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ABSTRACT
The heat shock protein 90 (HSP90) plays a crucial role in regulating cellular homeostasis. 
Importantly, enhanced dependence of cancer-specific proteins or mutants on HSP90 for 
their stability and activity offers HSP90 as an attractive therapeutic target. But, HSP90 being 
an important house-keeping protein, raised skepticism towards achieving cancer-specific 
therapeutic efficacy. Biochemical and functional studies revealed differential activity of HSP90 
between healthy and cancer cells indicating the promise of specific chemical inhibitors in 
treating the disease. The current educational article elaborates on multiple classes of inhibitors 
that either have pre-clinical activity or being tested in various phases of clinical trials. In addition, 
recent pre-clinical findings that offer mechanistic insights into the therapeutic efficacy of HSP90 
inhibitors are detailed. Thus, the article focuses on the promise of HSP90 as a therapeutic target 
and recent advances in the development of novel HSP90 inhibitors. Furthermore, we discuss 
the genetic factors and molecular mechanisms that influence the success of targeting HSP90 
chaperone in cancer treatment.
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INTRODUCTION

Heat shock protein 90 (HSP90) is an important house-keeping 
chaperone that stabilizes multiple classes of proteins including 
kinases, hormone receptors and transcription factors.1 The 
proteins that require a functional HSP90 for correct folding and 
stability are called “client” proteins.1 Many proteins which are 
known as “co-chaperones” assist the HSP90 in performing the 
chaperoning activity.2,3 In addition to chaperoning normal client 
proteins, HSP90 was found to be crucial for the stability of several 
mutated proteins that underlie pathologies including cancer and 
neurodegenerative diseases. Thus, inhibition of HSP90 activity 
holds promise for the treatment of these disorders.4 So far, many 
HSP90 inhibitors (HSP90i) were developed and tested for their 
efficacy in treating cancer but met with little success.5 However, 
new HSP90 inhibitors with better safety and efficacy profiles are 
being developed and tested in various clinical trials.5 This article 
focuses on the biology of HSP90 chaperone and a detailed analysis 
of several natural and synthetic inhibitors of HSP90 chaperone.

Structure and Function of HSP90 Chaperone

Based on the phylogeny and their resident cellular compartment, 
the HSP90 family of genes is classified into five groups: HSP90A 
(cytoplasm), HSP90B/GRP94 (endoplasmic reticulum), HSP90C 
(chloroplast), TRAP (mitochondria) and HTPG (bacteria). The 
cytosolic HSP90A group further consists of two isoforms: an 
inducible HSP90AA (HSP90Aα) and a constitutively expressed 
HSP90AB (HSP90Aβ). The HSP90 monomer consists of an 
N-Terminal Domain (NTD) connected to a Middle Domain 
(MD) via a charged linker, followed by a C-Terminal Domain 
(CTD) (Figure 1A). Protein dimerization and ATP hydrolysis 
are essential for HSP90 function, which is assisted by interaction 
with a battery of co-chaperones. Both the NTD and the CTD are 
involved in the dimerization (Figure 1B). In inactive state, the CTD 
alone is dimerized while during the activation, both the NTD and 
the CTD are dimerized. The ATP initially binds to the relaxed or 
open state of HSP90 leading to the dimerization of N-terminal 
domains (tense or closed state) (Figure 1B). Following hydrolysis, 
the N-terminal domains revert back to relaxed or open state for 
the release of ADP in exchange for the new ATP (Figure 1B).

A conformational rearrangement involving the creation of a 
hydrophobic patch at the NTD dimer interface together with 
the folding (closure) of lid over the bound ATP happens during 
the transition from the apo (open) state to the ATP-bound 
(closed) state.6 It is important to note that the time HSP90 
spends in a particular conformation determines its interaction 
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with client and therefore its function. In addition, several 
co-chaperones also function in loading client proteins on 
to HSP90 for their maturation as well as activation.6 The 
HSP90-co-chaperone-client interaction and activity is further 
dependent on specific post-translational modifications on each 
of these three components.7 The biochemical details including 
the activation state as well as the conformation of client proteins 
were recently elucidated further, improving our understanding of 
the mechanism of chaperone function.8

HSP90 as a therapeutic target

The identification of functionally distinct HSP90 chaperones in 
cancer cells suggested the possibility to use HSP90 inhibitors as 
selective cancer chemotherapeutics. Enhanced susceptibility of 
transformed cells towards HSP90 inhibition when compared to 
that of non-transformed isogenic cells was also reported.9 This 
observed specificity of HSP90 inhibitors towards transformed 
cells arise from the fact that many oncogenes that are involved in 
the pathogenesis of multiple cancers are HSP90 client proteins. For 
example, the leukemia specific BCR-ABL and FLT3-ITD mutants, 
lymphoma specific NPM-ALK mutant, myeloid disorder specific 
JAK2-V617F mutant, lung cancer specific EGFR-L858R mutant 
and melanoma specific BRAF-V600E mutant are stabilized by the 
HSP90 and are degraded upon HSP90 inhibitor treatment. Apart 
from mutant oncoproteins, the wild type ERBB2 protein also is a 
HSP90 client that is overexpressed in nearly one-third of breast 
cancers. Thus, the efficacy of HSP90 inhibitors is due to indirect 
targeting (degradation) of oncoproteins from which cancer cells 
derive their survival and mitogenic signals.

The pre-clinical activity varied among HSP90 inhibitors; 
several-fold differences in the mean GI50 values were reported for 
HSP90 inhibitors towards the NCI-60 panel of cell lines (Figure 
1C).10 Furthermore, the anti-cancer activity of widely-used 
HSP90i differed between various commonly used cancer cell 
lines; for example, among the four commonly used cell lines 
considered, K562 cells are most sensitive to Alvespimycin (AM) 
while A549 is most sensitive towards Tanespimycin (TM) (Figure 
1D).11 Apart from inherent differences in binding affinities for 
various inhibitors towards the HSP90, differences in anti-cancer 
activity may also arise from the biological availability, off-target 
inhibition and more importantly altered gene expression 
upon inhibitor treatment. In addition, paralog-specific HSP90 
inhibitors with differential binding affinities towards alpha 
and beta isoforms hold more promise in overcoming some of 
the limiting features of traditional HSP90 inhibitors; examples 
include PU-29F (HSP90α: 5 µM and HSP90β: 25 µM), PU-20F 
(HSP90α: 8 µM and HSP90β: 34 µM), PU-11 (HSP90α: 18 µM and 
HSP90β: 90 µM), SNX-0723 (HSP90α: 3 nM and HSP90β: 4 nM) 
and TAS-116 (HSP90α: 34.7 nM and HSP90β: 21.3 nM).12 Most 
of the clinical trials were conducted in breast cancer, multiple 
myeloma, lung cancer, melanoma and prostate cancer. TM was 

well tolerated, displayed anti-cancer activity across all tested 
doses and exhibited better clinical efficacy in combination with 
standard-of-care agents (sorafenib, bortezomib and trastuzumab) 
than monotherapy. Both TM and AM in combination with 
trastuzumab displayed anti-tumor activity against breast cancer.13 
Luminespib (LP), alone or in combination with capecitabine 
showed activity against advanced solid tumors. Ganetespib 
(GP) alone or in combination with paclitaxel and trastuzumab 
showed anti-cancer activity against breast cancer.14 TM, LP and 
KW-2468, in combination with bortezomib displayed activity 
against multiple myeloma.15 BIIB028, debio0932, Onalespib 
(OP), HSP990 and LAQ824 showed some anti-cancer activity 
against solid tumors.5,16,17 TAS-116 and KW-2468 showed reduced 
ocular toxicities, a common side effect observed with HSP90 
inhibitors.18 Even though clinical trials with HSP90 inhibitors 
so far met with little success, recent preclinical developments 
with novel inhibitors are encouraging and hold promise for their 
efficacy in certain cancers.

Natural product N-terminal inhibitors of HSP90
Geldanamycin

The first known HSP90 inhibitor is a natural compound 
Geldanamycin (GA), which was isolated from the bacteria 
Streptomyces hygroscopicus var. geldanus var. nova.5,19 The 
polyketide natural product GA is a 1,4-benzoquinone ansamycin 
and binds the ATP-binding pocket (NTD) of HSP90 (Figure 
2A). The C-7 of GA carbamate interacts directly with Asp79 and 
indirectly via water molecules with Leu34, Gly83 and Thr171 of 
HSP90. GA showed good anti-tumor activity against NCI-60 
panel of human cancer cell lines.10 Notably, GA showed activity 
against cells that expressed inhibitor-resistant FLT3 mutations.9 
Despite the potency in vitro, GA displayed poor drug-like 
properties such as low solubility, hepatotoxicity and less stability, 
and was found not suitable for systemic administration. The 
toxicity of GA has been ascribed to a reactive functional group at 
C17.5 Thus, GA was never tested in clinical trials.

Radicicol

The resorcylic acid lactone Radicicol (RD) is an HSP90 inhibitor 
which was first isolated from the fungus Monosporium bonorden 
(Figure 2B).19 The anti-transformation effect of RD was due 
to its ability to bind to the ATP-binding pocket of HSP90. The 
2-hydroxy and 12’-carbonyl groups interact with Asp79 while the 
epoxide group interacts with Lys44 of HSP90.20 RD also interacts 
with Asp79 via a water molecule.20 Treatment with RD resulted 
in the degradation of multiple oncoproteins resulting in selective 
cytotoxicity towards cancer cells.19 RD showed significantly 
less hepatotoxicity than GA plausibly due to the absence of 
hydroquinone moiety. Despite good pharmacokinetic properties, 
RD displayed less stability possibly due to the conjugated enone 
moiety which can react with nucleophiles such as thiols.
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Radicicol-related molecules

Monocillin I (6-(7,8-epoxy-10-hydroxy-2-oxo-3,5-undecadi
enyl)-beta-resorcylicacid mu-lactone) was first isolated from the 
fungus Monocillium nordinii (Figure 2B) and was identified as a 
HSP90 inhibitor in an in vitro screen.21,22 Pochonins A and D are 
resorcyclic macrolide analogs of RD that were first isolated from 
the fungus Pochonia chlamydosporia var. catenulata P0297 and 
were shown to be potent HSP90 inhibitors (Figure 2B).22 KF25706 
(Radicicol 6-oxime) is a radicicol oxime derivative that binds to 
the N-terminal ATP binding pocket of HSP90 chaperone and 
inhibits the chaperone activity. It exhibited both in vitro activity 
against 3Y1-B, SR-3Y1, NRK, and KNRK5.2 cell lines and in vivo 
anti-cancer activity against human tumor xenograft models.

Herbimycin

Herbimycin (HB) is a benzoquinone ansamycin, isolated from the 
bacteria Streptomyces hygroscopicus strain no. AM-3672. HB is a 
C-11,15, dimethoxy 17-desmethoxy analog of GA (Figure 2C).23 
Similar to GA, HB also binds to the N-terminal ATP-binding 
pocket of the HSP90. HB exhibited activity against both the 
parental as well as drug-resistant MCF7 cell lines.

Macbecin

The benzoquinone ansamycin, Macbecin (MB) (Figure 2D) was 
first isolated from the actinomycete bacteria Nocardia sp.no. 
C-14919(N-2001). MB displayed significant activity against 
HSP90 chaperone and caused disruption of its interaction with 
client proteins. MB is similar to HB except that a methyl group 
is present at C-6 of MB while a methoxy group is present in HB. 
However, MB differs from GA at C-6 (methyl in MB and methoxy 
in GA), C-11 (methoxy in MB and hydroxy in GA) and a methoxy 
group at C-15 (instead of at C-17 of GA).23 Co-crystal structures 
revealed the hydrogen bonding between carbamate group of MB 
directly with Asp79, Gly83 and indirectly via water molecules 
with Leu34 and Thr171 of HSP90.

Gambogic acid

Gambogic Acid (GBA) is a xanthanoid (Figure 2E) derived 
from the plant Garcinia hanburyi.24 GBA inhibits the ATPase 
activity of HSP90 by binding to the N-terminal domain in a 
non-competitive manner; molecular docking analysis further 
predicted GBA binding to HSP90 at a site distinct from the 
ATP-binding pocket. However, in a different study, GBA was 
shown to specifically bind the middle domain of the HSP90β 
isoform.25 GBA was shown to exhibit anti-proliferative activity 
in several wild type as well as drug-resistant cancer cell lines.24 
The alpha, beta unsaturated carbonyl moiety at the C-10 was 
suggested to cause cytotoxicity of GBA. A phase II randomized 
trial revealed a favorable safety profile for GBA suggesting its 
promise as a potential chemotherapeutic agent.19

Sansalvamide A

A cyclic pentadepsipeptide derived from mycelia of the fungus 
Fusarium, Sansalvamide A (SA) was shown to exhibit anti-cancer 
activity in multiple cell lines (Figure 2F).26 SA binds preferentially 
to the closed conformation of HSP90 both to the N-terminal 
domain and middle domain but allosterically influences the 
interaction of co-chaperones and clients with the C-terminal 
domain.26 Novel derivatives of SA were also shown to be potent 
selective inhibitors against drug-resistant colon cancer cells 
indicating SA as a potent drug lead.26

Gedunin

The tetranortriterpenoid limonoid Gedunin (GE) was isolated 
from the plant Azadirachta indica and displayed potent anti-cancer 
activity.17,19 Using a connectivity map, GE (Figure 2G) was found 
to modulate HSP90 activity albeit with a molecular mechanism 
that is different from other ATP-competitive inhibitors.

Hypericin

Hypericin (HR) is a perihydroxylated perylene quinone (Figure 
2H) and was first isolated from the plant Hypericum perforatum. 
HR causes poly-ubiquitination and degradation of HSP90 thereby 
destabilizing client proteins and consequently growth inhibition 
in cancer cells.17 A phase I/II study using oral hypericin in glioma 
patients revealed encouraging results thus indicating its promise 
as a chemotherapeutic agent.

Cruentaren A

Cruentaren A (CA) belongs to benzolactone class of natural 
products (Figure 2I) and is isolated from the myxobacterium 
Byssovorax cruenta.19 CA disrupts the interaction between HSP90 
and F1F0-ATPase synthase resulting in the degradation of client 
proteins without inducing heat shock response.17 CA was shown 
to exhibit anti-proliferative activity against cancer cells and 
drug-resistant cell lines.19

Synthetic molecule N-terminal inhibitors of HSP90
Geldanamycin derivatives

Tanespimycin (TM) or 17-AAG (17-Allylamino-17
-demethoxygeldanamycin) is the first HSP90 inhibitor that was 
tested in clinical trials that binds to the N-terminal domain of 
the chaperone (Figure 2J). TM is the more stable analog of GA 
wherein the methoxy group at C-17 of GA is replaced with an 
allylamino group (Figure 2J). Degradation of cancer-related 
HSP90 client proteins was observed upon TM treatment 
leading to cell death; in addition, TM was shown to overcome 
secondary drug resistance by inducing the degradation of kinase 
inhibitor resistant mutants.9 Alvespimycin (AM) or 17-DMAG 
(17-Dimethylaminoethylamino-17-demethoxygeldanamycin), 
a second-generation HSP90 inhibitor, is a water-soluble analog 
of geldanamycin with lower hepatotoxicity and higher activity 
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than TM (Figure 2J). AM binds to the N-terminal domain of 
HSP90 with the ligand conformation slightly different from that 
of the GA; while the Lys58-C11 interaction is shared between 
GA and AM, the Lys58-C17 interaction in GA is replaced by the 
Asp54-C17 interaction in AM. AM was shown to cause HSP90 
client oncoprotein degradation leading to cancer cell death and to 

overcome secondary drug resistance caused by mutant kinases.9 
Retaspimycin (RM) or IPI504 (18,21-Didehydro 17-demethoxy-
18,21-dihydroxy-17-(2-propenylamino) geldanamycin) is a 
water-soluble hydroquinone hydrochloride salt of TA (Figure 
2J). RM was shown to cause HSP90 client kinase degradation 
and consequent cell death both in cancer cells as well as in 

Figure 1: Biochemistry of HSP90 and anti-cancer activity of various HSP90 inhibitors. (A) Structure of HSP90 showing various domains 
and their interacting proteins. The amino acids are numbered for each domain. (B) ATPase cycle of HSP90 chaperone involving 

ATP-bound (closed) and ADP-bound (open) conformations. (C) Depiction of variability in average GI50 values of various HSP90 inhibitors 
(shown in logarithmic scale) derived from the screen that was performed with NCI-60 panel of human cancer cell lines. (D) Differential 

sensitivity of HSP90 inhibitors towards cancer cell lines.
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Figure 2: N-terminal natural and synthetic inhibitors of HSP90 chaperone. (A) and (C-I) Natural product inhibitors of HSP90. (B) The 
radicicol-related molecules are colored to relate their structures to radicicol. (J) Geldanamycin derivatives. (K) PU-series purine-based 

inhibitors of HSP90. (L) BIIB-series purine-based inhibitors of HSP90. (M-O) Purine-based inhibitors. (P) and (Q) Pyrimidine-based 
inhibitor. The colored part represents the difference between the parent compound and its derivatives.
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drug-resistant mutant cells. Phase I/II trials revealed modest 
to good tolerability and anti-tumor activity. In addition to 
RM, another active and stable metabolite of TM, IPI-493 
(17-desmethoxy-17-amino-geldanamycin, 17-AG) was also 
shown to downregulate oncoproteins and possess anti-cancer 
activity (Figure 2J).23

Purine and pyrimidine compounds

The N-terminal binding, ATP-competitive synthetic HSP90 
inhibitor PU-H71 (Figure 2K) is a derivative of purine scaffold and 
was shown to cause oncoprotein degradation and has anti-cancer 
activity.5 The efficacy of PU-H71 was further demonstrated in 
triple-negative breast cancer cells and lymphoma.5 PU-WS13 
is another purine-based selective inhibitor of GRP94 (Figure 
2K) with significant activity in breast cancer cells and multiple 
myeloma.27,28

The synthetic purine-based inhibitor BIIB021 (Figure 2L) is an 
NTD-binding inhibitor of HSP90 with potent growth-inhibitory 
activity in cancer cells. Significant anti-cancer activity and good 
safety profiles were also demonstrated in phase I/II clinical 
studies.23 The second-generation purine inhibitor BIIB028 
(Figure 2L) also is an HSP90 NTD-binding inhibitor and was 
demonstrated to have anti-tumor activity and good safety profile 
in a phase I trial.

DN401, a purine scaffold derivative of PU-H71 and BIIB021 is a 
mitochondria-permeable pan-HSP90 inhibitor (Figure 2M).29 It 
inhibited all HSP90 paralogs and degraded the clients of HSP90 
(Akt, Chk1 and HER2), GRP94 (HER2) and TRAP1 (SIRT3, 
Sorcin and SDHB) without inducing HSP70 expression.29

CUDC-305 (Debio 0932), an imidazopyridine (Figure 2N) 
showed high affinity for cytosolic HSP90 isoforms and displayed 
anti-cancer activity in a wide range of tumor cell lines as 
well as animal models of glioblastoma, breast cancer and 
erlotinib-resistant NSCLC.23 The purine-based MPC-3100 is an 
orally bioavailable HSP90 inhibitor (Figure 2O) that displayed 
anti-cancer activity against a broad-range of xenograft models.30 
However, MPC-3100 possesses the properties such as poor 
solubility and development of prodrug, thereby restricting 
its clinical development. The purine-based NVP-BEP800 
(Figure 2P) and an aminopyrimidine NVP-HSP990 (Figure 
2Q) are orally bioavailable HSP90 inhibitors that bind to the 
N-terminal ATP-binding pocket.31 Both the inhibitors displayed 
a broad-range of in vitro and in vivo anti-cancer activity with well 
tolerated profile.15,31

Resorcinol and benzamide compounds

Ganetespib (GP) or STA-9090 is a triazanole containing 
second-generation N-terminal inhibitor of HSP90 with activity 
against several tumor cell lines (Figure 3A).32 GP induces the 
degradation of client proteins leading to anti-cancer activity 
in hematological and solid cancers both in vitro and in vivo.32 

In addition, GP also displayed very good safety profiles when 
compared to the TM. Luminespib (LP) or NVP-AUY922 (Figure 
3A) is an isoxazole resorcinol derivative and is an N-terminal 
inhibitor of HSP90 which was shown to have anti-cancer activity 
in a wide range of tumor types both as a single agent as well as 
in combination with chemotherapeutics.33 HSP90 inhibition by 
LP also resulted in client protein degradation and was shown 
to overcome secondary resistance towards kinase inhibitors.34 
Phase I/II trials in solid cancers revealed that LP has moderate to 
good clinical activity and acceptable tolerability when treated in 
combination with standard anti-cancer drugs.33 Onalespib (OP) 
or AT13387 (Figure 3A) is a resorcyclic dihydroxybenzamide, 
was identified as a second-generation N-terminal HSP90 
inhibitor in a fragment-based drug screen.19,30 OP caused HSP90 
client degradation and exhibited anti-tumor activity in cell line 
and xenograft models of cancer either alone or in combination 
with other chemotherapeutics.35 OP also displayed significant 
anti-cancer activity against multiple drug-resistant tumor 
models, and phase I/II studies further showed moderate to good 
anti-tumor activity and acceptable safety profiles.16

CCT018159 (3,4-diaryl pyrazole) (Figure 3A) an NTD-binding 
inhibitor of HSP90, displayed anti-proliferative activity against 
cancer cells and xenograft mice models.19 KW-2478 (Figure 3A) 
is another resorcinol-based HSP90 inhibitor which was identified 
as part of a lead optimization strategy with pre-clinical activity 
against multiple myeloma cells.19 Phase I/II studies revealed both 
clinical activity and tolerability both in multiple myeloma and 
B-cell malignancies.19 VER-49009 (Figure 3B) is a pyrazole amide 
analogue that binds to the N-terminal ATP-binding pocket of 
HSP90 and possesses anti-proliferative activity against multiple 
cancer cell lines.36 VER-50589 (Figure 3B) is an analogue of 
VER-49009 that contains isoxazole oxygen in place of pyrazole 
nitrogen and displayed superior anti-proliferative activity, 
pharmacodynamic properties and higher binding affinity to 
HSP90 as compared to VER-49009.36 XL888 and SNX-5422 
(a prodrug of SNX-2112) is orally bioavailable benzamide 
scaffold containing HSP90 inhibitor (Figure 3C) that bind to the 
N-terminal ATP-binding pocket. Both the inhibitors displayed 
potent anti-proliferative activity against various cancer cells and 
animal models.5,15

Natural and synthetic C-Terminal HSP90 inhibitors

Silybin or Silibinin (SY), Epigallocatechingallate (EGCG), 
Derrubone (DB), Deguelin (DG) and Novobiocin (NB) binds near 
or to the C-terminal ATP binding site of HSP90. SY is a flavonoid 
(Figure 3D) isolated from plant Silybum marianum and displayed 
anti-proliferative activity against colon and urinary bladder 
cancer cells.37 EGCG is a polyphenolic catechin (Figure 3E) that 
is found in green tea, was shown to exhibit anti-cancer activity.19,30 
DB is a natural prenylated isoflavone (Figure 3F) isolated from the 
root material of Derris robusta.17 DG is a flavonoid (Figure 3G) 
isolated from the plant Derris trifoliata Lour or Mundulea sericea 
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Figure 3: Resorcinol, benzamide based synthetic inhibitors, C-terminal inhibitors and hybrid inhibitors of HSP90 chaperone. 
(A) and (B) Resorcinol-based inhibitors of HSP90 chaperone. (B) VER-49009 and its analogue VER-50589. (C) Benzamide-based 

inhibitors of HSP90 chaperone. (D-H) C-terminal HSP90 inhibitors. (D-F) Natural product inhibitors. (G) Degulin (natural inhibitor) 
and its analogues SH-1242 and L80. (H) Novobiocin (natural inhibitor) and its analogues KU711 and KU758. (I) Hybrid inhibitors 

derived from geldanamycin and radicicol. The colored part represents the difference between the inhibitor and its analogue.
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(Leguminosae), reduced the tumor growth in xenograft-bearing 
mice by inducing apoptosis.19,30 In addition, DG analogues 
SH-1242 and L80 (Figure 3G) showed anti-tumor activity against 
lung cancer cells.38 NB is an aminocoumarin antibiotic (Figure 
3H) that was isolated from the bacterium Streptomyces niveus. 
Further NB analogues KU711 and KU758 (Figure 3H) displayed 
anti-metastatic activity against breast cancer cells.39

Hybrid Inhibitors

Radamide (RA) is a hybrid molecule that contains resorcinol ring 
of radicicol and quinone ring of geldanamycin connected via an 
amide linkage (Figure 3I).19 RA occupies the ATP-binding pocket 
of N-terminal domain of HSP90, where the resorcinol ring 
interacts with the carboxylic group of Asp residue via hydrogen 
bonding thereby blocking ATP binding. RA displayed potent 
inhibitory activity against HSP90 ATPase causing degradation of 
client proteins.

Radester (RE) (Figure 3I) is a chimera formed by connecting 
the resorcinol ring of RD and the quinone of GA through an 
isopropyl ester.19 The carbonyl group of RE is more planar than 
the carbonyl of RD leading to a high electron density at the 
carbonyl group and together with increased hydrogen bond 
interactions resulting in high affinity binding to the HSP90. RE 
exhibited potent anti-cancer activity against MCF-7 cells by 
inhibiting HSP90 activity, resulting in a concentration dependent 
degradation of HSP90 clients.

Radanamycin (RM) (Figure 3I) is another macrocyclic chimera 
formed by combining two natural products RD and GA.19 
Biological evaluation of RM revealed inhibitory activity against 
HSP90 resulting in the degradation of client proteins.

HSP90 inhibitors and cancer drug resistance

The major mechanism of resistance towards kinase inhibitor is 
the presence of point mutations in the inhibitor binding pocket 
and/or target amplification. In addition, oncogene switching 
i.e. shift in the dependence of cancer cell survival from one 
oncogene to the other, was also observed to cause resistance to 
kinase inhibitor treatment. HSP90 inhibitors were successful in 
overcoming secondary drug resistance towards kinase inhibitors. 
However, resistance towards HSP90 inhibitors was also detected 
in various studies and heat shock response was shown to be the 
underlying mechanism. Based on several studies using multiple 
cell lines, HSF1 was shown to be upregulated along with its target 
genes HSP90α, HSP90β, HSP70 and BAG3 following HSP90i 
treatment. DNAJA1 and HIP, which are also upregulated along 
with HSF1 target genes upon HSP90i treatment results in heat 
shock response and consequent inhibitor resistance. This unique 
seven-gene signature may thus serve as a marker for resistance 
towards HSP90 inhibitors. Interestingly, a second-generation 
C-terminal dimerization inhibitor of HSP90 was recently 
reported to have significant efficacy in overcoming drug resistance 

without inducing heat shock response thus reducing toxicity in 
K562 derived cell lines.40-42 These results indicate the possibility 
of developing novel HSP90 inhibitors that can overcome the 
limitations for the therapeutic utility of currently available HSP90 
inhibitors. However, acquired resistance to HSP90 inhibitors were 
also recently reported due to point mutations in the ATP-binding 
pocket,43 due to target amplification during clonal evolution44 and 
the activation of key cell signaling pathways,45 thus posing a new 
challenge towards HSP90i treatment.

CONCLUSION

HSP90 serves as a hub for homeostasis in cancer cells by stabilizing 
mutant proteins that drive tumorigenesis. Thus, HSP90 offers 
a central therapeutic target especially in the case of secondary 
drug resistance that arises due to either point mutations in target 
client kinase or switching of the survival dependence from one 
client oncoprotein to the other. The efficacy of HSP90 inhibitors 
towards cancer cell lines and its ability to overcome secondary 
drug resistance was demonstrated as a proof-of-concept in 
several pre-clinical models. However, the importance of HSP90 in 
normal cellular functions has initially raised concerns regarding 
its inhibition and consequent cytotoxicity specifically towards 
cancer cells. Despite these safety issues concerning selectivity 
and safety, several HSP90 inhibitors of multiple chemotypes were 
developed and tested in the clinic. However, resistance towards 
HSP90i due to multiple mechanisms still remains unresolved. 
Given the promise of targeting HSP90 in cancer, there is thus an 
urgent need for the development of novel HSP90 inhibitors with 
enhanced efficacy (including selectivity, specificity, bioavailability 
and safety) as well as that can overcome secondary resistance 
towards first and second-generation HSP90 inhibitors.
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