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Abstract

Heat shock proteins (HSP) are a family of highly conserved proteins, whose expression increases
in response to stresses that may threaten cell survival. Over the past decade, heat shock protein 90
(Hsp90) has emerged as a potential therapeutic target for cancer as it plays a vital role in normal
cell maturation and acts as a molecular chaperone for proper folding, assembly, and stabilization
of many oncogenic proteins. To date, a majority of Hsp90 inhibitors that have been discovered are
macrocycles. The relatively rigid conformation provided by the macrocyclic scaffold allows for a
selective interaction with a biological target such as Hsp90. This review highlights the discovery
and development of nine macro-cycles that inhibit the function of Hsp90, detailing their potency
and the client proteins affected by Hsp90 inhibition.
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1. INTRODUCTION to Hsp90

Heat Shock Proteins (HSP) are a set of highly conserved proteins that are activated in
response to heat, nutrient deprivation, oxidative conditions, and other stresses that may
threaten a cell’s survival [1, 2]. These proteins are identified by their molecular weight.
Accordingly, there are five mammalian Hsps - Hsp100, Hsp90, Hsp70, Hsp60, and small
Hsp families [3]. The small Hsp family includes heat shock proteins of small molecular
weight (14kD - 40kD). Small Hsps are activated in response to the same stresses that
threaten the cell’s survival as the other four mammalian Hsps [3]. For the past decade heat
shock protein 90 (Hsp90) has been an attractive target for anticancer therapy because it
plays an important role in facilitating cell growth. It functions as a molecular chaperone for
folding, assembling, and stabilizing many oncogenic proteins. Hsp90 accounts for 1-2% of
protein in a normal, unstressed cell [4]. However, as with any heat shock protein, Hsp90
levels change with the stress level of the cell. When cells become stressed, the level of
Hsp90 increases. Not surprisingly, cancer cells typically have elevated levels of Hsp90,
accounting for 3-5% of all protein in these cells [5]. There are usually 6 characteristics
displayed by a cancerous cell: (1) growth factor independence, (2) resistance to antigrowth
signals, (3) unlimited replicative potential, (4) tissue invasion and metastasis, (5) avoidance
of apoptosis and (6) sustained angiogenesis [6]. Cells displaying these traits have increased
levels of Hsp90, which helps sustain their growth via its stabilization and interaction with
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client proteins. Hsp90’s client proteins that are currently thought to be involved in the
development of these six characteristics include HIF-1a, Her2, Raf-1, hTERT, VEGFR,
MET, Akt, BRAF, and RAF-1 (Fig. 1). However, this list is frequently updated as new
proteins and pathways are discovered and their connection to Hsp90 is revealed [7]. Hsp90
facilitates cell growth by protecting these client proteins from a degradation pathway,
allowing their continued function, and maintaining the cell rather than directing it to the
appropriate apoptotic pathway [8]. Hsp90 requires a variety of co-chaperones to function
properly, including p23, Ahal, cdc37, Hip, HOP, and Hsp70. These co-chaperones assist in
Hsp90’s protein folding cycle facilitating Hsp90’s maintenance of its client proteins (Figs. 1
and 2).

There are five known isoforms of Hsp90 in humans: the cytoplasmic isoforms Hsp90a,
Hsp90p, and Hsp90N, the endoplasmic reticulum isoform Grp94, and the mitochondrial
isoform Trap-1 [9-12]. Hsp90a and Hsp90p are the primary focus of cancer therapeutics and
in cancer research, both are referred to as Hsp90, and as such these two Hsp90 isoforms are
the focus of this review. These two cytoplasmic proteins operate as homodimers; either o/a
or B/B and have 85% structural homology. Their identical N-terminal structures make them
difficult to separate, and therefore anticancer therapeutics are typically tested against both of
these Hsp90 isoforms. Grp94 is the most abundant endoplasmic reticulum protein, but does
not play a major role in oncogenic pathways as it has few client proteins with whom it is
associated (immunoglobulins, several integrins and Toll-like receptors, plant CLAVATA
proteins, and insulin-like growth factor I1) and its role in regulating them is unknown [11].
Further, Grp94 does not associate with any of the co-chaperones that are associated with
Hsp90. Trap-1 exists in the mitochondria [13], and does not appear to be associated with any
cancer-related client proteins or co-chaperones [12]. With the exception of Hsp90N, the four
isoforms of Hsp90 have similar structures and contain three domains, the N-terminal, middle
and C-terminal domain (Fig. 1) [10, 14]. The N-terminal domain (24-28 kDa), is known to
bind ATP, and upon hydrolysis to ADP the Hsp90 dimer switches from the open to closed
conformation (Fig. 2). This hydrolysis and subsequent structural change plays a role in
Hsp90’s ability to regulate the function of several oncogenic client proteins [15] (Fig. 2).
Hsp90N exists in the cytoplasm with Hsp90a and Hsp90p. Although it was first reported in
1988, little has been investigated on its role in cell signaling pathways or in cell growth [16].
However it is known that it lacks the N-terminal domain, and therefore molecules that bind
and inhibit ATPase activity via this domain, which are most Hsp90 inhibitors, do not bind to
Hsp90N [16]. In contrast, HSp90N contains a hydrophobic 30 amino acid sequence unique
to this isoform. Hsp9ON has shown to interact and activate Raf, an oncogenic protein, via
this 30 amino acid sequence [10]. However, no other oncogenic client proteins appear to
interact with Hsp90ON. The middle domain (38-44 kDa) is where most client proteins bind,
and this domain plays a key role in stabilizing numerous cell-signaling proteins. By
stabilizing and/or refolding these proteins, Hsp90 protects these clients from being degraded,
and thus promotes cell growth via these protected pathways. Finally, the C-terminal domain
(11-15 kDa) is where the two monomers of Hsp90 dimerize and it is this domain where
several apoptotic-inducing proteins, including IP6K2 and FKBP38, bind [9, 14].

Molecules that block either the ATPase activity of the N-terminal domain or interfere with
the binding between Hsp90 to its co-chaperones are of interest as potential anticancer
therapeutics. Indeed, Hsp90’s role in the maturation and activation of such a large number of
proteins involved in oncogenic pathways highlights its outstanding potential as a target for
anticancer agents. That is, given that the efficacy of target-specific anti-cancer drugs may
decrease or even be lost over time due to the high epigenetic variation within cancer cells,
blocking a protein that affects numerous cancer-related pathways, such as Hsp90, can be an
effective and efficient means of treating drug-resistant cancers [17-19].

Curr Top Med Chem. Author manuscript; available in PMC 2011 June 1.
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A majority of Hsp90 inhibitors discovered to date are macrocycles and there are a vast
number of successful macrocyclic drugs currently in the market, including the
immunosuppressant Cyclosporin A, antifungal Casopfungin, antibiotic Vancomycin, and
anticancer agent Aplidine to name a few [20, 21]. Macrocyclic molecules exhibit many
advantages over their acyclic counterparts [22]. Compared to acyclic molecules,
macrocycles generally have more constrained conformations. This controlled
conformational flexibility allows macrocycles to be more selective when interacting with a
biological target such as Hsp90 [23]. In addition, macrocycles are also less susceptible to
proteolytic degradation, which increases their lifetime in the body [23]. This review will
examine a number of macrocycles that interact with Hsp90 and their action as anticancer
therapeutics.

2. NATURAL PRODUCT MACROCYCLE HSP INHIBITORS

Geldanamycin (GA) and Radicicol (RD) are two natural product inhibitors of Hsp90, both
of which bind to the N-terminal ATP binding pocket. Although these natural products are
potent cell growth inhibitors, GA suffers from severe hepatotoxicity and insolubility in
aqueous media, while RD is inactive in the body because it is metabolically unstable.
Therefore, considerable efforts have gone into the alteration of the structures of these two
macrocycles in order to improve hepatotoxicity, solubility, and stability. Some derivatives of
GA are in clinical trials, while potent RD derivatives are still being explored. Meanwhile,
GA, RD, and their analogs have been excellent tools for exploring the function of Hsp90 and
its role in stabilizing oncogenic client proteins.

2.1. Geldanamycin (GA)

Geldanamycin was the first macrocycle found to inhibit Hsp90 at the N-terminal ATP
binding pocket [24] (1, Fig. 3). Discovered in 1970 in the culture filtrates of Streptomyces
hygroscopicus var. geldanus, GA exhibits antibiotic activity against protozoa [25]. It is a
benzoquinone ansamycin composed of a quinone moiety linked to a macrocycle by an ansa
bridge between C-16 and C-20 (1, Fig. 3) To assess this natural product’s capacity as an
anticancer agent, GA was tested against the National Cancer Institute (NCI) 60 tumor cell
lines and it demonstrated a mean Glgg of 180nM across the panel; notably, Glsg = 0.1nM for
prostate cancer cell lines PC3 and DU-145 [26].

GA demonstrates activity against several kinases, (fyn, Ick, bcr-abl, and erbB2 [27]), and it
was initially hypothesized to be a src-family tyrosine kinase inhibitor [28]. However,
Whitesell and coworkers later immobilized a GA derivative on solid support, and identified
the major cellular proteins with which GA interacts [29]. By immunoblot analysis it was
determined that GA does not bind to v-src proteins directly, but rather it binds to Hsp90 and
modulates the src kinase activity via GA’s interaction with Hsp90 [29]. That is, GA binds to
Hsp90, blocks the binding of src kinases, leading to degradation and subsequent decrease in
src kinase activity, thus it was actually the disruption of the Hsp90-v-src heteroprotein
complex by GA that lead to the change in src kinase activity [30].

Pearl and coworkers then showed via crystal structure that GA bound to Hsp90 at the N-
terminal domain and in the ATP binding site (Kq=1.2uM) [31, 32]. By blocking ATP
binding, (Fig. 2), GA disrupts the conversion between the open and closed conformations of
the Hsp90 dimer. When bound GA converts from its natural trans-amide shape (Fig. 3) to a
cis-amide (Fig. 4) where the benzoquinone ring is directed toward the entrance of the N-
terminal ATP binding pocket and the ansa ring is directed towards the bottom of this binding
pocket (Fig 4). When bound to Hsp90, the C-7 carbamate of GA is stabilized in the pocket
by hydrogen bonding directly to amino acid residue Asp79, and indirectly to Leu 34, Gly83,
and Thrl171 via water molecules [31]. Hsp90’s resulting conformation is then unable to bind
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to a number of crucial client proteins, which leads to the degradation of these proteins via
the ubiquitin-proteasome pathway [33].

Although this data indicates that GA is an excellent candidate for advancement into clinical
studies, it has many pharmacological drawbacks, the most severe of which are poor
solubility and metabolic instability [26]. In addition, therapeutic doses to mice and dogs in
pre-clinical studies showed severe hepatotoxicity, which was thought to be associated with
the benzoquinone ring [26]. When the quninone moiety is metabolized by liver microsomes
it generates free radicals, which induces hepatotoxicity [34]. GA’s poor preclinical data has
resulted in many efforts to improve its pharmacological properties by modifying its structure
and studying its structure-activity relationship (SAR) with Hsp90’s ATP pocket.

Schnur, et al. examined the SAR of GA, they modified various positions on GA and
assessed in the depletion of p185, an Hsp90 client protein, in breast cancer cell line SKBr3
[35]. Cleavage of the GA amide bond between N-22 and C-1 (Fig. 5) generates linear GA
that has significantly decreased in vitro activity compared to the macrocyclic GA structure
(IC50 > 3200nM and 1C5p=70nM for linear and cyclic respectively) [35]. These data indicate
that the rigid cyclic structure is critical for binding to Hsp90. Reducing the double bond
between C-4 and C-5 (Fig. 5) in the backbone of the macrocycle resulted in about a 3-fold
decrease in activity (ICsg = 230nM) compared to its parent GA, again suggesting that a rigid
macrocycle is important for tight binding to Hsp90. Equally important is the carbamate
moiety at position 7, where alterations at this position resulted in a 1000-fold decrease in the
compound’s activity and deletion of this group generated a compound that had no activity
(ICs0 > 3900nM). Schnur et al. also found that small alkyl moieties at N-22, such as an N-
methyl, led to compounds with over a 100 fold less activity (ICsq > 3500nM). However,
when phenacyl moieties were substituted at the N-22 position, the 1Cggs were comparable to
that of GA (1C50s=70-80nM). This phenomenon was explained by examining the structure
of the compound that is active in cell culture, and it was determined that the acyl group is
readily cleaved under these conditions, leaving the parent structure before acylation. Thus,
this type of modification is not an improvement. In summary, some of these derivatives
showed depletion of p185 to the same level as GA, however, these derivatives were not
nearly as active as GA in in vivo studies, which Schnur et al. monitored using FRE/erbB-2
tumors in nude nu/nu mice and found them all showing limited potency [35]. The in vivo
activity of GA was not determined, as it was inactive in the assay and lethal at doses above
200mg/kg. However, the analogues that were active in vitro, and had improved ICggs as
compared to GA, were also inactive in vivo [35].

In a different study on the SAR of GA, McErlean et al. synthesized derivatives where only a
few substituents were present on GA’s backbone [36]. Thus, derivatives containing only the
C-2, C-14 methyl, C-17 methoxy, or C-17 carbamate were made (Fig. 6). For all of these
simplified derivatives of GA, the binding affinities to Hsp90 were severely decreased. This
can be attributed to the lack of hydrogen bonding networks between the amino acids within
the N-terminal ATP binding pocket and the substituents on GA’s macrocycle. It is
interesting to note that these basic stripped down derivatives exhibited micromolar potency
in the drug-resistant HCT-116 colon cancer cell line, however this is attributed to the
compounds acting via a different mechanism other than through modulating Hsp90’s
activity [36].

Tian and coworkers, to examine its overall purpose in the macrocycle biological activity,
studied position C-11 of GA (Fig. 7) extensively. C-11 was modified with ethers, esters,
carbamates, ketones, and oximes; and activity was assessed by measuring their binding
affinity for Hsp90 as well as their cytotoxicity in the human breast cancer cell line SKBr3
[37]. All ether group substitutions at C-11, with the exception of O-methyl, gave compounds
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that had a 2-3 fold decrease in binding affinity for Hsp90. O-methyl had comparable Kd
values to GA. All esters at the C-11 position had weak activity in all the cell lines tested
(IC5q = 350-1000uM), which can be attributed to hydrolysis of the 11-ester regenerating the
parent compound GA. However, they showed zero to weak binding affinity for Hsp90.
Conversion of the hydroxyl moiety at C-11 to a ketone or oxime gave a compound that also
had no binding affinity for Hsp90, while derivatives with amino groups substituted at C-11
lacked biological activity possibly because of steric interactions with the Hsp90 ATP
binding pocket. Since bulky groups attached to C-11 significantly decreased cytotoxicity
and binding affinity for Hsp90, and smaller groups did not, this study concluded that in
order for a molecule to maintain modulation of Hsp90, it is crucial to have small functional
groups at this position [37].

Based on crystallization studies, position C-17 of GA appears to be ideal for modification
(Fig. 8). Since groups at this position do not appear to be associated with GA’s binding to
Hsp90, unlike other substitutions, functional groups replacing the methoxy moiety should
not interfere with the hydrogen bonding network, and should thus show high binding affinity
and cytotoxicity via the Hsp90 pathway. It was also anticipated that conversion of the C-17
methoxy group to amino groups, would increase the molecule’s solubility in aqueous media,
improving pharmacological properties of GA, while not compromising its potency [38-40].
Numerous derivatives of GA have been synthesized in order to determine which moieties at
C-17 would be the most ideal for increasing solubility while maintaining cytotoxicity.
Derivatives that incorporated amides, carbamates, ureas, and aryl moieties were synthesized
and activities were determined by measuring the depletion of Her-2 client protein in the
breast cancer cell line MCF7. It is expected that, if any of the derivatives are actively
binding to Hsp90 and inhibiting the interaction between Her-2 and Hsp90, degradation of
Her-2 will occur via the ubiquitin-proteasome pathway. Within the amide derivatives,
aromatic functional groups had better potencies than their aliphatic counterparts (ICsp =
200-1000nM and 1700uM for aromatic versus aliphatic respectively). Compounds that
contained benzylalkylamino groups were three times more active than dialkylamino groups.
Interestingly, alkyl carbamate derivatives had similar activity to the amides, while aryl
carbamates were too chemically unstable to isolate [38]. Derivatives that incorporated a
small, sterically unconstrained, and non-polar alkyl amino group at C-17 exhibited the best
activity; these included (fluoroethyl) amino groups (ICgg= 12nM), (cyanoethyl) amino (ICsg
= 17 nM), and azetidinyl (ICsq = 23 nM) groups. [40].

Overall, the SAR studies resulted in the follow up of two GA derivatives. Both have single
modifications at the C-17 position and both demonstrated increased cytotoxicity over GA in
the NCI 60-cell line panel. These two derivatives are 17-Allylamino-17-
demethoxygeldanamycin (17-AAG) (Fig. 9), with an average Glsg = 123 nM in the 60 cell
line panel and 17-(Dimethylaminoethylamino)-17-demethoxygeldanamycin (17-DMAG,
discussed later), Glsg = 53nM [41]. 17-AAG is currently the most studied derivative of GA
(discussed below), and is now in Phase | and Phase Il clinical trials for treatment of several
different types of cancer.

2.2. 17-Allylamino-17-demethoxygeldanamycin (17-AAG)

17-AAG is an allyl amino derivative of GA (Fig. 9), and it was hoped that this C-17
modification would show decreased liver toxicity and improved aqueous solubility and
metabolic stability over its parent compound, GA. Like GA, 17-AAG binds to the N-
terminal domain of Hsp90, blocking the binding of numerous client proteins, which results
in the degradation of these proteins [29], thereby impairing their ability to induce cell
growth. In a binding assay using lysed v-src transformed NIH/3T3 fibroblasts cells and GA-
affinity beads, 17-AAG competed effectively with GA for Hsp90, inhibiting src from
binding to Hsp90 in this assay. However, higher concentrations of 17-AAG were needed to

Curr Top Med Chem. Author manuscript; available in PMC 2011 June 1.
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effectively block src from binding to Hsp90 than were needed for the parent compound, GA
(ECsp = 7.2 uM and 0.17 puM, respectively, ~50 fold difference). Although these data
indicate that 17-AAG has a lower affinity for Hsp90 than GA, 17-AAG has demonstrated
increased cytotoxicity compared to GA in several cancer cell lines and has been used as a
valuable tool to establish which client proteins were affected by 17-AAG’s binding to Hsp90
[29].

Preclinical Data-GA and 17-AAG Macrocycles—~Passage through the cell cycle is
regulated by specific proteins that must be expressed at various checkpoints within each
phase (Fig. 10). Proteins required at the G4 or G, checkpoint rely on Hsp90 to function.
Therefore, inhibition of Hsp90 leads to a decrease in the amount of checkpoint proteins
produced, causing potential problems for the cell during its growth and division phases. By
halting cell division at these checkpoints due to a lack of checkpoint proteins that facilitate
this process, the cell is unable to complete its replication cycle, which leads to apoptosis.
Described below are studies showing how 17-AAG halts the cell cycle at either the G1/S
(involving checkpoint proteins cdk4/6 and cyclin-D) or the G,/M (involving cdkl and
Weel) phase in multiple cell lines, presumably by inhibiting the function of Hsp90, causing
a depletion in their checkpoint proteins.

Melanoma: Grbovic and coworkers [42] determined that the mutated form of B-Raf, a
protein kinase that is a member of the Raf gene family, relies on Hsp90 (Fig. 1). B-Raf is
involved in cell signaling and promoting cell growth. Elevated activity stimulates
constitutive signaling, proliferation, and survival, thus B-Raf has been established as a
human oncogene [43]. Mutated forms of B-Raf activate the Ras/Raf /MAKT signaling
pathways, which are typically activated in most melanomas. The most common mutated
form of B-Raf is named Y600EBraf for the glutamic acid replacement of valine at amino acid
600. Over 90% of all B-Raf mutants found in melanoma cancers have this glutamic acid
substitution [44]. In nearly 70% of melanomas, V609EBraf is up-regulated. It was found that
when 17-AAG was used to treat melanoma cell line SK-Mel-31, 17-AAG did not affect the
level of wild type B-Raf protein, indicating that wild-type B-Raf does not need Hsp90 to
function. However, in the V600EBraf mutated cell line SK-Mel-28, treatment of 17-AAG
caused depletion of V600EBraf in as little as 12 hours [42]. In addition, treatment of SK-
Mel-28 tumor xenographs in mice with a non-toxic dose of 17-AAG (100 mg/kg) resulted in
over 80% V600EBraf depletion compared to control mice, who received a vehicle treatment
with no drug [42]. These data establish that B-Raf plays an important role in melanoma, and
that once mutated to V690EBraf, it relies heavily on Hsp90 for stabilization [45].

Lymphoma: 17-AAG appears to affect certain pathways associated with Hsp90 in
lymphoma. The P13K/Akt pathway plays a critical role in cell survival by preventing
apoptosis and inducing cell proliferation and growth [46]. Akt is a client protein of Hsp90,
and its function is to maintain the P13K pathway, thus facilitating the cell’s ability to
survive. Disrupting the Hsp90-Akt association leads to the dephosphorylation of Akt and
induces apoptosis. The dephosphorylation event occurs because Akt no longer protects the
cells from apoptotic stimuli, thus, making the disruption of the Hsp90-Akt interaction an
appropriate target in cancer therapy [47]. The inhibition of the P13K/Akt pathway using 17-
AAG was observed in the NK/T lymphoma cell line (NKLT), where the PI3K/Akt pathway
is constantly activated [48]. Specifically, NKLT cell lines HANK-1 and NK-YS were
significantly more vulnerable to 17-AAG relative to the control cell line NK-L, indicating
that NKLT was more dependent on Hsp90 via Akt than the control cell line.

In classical Hodgkin’s lymphoma (cHL), the Jak-STAT pathway relies on Hsp90. Janus
kinases (Jak) are activators of Signal Transducer and Activator Transcription (STAT)
proteins, where permanent activation of STAT is one indicator that a cell has become

Curr Top Med Chem. Author manuscript; available in PMC 2011 June 1.
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cancerous [49] (Fig. 1). Specifically, STAT3 and STAT®6 are associated with cell
proliferation in cHL. In cHL cell lines L428, L1236, and HDLM2, 17-AAG successfully
deactivated the Jak-STAT pathway, linking this deactivation to the inhibition of binding
between Hsp90 and Jak proteins. This pathway deactivation was indicated by the loss of
STAT3 and STATS6 tyrosine phosphorylation, and the inability to detect Jak1 and Jak3
proteins [50]. Further, it was also observed that Akt is necessary for the survival of cHL
cells, and 17-AAG rapidly depleted Akt from the HD-LM2 and L-428 cell lines [51, 52].

Mantle Cell Lymphoma (MCL) is characterized by an over expression of cyclin-D1, which
is regulated by Hsp90’s client proteins cdk4 and cdk6. Cyclin D1 forms a complex with
cdk4/6, which drives the cell from G; to S phase (Fig. 10) [53]. In the G; phase of the cell
cycle, the cell does the majority of its growth in preparation for DNA synthesis, which
occurs in the next phase of the cell cycle, the S phase. Before entering the S phase, the cell
must go though a G4 checkpoint, where the cdk4/6-cyclin D1 complex must be expressed to
prepare the cell for the S phase. Therefore, inhibition of Hsp90 leads to decreased activity of
cdk4/6 and decreased levels of cyclin D1, causing cell cycle arrest at this G1/S transition.
Since decreased levels of cyclin D1 can be associated with depletion of Hsp90’s client
proteins cdk4/6, MCL cell lines Jek1, Mino, and SP53 were treated with 17-AAG and the
level of cyclin D1 was monitored. Decreased levels of cyclin D1 occurred as the cells
entered apoptosis via a G4 cell cycle arrest, which led to cell death. It was also observed that
client protein Akt was down regulated, suggesting that 17-AAG was directly involved in
inhibiting Hsp90 from binding and/or stabilizing Akt, thus perhaps providing an additional
apoptotic pathway [54].

Hsp90 also chaperones a number of chimeric proteins that are essential for tumor survival
[55]. Chimeric proteins occur when two or more genes are fused together because of an
error in chromosomal translocation and can act as oncogenic proteins in cancer. Anaplastic
large cell lymphoma (ALCL) arises from the chimeric oncogenic protein NPM-ALK, an
Hsp90 client protein [56]. NPM-ALK originates from the fusion of nucleophosmin (NPM)
and the membrane receptor anaplastic lymphoma kinase (ALK) genes. When this chimeric
kinase is active, it is responsible for the malignancy of lymphomic tumors. Studies show that
17-AAG increases apoptosis, down-regulates NPM-ALK [57], and causes G/G1 cell cycle
arrest in ALCL cells [55]. Thus, by regulating the protein responsible for the cancerous
phenotype, 17-AAG may be a potential therapeutic to treat ALCL.

Breast Cancers: In client protein degradation assays, 17-AAG and GA had similar
activities in breast cancer cell lines SKBr8 and MCF7. In SKBr3, Hsp90 client proteins
include p185, Raf-1 and mutant p53. It was observed that 17-AAG had lower ECsg values
for blocking these three client proteins from binding than GA: the ECsgq values for 17-AAG
were 45nM, 80nM, and 62nM and for GA were 90nM, 170nM, and 210nM for p185, Raf-1,
and mutant p53, respectively. In addition, the 1Cgq values for SKBr8 cells were both 4.1nM
for GA and 17-AAG, while in MCF7 cells, 17-AAG had an 1C5q of 5.2nM, while GA had
an 1Csq of 10.7nM, suggesting that GA and 17-AAG act via blocking the binding of these 3
client proteins in breast cancer [58].

Prostate: Multiple Hsp90 client proteins are up-regulated in prostate cancer, with the
primary one being the androgen receptor (AR) [59]. ARs are responsible for tumor growth
and survival, and Hsp90 seems to be essential for their function and stability in prostate
cancer. Studies show that 17-AAG decreased the levels of the AR receptor and additional
client proteins such as Akt and Her-2 in the prostate cancer cell line LNCaP [60]. In
xenograph animal models using the prostate cancer cell line DU-145, 17-AAG demonstrated
reduced tumor growth in 86% of the mice [61].

Curr Top Med Chem. Author manuscript; available in PMC 2011 June 1.
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Leukemia: High expression of Hsp90 is observed in numerous leukemia cell lines [62]. In
chronic myeloid leukemia (CML), the chimeric Hsp90 client protein BCR-ABL is depleted
after administration of either GA or 17-AAG [63]. As observed in other cell lines, 17-AAG
increased apoptosis in the chronic lymphatic leukemia (CLL) cell line, by inhibiting the Akt
pathway [64]. Further, when 17-AAG and kinase C inhibitors, such as UCN-01, were used
together, they exhibited a synergistic relationship by increasing apoptosis in several
leukemia cell lines [65]. Thus, dramatic increase in apoptosis was observed when leukemia
cell lines were exposed to combined treatment of 1.5 pM of 17-AAG and 75nM of UCN-01,
while no significant apoptotic activity was observed when these cell lines were treated with
either UCNO1 (75nM) or 17AAG (400nM) alone. Interestingly, Hsp90 client proteins Raf-1
and Akt are the primary client proteins that undergo degradation in these cell lines [65, 66].

Lung Cancer: As is observed in most cancer cells, Hsp90 expression is up-regulated in
non-small cell lung cancer (NSCLC) cells, specifically: A549, H226B and ChaGo-K1. With
the high levels of Hsp90, several Hsp90 client proteins have been identified as important
proteins for promoting growth in NSCLC cells. These up-regulated and activated client
proteins include a mutated EGF receptor, a receptor kinase that activates and promotes cell
proliferation and survival, Akt, and a mutated p53, whose normal function is to regulate the
cell cycle and suppress tumor growth. These three client proteins are found to play a key
role in the NSCLS cell survival. The EGF receptor is a tyrosine kinase receptor which is
frequently mutated in non-small cell lung cancer (NSCLC) and it is over expressed in 40—
80% of NSCLC tissues [67]. The activation of Akt is seen in 51% of NSCLC cell lines [68],
and p53 is mutated in 50% of NSCLC tissues [69]. 17-AAG inhibited cell growth with 1Cgg
values 124nM, 61nM, and 110nM for A549, H226B, and ChaGo-K1 cell lines, respectively
[70]. As with other cell lines, it was observed that addition of 17-AAG led to degradation
and decrease in Akt and p53, thus explaining the potent ICsgs observed against this cell line.
These data suggest that 17-AAG is a possible therapeutic option for treating NSCLC.

Gastrointestinal Cancers

Colon Cancer: 17-AAG depletes Hsp90 client protein Raf-1 in four human colon
adenocarcinoma cell lines - HT29, HCT116, KM12 and HCT15. Of the four cell lines,
HT29, a cell line that responds well to the drug treatment of choice (5-FU) was the most
sensitive to 17-AAG (IC5p=0.5uM). HCT116 and KM12, which are established as drug-
resistant cancer cell lines [71-73], were moderately sensitive to 17-AAG (IC57=0.9uM and
0.8uM for HCT116 and KM12 respectively). HCT15 cells, also drug resistant, were the
least sensitive to 17-AAG treatment (IC59=46M). In order to determine if the cytotoxic
effects of 17-AAG were related to a mechanism involving Hsp90, Raf-1 levels were
monitored in these four cell lines. In HT29, Raf-1 levels were not restored, even after 48
hours of 17-AAG treatment. However, a moderate recovery of Raf-1 was observed in
HCT116 and KM12 cells [74]. Finally, HCT15 cells showed full restoration to control levels
of Raf-1. These data link the potency of 17-AAG in colon cancer cell lines to the recovery
of the Hsp90 client protein, Raf-1. More recently it was observed that treatment of HCT116
cells with 17-AAG induced a G2 checkpoint arrest. In the G, phase of the cell cycle, the cell
continues to grow in preparation for mitosis, which occurs in the final step of the cell cycle,
the M (mitotic) phase. Before entering the M phase, the cell must go though a G, checkpoint
to ensure the cell is prepared to divide. Weel and cdkl are two proteins that are required to
drive the cell from G, to M phase. Weel is responsible for maintaining the cell in G, phase,
and cdkl triggers mitosis [53]. It has been suggested that both of these two proteins are
dependent on Hsp90. Addition of 17AAG to the cell decreases the accumulation of these
proteins, ultimately leading to the arrest of the cell in the Go/S phase and subsequently
apoptosis [75]. This suggests that both of these are Hsp90 client proteins, and implies that
their binding is inhibited by 17-AAG [75]. This discovery has now promoted the
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investigation of these proteins as potential new therapeutic targets and inhibition of their
pathways is being explored as a plausible approach for treating drug resistant cancers.

Esophageal: Esophageal cancer is currently only treatable by radiation and
chemotherapeutics [76]. Normal esophageal tissue shows little to no expression of Hsp90,
while esophageal cancer tissue from patients shows high levels of Hsp90 expression [76]. In
cytotoxicity and protein degradation studies, Wu and coworkers treated esophageal cancer
cell lines, Kyse 70 and Kyse 450, with 500nM 17-AAG for 48 hours [76]. They reported
80% and 84% growth inhibition in Kyse70 and Kyse450 cell lines respectively. Further, as
observed in other cancer cell lines, there was a down-regulation of Hsp90 client proteins Akt
and Erk [76]. These data suggest that 17-AAG is a potential chemotherapeutic for treating
esophageal cancer.

Liver Cancer: Watanabe et al. [77] observed a decrease in the G2/M phase when
hepatocellular carcinoma (HCC) cell lines, Hep3B and Huh7, were treated with 17-AAG.
The cells were arrested in G2/M phase, resulting in an increase in apoptosis over that
observed in normal cells. When comparing these two cell lines as xenographs in mice, Hep3
xenographs showed no notable tumor decrease, while Huh7 xenographs demonstrated a
marked improvement in tumor growth upon 17-AAG exposure [77]. These data suggest that
Huh7 tumors rely heavily on Hsp90 modulation of growth factors, while Hep3 tumors do
not.

In summary, 17-AAG has proven to be a novel Hsp90 inhibitor in preclinical trials,
maintaining potency across numerous cancer cell lines and affecting multiple oncogenic
proteins and pathways (Table 1 and Table 2). Since 17-AAG metabolizes to 17-amino,17-
demethoxygeldanamycin (17-AG) (Fig. 11), which also inhibits Hsp90, the metabolite may
be a contributing factor to 17-AAG’s success [78]. However, 17-AAG is still insoluble in
aqueous media, having only 0.10 + 0.01 mg/mL solubility in a 50mM sodium phosphate
buffer at pH 7.0 [79]. Therefore, like GA, its formulation requires dimethyl sulfoxide
(DMSOQ), which can have several adverse side effects [80], including hepatic and cardiac
toxicities [81]. In addition, a DMSO-containing vehicle can not be administered orally,
which is to most ideal method of administration. Despite these issues, 17-AAG was
recommended for clinical trials due to its improved metabolic stability over GA [58]. To
date, 17-AAG has passed through Phase | clinical trials and is now in Phase 11/111 clinical
trials and is still being tested against a variety of cancer cell lines including melanoma,
breast, prostate and thyroid cancer [82].

Clinical Trials—Phase I clinical trials for 17-AAG determined that the maximum tolerated
dose (MTD) for weekly admission in patients was between 295-450 mg/m? [83-85]. Side-
effects in these studies were primarily related to hepatotoxicity associated with the drug
vehicle, DMSO. Although most phase I clinical trials only monitored effectiveness and
toxicity, one trial with eleven melanoma patients, specifically monitored Hsp90 client
protein degradation using biopsies before and after treatment. At a once-weekly dose of
450mg/m2, two patients with metastatic melanoma were reported to survive in stable
condition for 15 and 35 months after treatment [83]. Since the client proteins associated with
the Ras/Raf/Mitogen pathway in melanoma are Raf-1 and cdk4, these protein levels were
monitored in the patient tissue before and after 17-AAG treatment. Six patients had
detectable Raf-1 protein, and depletion of Raf-1 was seen within 24 hours after treatment of
17-AAG. The client protein cdk4 was detectable in nine patients, and depletion of this client
protein was seen in 8 out of nine patients. However, at 72 hours, there appeared to be a high
level of client protein recovery suggesting that Hsp90 inhibition is short-lived [74, 83].
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Phase Il clinical trials for 17-AAG have been conducted in patients with melanoma, renal,
and prostate cancer. One trial used fifteen metastatic melanoma patients, the majority of
whom had the V600EBraf mutation [86]. These patients were monitored for the effects on the
Hsp90 client protein Raf-1, however this client protein was not depleted, suggesting that 17-
AAG has either a short-lived effect in patients, or its ability to modulate client protein
depletion, specifically Raf, in vitro does not translate to in vivo conditions. Given these poor
results in Phase Il trials, 17-AAG was discontinued as a single treatment [87]. However,
there is currently one on-going Phase | clinical trials in which 17-AAG is used in
combination with the FDA approved drug Sorafenib to treat solid prostate tumors, in hopes
of achieving a synergistic effect (www.clinicaltrials.gov). Given that Hsp90 is up-regulated
in these tumors, it is hoped that shutting down pathways linked to this protein, while
simultaneously eliminating those associated with Sorafenib, will inhibit Hsp90’s client
proteins from recovery. Sorafenib specifically targets the Ras/Raf/Mitogen pathway,
inhibiting Raf-1, and EGFRs, which are also Hsp90 client proteins [88]. Thus, unlike the
clinical trials where 17-AAG is used alone and the client proteins appear to recover function
after a short period of time [83], using 17-AAG in conjunction with drugs that inhibit the
same pathways may prevent client protein recovery, leading to an effect that would be
similar to that observed in vitro.

Future Directions - GA and 17-AAG—While both GA and its derivative, 17-AAG,
effectively alter Hsp90’s function when used alone, using them in conjunction with other
treatment therapies can often increase efficacy of this macrocycle. Co-chaperones have
recently become of interest as therapeutic targets because they regulate Hsp90’s activity and
assist Hsp90 in its protein folding process. It was noted, for example, that when Hsp90 was
inhibited from its function of protein folding, Hsp90’s co-chaperone, Hsp70, is up-regulated
and has been shown to compensate for Hsp90’s function [89]. This observation may explain
why client protein levels in patients are initially low but then recover to normal levels after a
short period of time. McDowell et al. [90] have compiled a list of notable co-chaperones that
assist in Hsp90’s protein folding cycle. This list was compiled by analyzing the co-
chaperones expression in numerous tumors. They reported an increase of at least one Hsp90
co-chaperone protein expression in 10 out of 17 tumors analyzed. Relative to normal cells,
all tumors analyzed had increased amounts of co-chaperones Ahal, HSF1, p23, or Tpr2.
One study observed that adrenal, liver, and stomach tumors all showed an increased level of
HSF1 relative to non-cancerous cells. Lung, ovary, and breast cancer expressed greater than
normal levels of Tpr2, and thyroid cancer cells expressed elevated levels of p23 relative to
normal cells. Additionally, some cancers had up-regulated levels of more than one co-
chaperone; bladder cancer expressed greater than normal levels of Ahal and Tpr2, while
kidney cancer had an increase of Ahal and HSF1 relative to normal cells [90]. One of the
major co-chaperones being studied today is cdc37. A siRNA knockdown of the expression
of cdc37 in cells leads to a decrease in client proteins ERK, Akt, and mTOR [91]. Gray and
coworkers [92] determined that cdc37 is up-regulated in pancreatic cancer cell lines and they
showed that using a knockdown, followed by 17-AAG treatment, resulted in greater tumor
growth inhibition than cells that were treated with 17-AAG alone [92, 93]. These data
suggest that depletion of the co-chaperone cdc37 in-conjunction with modulation of Hsp90
may limit the cell’s ability to compensate for Hsp90 inhibition alone. Thus, despite the
unfavorable pharmacological attributes of GA and 17-AAG, these compounds can still
provide beneficial therapeutic effects in patients when used in conjunction with other
therapies, potentially exerting a synergistic effect on tumors.

2.3. 17-(Dimethylaminoethylamino)-17-demethoxy-geldanamycin (17-DMAG)

To increase solubility in water, a second generation GA derivative, 17-Dimethyl-
aminoethylamino-17- demethoxygeldanamycin (17-DMAG), was developed by Kosan
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Biosciences. This analog incorporates an ionizable functional group at the C-17 position (3,
Fig. 12) and like its predecessors, it binds to the N-terminal ATP pocket of Hsp90 [94]. The
NCI 60-cell line panel screening showed an overall Glsg = 51nM, which is over two-fold
more potent than 17-AAG (Glsp = 130nM) [95]. In addition, 17-DMAG treated tumors
showed reduction in tumor volume in xenographs mouse models of breast, lung, melanoma
and leukemia cancer cell lines [96-98]. Further, this hydrophilic analog also showed an
increased bioavailability over that of 17-AAG, where in pancreatic carcinoma mouse
xenographs, 17-DMAG decreased metastases at doses of 6.7-10mg/kg twice daily for 5
days when administered orally, while 17-AAG had no effect [98]. Thus, the oral activity of
17-DMAG opens up another route of administration that is not possible with 17-AAG. It
was observed in mechanistic assays that treatment of several melanoma cell lines with 17-
DMAG led to the depletion of Akt, cdk4, and Raf-1 client proteins [41]. However, 17-
DMAG has a dose limiting toxicity problem, with high liver and cardiac toxicity.
Importantly, 17-DMAG toxicity was significantly higher than that shown by 17-AAG [99].
The recommended MTD to prevent liver damage is 1.3 mg/m? daily for 5 days, a 30 fold
decrease compared to the lowest daily MTD of 17-AAG (40 mg/m?) [99, 100]. In Phase |
clinical trials, 3 out of 17 patients with chemotherapy refractory acute myelogenous
leukemia had a complete response to therapy, at a twice weekly dose of 8, 16 or 24 mg/m?.
However, overall drug related toxicity of this compound was unfavorable, as it caused both
liver and cardiac toxicity [101]. Kosan Biosciences ended clinical trials in March 2008 [99].

17-allylamino-17-demethoxygeldanamycin hydroquinone hydrochloride (IP1-504, generic
name Retaspimycin) was developed as a water-soluble GA derivative by Sydor et al. of
Infinity Pharmaceuticals (4, Fig. 13) [102]. It was shown that the hydroquinone was unstable
under physiological conditions, and was oxidized to an aniline based aromatic compound
[35, 40]. In order to reduce the oxidation potential of the hydrogquinone, it was necessary to
stabilize this moiety as a hydrochloride salt (Fig. 13) [102, 103]. This salt formation
inhibited the oxidation of the hydroquinone under physiologically relevant conditions, while
increasing the compound’s aqueous solubility.

IP1-504 exhibits five times greater solubility in water than 17AAG (>250mg/ml), allowing
other agents besides DMSO to be used for formulation during administration. It was shown
in competitive binding assays that IP1-504 had a nearly 2-fold higher binding affinity for
Hsp90 than 17-AAG [102]. Thus, the presence of a hydroxyl moiety in IPI1-504’s
hydroquinone is hypothesized to play an important role in hydrogen-bonding within the
binding pocket of Hsp90. IP1-504 also demonstrated comparable ICgq values in cell lines to
17-AAG, and had similar effects on Hsp90 client proteins to those shown by 17-AAG.
Given the detail with which the cellular mechanism of 17-AAG was discussed, including the
affected client proteins, and the mechanistic similarity of 17-AAG to IP1-504, these details
are not replicated for IP1-504, instead they are summarized in Table 1. However, given the
improved physiological profile of IPI1-504, and its increased stability, IP1-504 has been
advanced to Phase | and Il clinical trials for numerous cancers, including non-small cell lung
cancer (NSCLC), gastrointestinal stromal tumor (GIST), multiple myeloma (MM),
castration-resistant prostate cancer (CRPC), and breast cancer [104, 105].

Non-Small Cell Lung Cancer—EGFR is a tyrosine kinase receptor, it is also an Hsp90
client protein, and is frequently mutated in non-small cell lung cancer (NSCLC) [106].
Phase | clinical trials of IP1-504 treatment of NSCLC involved 9 patients with known EGFR
mutations [105]. After a four-week, twice-weekly treatment with IPI-504, 7 of the patients
had no new tumors appearing and little change in the size of tumors that were already
present. IP1-504 was then advanced to Phase Il clinical trials for 10 patients with stage 111B
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or IV NSCLC and known EGFR mutations [105]. This trial proved successful with 1 out of
10 patients having a complete remission. This positive result led to an expansion of the
clinical trials with a patient population of 57 patients with either EGFR mutant, wild-type, or
unknown expression [105]. Although the overall response rate to IPI1-504 with these 3
different patient populations was 7%, the response rate of those patients with only wild-type
EGFR was 14.2%. Further, this 14.2% exhibited a tumor progression-free period of 3.9
months. With this promising data, IP1-504 was advanced to Phase 111 clinical trials.
However, Infinity Pharmaceuticals recently halted the trials when a review of the 46 patients
enrolled in the study showed a higher mortality rate among patients treated with IP1-504
than those receiving a placebo [107].

Myeloma—Against multiple myeloma (MM) cells, IP1-504 proved to be an effective
Hsp90 inhibitor, disrupting many of the chaperone’s functions [108]. These effects include
suppression of cell surface expression and signaling for receptors associated with Hsp90,
specifically IGF-1 and 1L-6, decreased intracellular levels of several kinases, and finally
tumor cell sensitization to other pro-apoptotic drugs. Hsp90 inhibition is unique in MM cells
compared to other cancer cells because the client proteins that are inhibited are a part of an
unfolded protein response (UPR) pathway [108]. This pathway promotes cell survival by
preventing the accumulation of misfolded proteins in the cell [104]. Specific Hsp90 client
proteins associated with this pathway include ATF6, XBP-1, and PERK/elF-2. Blocking
these client proteins from binding to Hsp90 allows misfolded proteins to accumulate and
triggers apoptosis. Treatment of MM cells with IP1-504 indeed inhibits these client proteins
from interacting with Hsp90, thereby inhibiting UPR (allowing misfolded proteins to
accumulate), and inducing apoptosis. Thus, it appears that IP1-504 is a promising treatment
for myeloma, where the UPR pathway is active.

Prostate—In patients with castration-resistant prostate cancer (CRPC) Hsp90 client
proteins AR, Akt, and Her-2 are up-regulated [109]. Phase Il clinical trials are currently
evaluating treatment of CRPC with IPI-504 [105]. These clinical trials have two groups of
male patients: those who have had no prior chemotherapeutic treatment for CRPC (group A:
4 patients) and those who experienced progression of the cancer while being treated with
docetaxel (group B: 15 patients). MTD determined was 400mg/m? on day 1, 4, 8, and 11 for
21-day cycles. Thus far, there have been two deaths for patients in group B, one due to
hepatic failure and the other due to hyperglycemic ketoacidosis. This Phase Il clinical study
is still active and their results appear promising [105, 110].

Breast Cancer—The Hsp90 client and oncogenic protein Her2 is up-regulated in breast
cancer, and has been shown to be down-regulated when it is inhibited from binding to
Hsp90. Thus, IP1-504 has been studied as a possible treatment for breast cancer. Preclinical
data shows that IP1-504 degrades Her2 both in vitro and in vivo. In a Phase 1l clinical trial
IP1-504 is now being used in combination with trastuzumab, a current treatment for breast
cancer that interferes with the Her3/neu protein receptor [105]. The ongoing trial is
examining a three week cycle of IP1-504 at 300mg/m? for two weeks followed by a single
treatment with trastuzumab and one week without treatment [105].

2.5. Herbimycin (HA)

Herbimycin A (HA) was first isolated in 1979 from the fermentation broth of Streptomyces
hygroscopicus strain AM-3672 (5, Fig. 14) [22]. The molecule was termed herbimycin A
due to its potent herbicidal activity against mono-and di-cotyledonous plants; this molecule
also exhibits antifungal, anti-angiogenic and anti-tumor activities [22]. The absolute
structure and configuration of HA was confirmed by Omura et al. who reported that HA is a
19-membered macrocyclic lactam with seven stereogenic centers, a carbamate, an isolated
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tri-substituted (E)-double bond, and (E,Z)-diene and a benzoquinone ring system [111].
Structurally, this molecule resembles GA (Fig. 14), and it was logical to test its ability to
modulate Hsp90, perhaps inhibiting its client proteins from binding to Hsp90, as well as its
cytotoxicity against cancer cell lines. The first total synthesis of HA was reported in 1991 by
Tatsuta et al. [112], with other synthetic routes reported by Panek et al. in 2004 [113] and
Cossy et al. in 2007 [111].

It was noted earlier that modifications to GA at the C-17 position generated potent
compounds 17-AAG and 17-DMAG. Thus, Omura et al. synthesized HA derivatives with
modifications at the 17 and/or 19-amino position incorporating dimethylamines, allylamines,
cyclopropylamines, or methylpiperazines [114]. This effort resulted in three distinct series of
derivatives using the HA scaffold: (1) Herbimycin A, (2) 8,9-epoxyherbimycin A, and (3)
Herbimycin A-7,9-carbamate (Fig. 15).

Antitumor activity of these derivatives was measured in Ehrlich ascites carcinoma mice
models and expressed in T/C (%), where T is the median survival days of the treated mice
and C is the survival days of the control group (receiving no drug treatment). Of the 12
derivatives synthesized, the most promising compound was the 8,9-epoxyherbimycin A with
a cyclopropyl amine at C-19 (Fig. 16). This derivative showed significant antitumor activity
with 141 T/C and 2/3 mice surviving treatment, compared to HA with 109 T/C and 0/4 mice
surviving treatment [114]. There are ongoing investigations of the general anti-tumor
activity of this compound.

In another investigation of HA and its derivatives, Omura et al. incorporated Cl or Br
moieties into HA, 8,9-epoxyherbimycin A, and Herbimycin A-7,9-carbamate scaffolds (Fig.
17) [115]. In an Ehrlich ascites carcinoma model, these derivatives were tested at doses of
1.3-50 mg/kg for 5 days and derivatives a, d, and e (Fig. 17) were shown to be more
effective than HA at treating tumors in mice. These three derivatives a, d, and e had T/C
values of 190, 200, 215 respectively, compared to 126 T/C for HA. Further, these
derivatives showed less toxicity than HA with 4/4 mice surviving treatment with a, d, and e
compared to only 1/4 mice surviving treatment with HA. These HA derivatives are currently
being tested in preclinical trials, and are expected to progress into clinical trials if they
continue to demonstrate effectiveness with limited toxicity [116].

3. RADICICOL

Another macrocyclic Hsp90 inhibitor is Radicicol (RD) (6, Fig. 18), a 14-member macrolide
natural product first isolated from M. bonorden [117]. RD is not structurally related to GA
and its analogs, but interacts with Hsp90 in a similar manner. Using a biotinylated derivative
of the natural product in a series of electrophoresis and immunoblotting experiments [118],
RD was shown to bind to the ATP-binding site of the N-terminal domain of Hsp90 [119],
and, like GA, adopts a C-shaped conformation that binds tightly with the ATP-binding site
of Hsp90 (Kp = 19nm) [32]. Similar to the mechanism of GA, it was noted that by
preventing ATP from binding, RD destabilizes and inactivates a number of oncogenic client
proteins. Specifically, binding of RD to the N-terminal binding site of Hsp90 has led to the
decrease of these client proteins: v-src, Raf-1, EGFR, p185, Cdk4, and mutated p53 (Table
1) [120, 121].

Within the N-terminus of Hsp90, the aromatic ring of RD is directed towards the base of the
ATP-binding pocket, while the macrocycle rests on top of the pocket [32]. A co-crystal
structure of RD bound to yeast Hsp90 showed that the 2-hydroxy and 12’-carbonyl bind
directly to Asp79, and like GA, RD binds to Gly83 via a water molecule. However, it is
clear from the crystal structure that the binding mode of RD differs from that of GA because
residue Thrl71 of the N-terminal ATP-binding pocket interacts with GA via a water
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molecule, but with RD via Asp79 (Fig. 19). Further, it is noted that epoxide moiety of RD
has a unique interaction with Lys44.

RD lacks the toxic hydroquinone moiety of GA and its analogs, and is significantly less
hepatotoxic than these analogs. Further, RD possesses nanomolar activity (IC5g=20 nM) in
cell lysates from ras-transformed mouse fibroblasts, as well as purified human Hsp90
inhibition assays. Despite this success, RD failed to effectively modulate Hsp90 activity
during cell-based assays [122, 123]. It was noted that RD was degraded in the presence of
DTT. The instability of RD was thought to be due to its conjugated enone moiety which
possibly reacts, via Michael addition, with soft nucleophiles such as thiols [124]. Thus, it
appeared that RD’s inability to perform in cells is predominantly due to its instability within
intracellular environment, where it is degraded in the presence of the reducing environment
within the cell. The synthesis of more stable yet active derivatives have become of interest
to many organic chemists.

Given that the enone appeared to be responsible for reducing RD’s activity in the cell, the
primary modifications to this structure were focused on the carbonyl at the 2 position. The
most studied alteration to RD’s original structure is the placement of an oxime group at this
2 position, which reduces the electrophilicity of the Michael acceptor. This oxime group
makes derivatives more stable in mouse serum and DTT [125]. The hydroxime derivative
KF25706 (7, Fig. 20), inhibits K-ras and v-src signaling through the depletion of Raf-1 and
V-src protein expression in v-src-transformed 3Y1 cells (SR-3Y1) [124, 126], a cell line
where v-src expression is up-regulated. The cytotoxicity values of KF25706 in K-ras
transformed cell line KNRK and v-src-transformed cell line SR-3Y1 were 39 nM and 26
nM, respectively, which is comparable to the activity of RD. Further, KF25706 competes
with GA for binding to Hsp90 in vitro, suggesting that it has a similar mode of action to that
of GA. For in vivo studies, an effective dose of KF2706 (100mg/kg twice daily for 5 days),
has led to decreased levels of Raf-1 and Cdk4 oncogenic client proteins in MX1 human
breast cancer cell xenographs in mice [126].

To further increase the potency and water solubility of oxime derivatives, Ikuina and
coworkers introduced various carbamoylmethyl groups and studied the SAR of these
derivatives in v-src transformed cells (SR-3Y1) and K-ras transformed cells KNRK5.2
[127]. Polar functional groups (hydroxyl, piperidino, and carbamoyl) as well as aromatic
moieties, did not significantly influence activity comparing to that of RD. Compound 9 (Fig.
21) was the most potent compound synthesized, as it decreased Raf-1 protein level in the
KNRKS5.2 cell line and exhibited cytotoxic 1Csgs of 20-40 nM in SR-3Y1, KNRKS5.2, and
NRK epithelial cells. The corresponding radicicol activities were found to be 60-110 nM.
Thus, it appeared that the oxime derivatives showed tremendous potential for modulating
Hsp90 activity in cells.

Oxime derivatives 7, 8, and 9, were all synthesized and tested as a mixture of E/Z isomers
across the N=C double bond, thus posing the question of whether or not stereochemistry has
an effect on potency. Soga and coworkers [128] isolated and tested each isomer separately,
and found that the E isomer, KF58333 (10, Fig. 21) was 2-13 times more potent than its Z
isomer, KF58332 (11, Fig. 22) in 7 different breast cancer cell lines that express both high
and low amounts of Hsp90 client protein ErbB2. In addition, the E isoform showed
significant reduction in the tumors of xenografted KPL-4 cells of nude mice (T/C
minimum<0.5 at doses of 25 and 50 mg/kg per day), whereas the Z isoform did not [128]. In
summary, these oxime derivatives show tremendous potential as Hsp90 inhibitors, and
further studies on these molecules are ongoing to investigate their activity in regulating
Hsp90 client proteins, as well as to test their activity in xenograph mouse models.
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A set of radicicol derivatives has been synthesized by Yamamoto et al. [129] who replaced
the labile epoxy group with a cyclopropyl, (12, Fig. 23a). The binding affinity to Hsp90 of
this analog was 160nM (EDsgg), which was about four-fold less than that observed with the
natural product RD (EDgg= 45nM). Growth inhibition studies using MCF-7 breast-cancer
cell line showed RD had a Glsg of 23 nM, whereas cycloproparadicicol (12) had a Glgg = 43
nM. Incorporating a triazole unit in cycloproparadicicol (13, Fig. 23b) gave a compound
with significantly weaker binding affinity for Hsp90 than either RD or 12, with an ED5q =
400 nM. Compounds that had alternative stereochemistry of the cyclopropyl moiety at C7
and C8 showed significantly decreased inhibitory effects relative to RD, with EDg5g = 2 uM
in Hsp90 affinity assay and 1Cgy = 836 nM in MCF-7 cells (versus 45 nM and 23 nM
respectively). Inversion of the stereocenter at C10 gave a compound that also had poor
activity, with an EDsg = 5 pM against Hsp90 and ICsg = 2 pM in MCF-7 cells. Inversion of
all three stereocenters relative to compound 12 gave compound 14, which not surprisingly
had millimolar potency, with an EDsg > 10 mM in an Hsp90 assay, and micromolar potency
in a cell-based assay (ICsg = 3.4 uM). Despite these results, the fact that the cyclopropyl
analogue 12 still binds in the namomolar range suggests that the interaction between the
Lys44 (Fig. 19) of Hsp90’s binding pocket to the epoxy oxygen is not critical. However, the
compounds that have altered stereocenters of carbon 7, 8, and 10 (Fig. 23) are significantly
less active than those with the natural product stereochemistry, indicating that specific
stereochemistry at these positions is critical for binding effectively within the ATP binding
pocket of Hsp90 [130].

3.1. Pochonin Derivatives

Pochonin A-F are natural products isolated from Pochonia chlamydosporia and although
structurally similar to radicicol (RD), the substitution pattern of the 14-membered
macrocyclic lactone ring differs from that of RD. One of the most studied derivatives in this
class is Pochonin D (14, Fig. 23), which is similar to RD but only contains one double bond
in conjunction with the carbonyl moiety, and a double bond between carbon 7 and 8 rather
than the epoxide moiety in RD. When evaluated for Hsp90 affinity in a binding assay,
Pochonin D had an ICgq = 80 nM, suggesting that both the epoxide and the conjugated diene
moieties are unimportant for binding to Hsp90. Indeed, when Pochonin D was docked into
Hsp90, it appeared to have a similar binding mode to that of RD. Pochonin E (15, Fig. 23) is
similar to the structure of Pochonin D, but has a secondary alcohol at carbon 6. Very little is
known about this molecule, and there are no reported ICggs or ECsps with Hsp90 or its
effects on client proteins. Interestingly, the chlorine atom at carbon 13 shows to be crucial
for binding to Hsp90 because when it is substituted with a hydrogen atom (16, Fig. 23), this
molecule has no affinity for Hsp90 (IC5p>50uM). Presumably this is because the chlorine
atom has a crucial electronic effect on the aromatic ring, making the hydroxyl at C2 more
desirable for hydrogen bonding to Asp 79 (Fig. 19). Not surprisingly, when the phenols are
alkylated with ethoxy methyl (EOM) moieties (17, Fig. 23), this derivative shows no affinity
for Hsp90 (ICsq > 50uM). Given that the hydroxyl at C2 is critical for hydrogen bonding to
the ATP binding site of Hsp90, and the bulky protecting EOM group blocks this event, the
lack of potency for compound 17 is hardly surprising [131].

4. CHIMERIC Hsp90 INHBITORS - RADANAMYCIN

Careful evaluation of crystal structures of Hsp90 protein bound to Geldanamycin and
Radicicol led Wang et al. [132] to design Radanamycin (RDM) (18, Fig. 24), a macrocyclic-
chimera of both natural products. Biological activity studies have revealed that RDM has a
significant effect on Hsp90 client protein Her-2 [132], where the addition of RDM to cytosol
led to the degradation of Her2. In addition, it was noted that this molecule had an anti-
proliferative effect on MCF-7 breast cancer cell line (ICsg = 1.2 + 0.1 uM) (Table 2).
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A library of RDM derivatives have been synthesized and tested against breast cancer cell
line MCF7 and Hsp90-dependent protein Her2 [133]. Substitution of the phenol with
methoxy groups led to a significant decrease in inhibitory activity against Hsp90. Removal
of the methyl group on the carbon alpha to the lactone, did not have a significant impact on
cytotoxicity of this molecule (19, Fig. 24). Variations of the macrocycle’s size, where the
ring was expanded by 4 carbons (20, Fig. 24) also exhibited efficacy comparable to that of
RDM. Oxidation of one phenol moiety to the quinone (21, Fig. 24) produced a molecule that
had decreased binding to Hsp90 and lower cytotoxicity than RDM. Given that RDM was
rationally designed using two Hsp90-inhibiting compounds, additional design methods are
being employed to derive a molecule that is favorable in activity as well as in
pharmacological aspects. As such, the future of this class of molecules appears to be
promising.

5. ALLOSTERIC Hsp90 INHIBITORS- SANSAL-VAMIDE A

Sansalvamide A (San A) (22, Fig. 25), is a cyclic pentapeptide natural product that was
isolated from a marine fungus (Fusarium ssp.)[134] and it exhibits anti-tumor activity at mid
micromolar potency. Studies investigating the structure activity of San A derivatives have
found a number of compounds that have high nanomolar potency [135]. In addition, the
dimerized motif of San A derivatives, Di-Sansalvamide A (Di-San A) (23, Fig. 25)
decapeptide also demonstrates cytotoxicity in multiple cancer cells lines with one derivative
exhibiting a 1nM 1Csq against pancreatic cancer cells [136]. In vitro as well as in vivo
mechanistic studies have shown that San A derives its cytotoxic behavior at least in part by
binding to Hsp90 and subsequently disrupting protein-protein interactions with specific C-
terminal client proteins IP6K2 and FKBP [137], while Di-San A disrupts Hsp90 binding of
IP6K2 [138]. Both IP6K2 and FKPB are pro-apoptotic proteins that elicit cell death when
they are not bound to Hsp90 [139, 140]. Additional mechanistic studies on these compounds
and their effects on Hsp90 client proteins are ongoing.

Mechanistic studies on these molecules included in-vitro pull down assays using a
biotinylated San A derivative and the N-, middle, C-, middle-C, and N-middle domains of
Hsp90. Somewhat surprisingly, they showed that San A binds optimally to the N-Middle
domain, indicating that its effects on the apoptotic C-terminal client proteins are via an
allosteric effect [138] (Fig. 26). Using the same pull-down techniques, biotinylated Di-San
A was found to bind to the Middle-C domain of Hsp90, indicating that its effects on these
apoptotic C-terminal client proteins may be due to it physically blocking the binding of
these client proteins. In summary, these molecules show potential as therapeutic agents and
their impacts on additional client proteins and subsequent oncogenic events are under
investigation.

Overall, there are 9 classes of macrocycles that modulate Hsp90’s activity and affect its
client proteins. These compounds and their impact on the specific client proteins are
summarized in Table 1 below.

CONCLUSION

In general, natural product macrocycles have proven to be very successful lead structures in
the development of chemotherapeutics. Their macrocyclic structure makes them uniquely
suited in binding proteins and inhibiting their function. Additionally, they have restricted
bond rotations which give them defined 3-D structures that are conformationally constrained
[141]. Thus, a relatively small macrocycle will tend to have greater binding affinity for
protein targets than their linear counterparts or small molecules, creating a rigid interaction
with their protein target, effectively inhibiting other large proteins from binding to this
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target. In this review, we have outlined the discovery and development of nine classes of
Hsp90 inhibitors. Given that Hsp90 is an important target in cancer research because it is
over-expressed in almost all forms of cancer and that there are currently no drugs in the
market that target this protein, these macrocycles provide exciting new scaffolds worthy of
investigation. These macrocycles have all shown that they act by binding directly to Hsp90
and disrupting its function by inhibiting its interaction and/or inducing the degradation of
oncogenic client proteins that are associated with Hsp90. These interactions have been
shown to lead to upregulation of apoptotic pathways, a favorable event for tumor cell death.
A number of these Hsp90-modulating macrocycles are currently in various phases of clinical
trials (Table 2), highlighting their successful contribution to the medicinal chemistry
community. Finally, a wide range of studies involving these scaffolds have proven that they
maintained activity over a variety of cancers and, thus, one or more of these inhibitors may
become a universal chemotherapeutic.

ABBREVIATIONS
Hsp Heat shock protein
TRAP1 Tumor necrosis factor receptor-associated protein 1
Grp94 Glucose-regulated protein 94
GA Geldanamycin
17-AAG 17allyamino-17-demethylgeldanamycin
17-DMAG 17-Dimethylaminoethylamino-17-demethoxygeldanamycin
SAR Structure activity relationship
AR Androgen receptor
RD Radicicol
HA Herbimycin A
MTD Maximum tolerated dose
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Fig. 1.

Hsp90 and its associated oncogenic client proteins.
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Fig. 2.
Hsp90 cycle.
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1 Geldanamycin

Fig. 3.
Natural trans amide structure of Geldanamycin.
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Cis-amide conformation of Geldanamycin and the major interactions occurring in the N-
terminal ATP-binding pocket of Hsp90.
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Fig. 5.
Derivatives synthesized by Schnur and co-workers.
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Fig. 6.
Simplified versions of GA.
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Fig. 7.
GA derivatives with modifications at C-11.
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GA derivatives with modifications at C-17
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2 17-AAG

Fig. 9.
Structure of 17-AAG.
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The cell cycle: Hsp90 client proteins required at G, and G, checkpoint are shown.
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Fig. 11.
Structure of 17-AAG compared to 17-AG.
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Fig. 12.
Structure of 17-DMAG.
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Structure of 17-AAG and IP1-504.
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Fig. 14.
Structures of Geldanamycin and Herbimycin.
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Synthetic modifications to HA.
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8,9-epoxyherbimycin A
with cyclopropylamine at C-19

Fig. 16.
Potent HA derivative.
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Fig. 17.
Synthetic modifications to HA incorporating halogens.
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6 Radicicol

Fig. 18.
Structure of Radicicol.
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6 Radicicol (RD)

Geldanamycin and Radicicol interactions with the N-terminal binding site of Hsp90.
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Fig. 20.
Structures of KF25706 and KF2711.
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Fig. 21.
Most potent carbamoylmethyl group
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Fig. 22.
Structures of KF58333 and KF58332.
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Fig. 23.
Structures of Radicicol, Pochonin D, E, and additional derivatives.
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Structure of Radanamycin.
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Structures of macrocyclic peptides Sansalvamide A and Di-Sansalvamide A.
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Fig. 26.

San A binds to NM domain and Di-San A binds to MC domain, inducing apoptosis.
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Macrocyclic Hsp90 Inhibitors and their Affect on Client Proteins in Cancers

Table 1

Hsp90 Inhibitor

Cancer Type

Hsp90 Client Proteins Affected

Geldanamycin

v-src transformed 3T3 cells

Src kinases, fyn, Ick, ber-abl, and erbB2

Breast Cancer

erbB-2, Raf-1, mutant p53

Melanoma V600EBraf
Anaplastic large cell lymphoma NPM-ALK
NK/T cell lymphoma Akt

Hodgkins Lymphoma

Jak kinases, Akt

17-AAG Mantle Cell Lymphona Cyclin D, Akt
Prostate Androgen Receptor, Akt, Her-2
Esophageal Cancer BCR-ABL, Raf-1, Akt
Non-small cell lung cancer Akt, mutant p53, EGFR
Colon c-Raf-1, Chk1, Weel
Exophageal Akt, Erk
17-DMAG Melanoma Akt, cdk4, c-Raf-1
Non-small cell lung EGFR
Myeloma ATF6, XBP-1, PERK/elF-2
IP1-504
Prostate Cancer Androgen receptor, Akt, Her-2
Breast Cancer Her-2
Herbimycin Ehrlich Carcinoma v-Src and Bcr-abl tyrosine kinases
Radicicol Breast Cancer Raf-1, Cdk4
Radanamycin Breast Cancer Her-2

San A

Colon Cancer

IP6K2, FKBP52, FKBP38

Di-San A

Colon Cancer

IP6K2
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Table 2

Clinical Trial Stage and Potencies of Macrocyclic Hsp90 Inhibitors

Hsp90 Inhibitor | Clinical Trial Stage Cancer Type Cell line I1Csg
Prostate Cancer | PC3, DU-145 0.1 nM

CHP-100 5nM

Geldanamycin Phase | Neuronal TC-32 5nM

SKNMC 8nM

Breast cancer SKBR3 90 nM

Phase 11 Breast Cancer SKBR3 45 nM

Mel270 97 nM

Melanoma 921 60nM

17-AAG TP31 65 nM
OCM-1 77 nM
Jekol 5.02 uM
Lymphoma Mino 1.71 pM
SP53 3.78 uM

LNCap 25nM

LAPC-4 40 nM

Prostate Cancer DU-145 45 1M

PC-3 25nM

Leukemia AML 1.5uM
Ab49 124 nM

Lung Cancer H226B 61 nM
ChaGo-K1 110 nM

HT229 0.5 uM

HCT116 0.9 uM

Colon Cancer KM12 0.8 UM

HCT15 46 UM

. Hep3B 2.6 uM
Liver Cancer HUH7 430 "M

17-DMAG Phase | Lung Cancer SLR20 250nM
MML1.s 307 nM
IP1-504 Phase I Myeloma RPMI-8226 | 306nM
Herbimycin Pre-clinical Leukemia CLL 0.31 uM
Radicicol Pre-clinical Breast Cancer MCF-7 0.03 uM
Pochonin D Pre-clinical HSP90 0.08 uM
Radanamycin Pre-clinical Breast Cancer MCEF-7 1.2 uM
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