable to
the full-length peptide [125]. In humans, it is highly susceptible to degradation and,
furthermore, is toxic at higher doses. As a result, Chaperone Technologies, Inc. initiated
efforts to modify pyrrhocoricin and in 2010 claimed a series of small-molecule peptide
inhibitors [126]. The researchers optimized the minimal peptide sequence of pyrrhocoricin,
Tyr-Leu-Pro (aa 6 — 8), required for binding to DnaK and extensive derivatization was
carried out. Among all the derivatives reported, compound 107 was found to be the most
active inhibitor of DnaK-induced refolding of denatured firefly luciferase with an 1Cgg = 3
UM (pyrrhocoricin 1Csp = 29 uM) (Figure 8). Another derivative, compound 108, was also
active in this assay (ICsq = 14 pM), and furthermore demonstrated antibacterial activity in
strain 109 of H. influenza (MIC = 2 pg/ml) (Figure 8). The potential use for these
compounds in cancer against human Hsp70 has not been explored.

3.4 Sulfonamides

In 2011, the University of Pennsylvania disclosed a series of sulfonamides of general
structure 109 that selectively inhibit Hsp70 and Hsc70 (Figure 8) [127,128]. Two
compounds of significance are described herein, 2-phenylethynesulfonamide (PES; 110) as
well as its more active chloro-substituted analog PES-CI (111) (Figure 8). PES was
originally identified from a screen of molecules designed to evaluate ability to impair the
mitochondrial localization of p53 [129] and further evaluation showed it to function by
inhibiting Hsp70 and disrupting association with some of its co-chaperones (i.e., CHIP,
BAG-1, Hsp40) and substrate proteins [130,131]. When exposed to cancer cells, these
compounds were found to induce cell death by impairing autophagy through inhibition of
Hsp70-dependent lysosomal function and reduced proteasome function, thereby affecting
the two major pathways of protein degradation. PES-induced cell death is not dependent on
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caspase activation or p53 function nor was it inhibited by overexpression of BCL-XL.
Treatment of tumor cells with PES resulted in cytoplasmic vacuolization, accumulation of
misfolded and aggregated proteins and induction of autophagy. Furthermore, PES altered the
expression of Hsp70/Hsp90 client proteins [132]. Deletion-based analysis suggested that
PES may interact with the C-terminal SBD of Hsp70. Further, in silico docking and site-
directed mutagenesis suggests that PES binds to the a-helical ‘lid” of the SBD with N548,
1607 and Y611 each making significant contacts with the ligand.

3.5 Pyrimidine derivatives

In 2011, MSKCC claimed a series of pyrimidine-based small molecule inhibitors that were
discovered using a structure-based design strategy targeting a novel allosteric pocket located
in a cleft region outside of the ATP/ADP-binding pocket and flanked by subregions Ib and
I1b (Figure 8) [133]. A homology model of human Hsp70 was developed and computational
analyses used to reveal this unanticipated allosteric binding site. In addition, Cys267 was
observed to be present as one of the binding site amino acids and was used as an advantage
in the design of covalent modifiers targeting this site. Structure-based drug design coupled
with phenotypic assays designed to measure the effect on Hsp70 within a cancer cell were
used to identify a number of inhibitors, including the 2,5'-thiodipyrimidine series
exemplified by compound 112, which was one of the most active compounds claimed
(Figure 8). Through the use of a biotinylated analog of compound 112, it was shown to bind
selectively to Hsp70 and Hsc70 present in cancer cells and to form a covalent bond with
Cys267 residue through Michael addition with its acrylamide moiety [134]. Compound 112
inhibited the refolding of heat-denatured luciferase by purified Hsc70 and DJA2 and, at low
micromolar concentrations, induced degradation of several Hsp90-Hsp70 complex onco-
client proteins without feedback induction of Hsp70. Compound 112 also induced apoptosis
as indicated by substantial poly (ADP-ribose) polymerase cleavage and altered the formation
of the oncogenic Hsp90-HOP-Hsp70 complexes at similar concentrations.

4. Conclusion

Hsp90 and Hsp70 are important targets in a number of diseases. Both have received
significant attention as targets for the treatment of cancer, especially Hsp90, which has been
one of the most highly pursued cancer targets during the past 10 years. Although no Hsp90
inhibitor has yet been approved by the FDA, these efforts have resulted in 17 different
Hsp90 inhibitors to enter the clinic. Interestingly, each of these molecules targets the
nucleotide-binding pocket and competes with ATP for binding. GM was the first Hsp90
inhibitor to be discovered and served as a template for a number of agents to have entered
clinical evaluation, including 17-AAG, 17-DMAG, IP1-493 and IP1-504. Patents based on
the ansamycin class of inhibitor continue to be published and these describe derivatives
claimed to possess decreased toxicity. However, it appears that the clinical utility of these
agents is limited and no degree of derivatization can overcome the inherent hepatotoxicity
associated with this class. Another major class is the resorcinol series which is reminiscent
of the core moiety found in the natural product inhibitor RD. Although all representative
compounds of this series contain a resorcinol moiety, these synthetic compounds show
considerable diversity compared to RD and exhibit improved properties. Inhibitors of this
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class to have reached the clinic include NVP-AUY922, AT13387, KW-2478 and STA-9090.
Compounds from this class are steadily advancing in the clinic with STA-9090 being
furthest along. Many more novel resorcinol derivatives have been claimed in patents, a trend
that is likely to continue owing to the relative success of this class. The third major class of
inhibitor is the purine-scaffold which originated with PU3 and was the first synthetic
inhibitor described. Since then, it has been elaborated into a number of compounds currently
being evaluated in the clinic, including PU-H71, B11B021, MPC-3100 and CUDC-305.
These compounds are also steadily advancing through clinic and numerous patents
describing purine analogs have been reported and it is expected that they will continue to be
in the future. In addition to these, numerous other classes of inhibitors have been reported.
Although unrelated, the clinical agents SNX-5422 and XL888 both contain benzamide
functionality and another clinical agent, NVP-HSP990, is an aminopyrimidine. Other classes
of compounds have been patented, which in many ways represent modifications to the
purine and aminopyrimidine classes and include scaffolds such as pyrrolopyridine,
pyrrolopyrimidine, pyrazolopyrimi-dine, pyrimidothiophene and tetrahydropteridine.

A potential drawback of Hsp90 inhibition is the induction of Hsps that can potentially limit
the anticancer activity of these agents in the clinic. This is mediated through activation of
heat shock factor-1, a feedback mechanism not associated with some Hsp70 inhibitors.
There are relatively few reports describing Hsp70 inhibitors and of these only two classes
have been rationally designed. Vernalis has described a series of aden-osine inhibitors such
as VER155008 that target the nucleotide-binding pocket. These compounds directly
compete with ATP, and despite potent binding, these compounds have limited cellular
activity. Researchers at MSKCC have claimed a series of pyrimidines which were designed
to target an allosteric site outside the ATP-binding pocket. Other compounds have been
claimed, including sulfonamides, imidazoles and peptides. Most of the inhibitors reported to
date bind to Hsp70 by an alternative mechanism to direct ATP-competition and reveal a
general trend toward the development of compounds that function through an allosteric
mechanism. In contrast to Hsp90, it does not appear that direct targeting of the ATP-pocket
with small-molecule inhibitors will be a viable anticancer strategy for Hsp70. Rational-
based strategies like that used in discovering compound 112 may be useful in advancing
small-molecule Hsp70 inhibitors as a viable anticancer strategy. Although there are only a
limited number of patents claiming compounds as Hsp70 inhibitors, interest in this class of
molecules in the future is predicted to be high.

5. Expert opinion

Hsp90 and Hsp70 are targets of significant interest to the drug discovery community. These
proteins are chaperones with a multitude of functions in the cell and as such put a wrinkle in
the one drug-one target paradigm that has driven cancer drug discovery since the inception
of the age of targeted therapies. Unlike conventional targeted therapies which aim to effect a
single cancer-related pathway (i.e., kinases, receptors), Hsp90 is a nodal protein interacting
with multiple pathways, and whose function is co-opted by cancer cells for their own
survival. Many of Hsp90s client proteins are involved in aberrant signaling which have been
implicated in the development and progression of cancer. Therefore, inhibition of Hsp90
with a single small molecule can be considered akin to inhibiting a multitude of proteins
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which would otherwise require numerous different molecules. Similarly, Hsp70 is
recognized for its role as a co-chaperone to Hsp90 as well as its powerful role in cell
survival through inhibition of both intrinsic and extrinsic apoptotic pathways. Taken
together, chaperones such as Hsp90 and Hsp70 represent a potential solution to the primary
issue related to current targeted therapies, namely the heterogeneous nature of tumors that is
a cause of resistance that frequently leads to treatment failure.

Despite the immense interest and potential for inhibitors of Hsp90 or Hsp70, no such agents
are yet approved by the FDA. However, it is clear at this point that efforts to drug Hsp90 are
far more advanced compared to Hsp70. To date, 17 different Hsp90 inhibitors have been or
are being evaluated in man whereas no designated Hsp70 inhibitor has entered clinical trial,
a fact borne out by the difference in the number of patents described here for each. We have
earlier elaborated on the relative difficulty in “drugging’ Hsp70, but suffice it to say that
much more intense efforts have been devoted towards Hsp90. It is a reality that Hsp70
inhibitors represent higher hanging fruit that to pick would at the very least require efforts
from the drug discovery community on a scale that has been devoted to Hsp90.

Currently, the discovery of Hsp70 inhibitors is largely an academic endeavor, similar to the
state of affairs in the early days of Hsp90 inhibitor development, which was largely
performed by researchers at academic institutions and smaller biotech companies. It was
only after publication of the landmark paper by Kamal et al. [8], which for the first time
gave a sound rational for the observed therapeutic index of Hsp90 inhibitors, that large
pharmaceutical companies began to take notice and devote their enormous resources to this.
A similar potential exists for Hsp70 because it remains an extremely interesting target.

Much of the efforts surrounding Hsp90 inhibitor development continue to be focused on the
elaboration around three initially discovered scaffolds, the natural products ansamycins and
RD (i.e., resorcinol) as well as the purine-scaffold, with the goal of optimizing
pharmaceutical properties. Although there has been considerable creativity in the discovery
of novel chemotypes which fall outside the three initially discovered scaffolds, much of the
patent literature appears to build on previously reported SAR through slight modifications of
Hsp90 inhibitor space by finding weakness in existing patents. Some of the efforts were not
necessarily meant to improve affinity, which was already good, but rather sought to address
potential liabilities related to absorption, distribution, metabolism, excretion, toxicity
properties. In this context, some of these efforts have been successful but not so for others.
For example, attempts to modify the ansamycins have been plagued by numerous liabilities
that cannot be overcome by chemical modification, despite intense efforts to do so.

Essentially we already have an array of excellent agents in the clinic. In preclinical species,
these agents show desirable pharmacokinetic properties, whereby they are selectively
retained in tumor tissues at therapeutic concentrations for a prolonged period of time.
Therefore, the major goal for future development of Hsp90 inhibitors is not necessarily
identifying better molecules but rather it will be to better understand how to best use these
agents in the clinic. Important questions that will need to be answered in this regard include:
What is the ideal dosing schedule? Who are the patients to most likely benefit from therapy
and how can they be identified? How can an Hsp90 inhibitor be combined with other agents
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to effect maximal anticancer responses? Additionally, there has been progress in the
development of Hsp90 paralog selective inhibitors [135]. Such isoform selective molecules
may increase the safety/tolerability/efficacy that is observed with the pan-Hsp90 inhibitors
currently in the clinic.

Given the real promise for the potential of these molecules to affect cancer and the fact that
no drug has yet been approved it is highly likely that patents describing Hsp90 inhibitors
will continue to be published at high rates. It is likely that the future will be as bountiful for
patents describing Hsp70 inhibitors as well.
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Figure 1.

Hsp90 inhibitors disclosed before 2008 that have advanced to clinic.
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Figure 2.
The ansamycin class of Hsp90 inhibitors. Hsp: Heat shock protein.
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Purine and purine-like scaffold inhibitors of Hsp90. Hsp: Heat shock protein.
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Figure 4.
Pyrrolopyridine/pyrrolopyrimidine/pyrazolopyrimidines Hsp90 inhibitors. Hsp: Heat shock
protein.
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Figure 5.
Quinazoline and tetrahydropteridine Hsp90 inhibitors. Hsp: Heat shock protein.
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Figure 6.
Resorcinol derivatives as Hsp90 inhibitors. Hsp: Heat shock protein.
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Figure 7.

Structures of some known Hsp70 inhibitors. Hsp: Heat shock protein.
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Figure 8.
Structures of Hsp70 inhibitors. Hsp: Heat shock protein.
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