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Abstract With increasing understanding of the molecular
basis of carcinogenesis, its progression and metastasis, the
cancer therapy has shifted from empirical approaches to
targeting specific molecules that regulate the complex net-
work of signalling pathways for cell survival and proliferation.
These include key players in malignant transformation like
protein kinases, transcription factors, steroid hormone recep-
tors, cell cycle regulators, signal transduction proteins and
regulators of apoptosis. Almost all these proteins depend upon
the molecular chaperone Hsp90 for their proper folding, sta-
bility and function and thus are a part of the Hsp90 clientele.
Dependence of these proteins on Hsp90 makes this chaperone
an appealing target for cancer therapeutics. Inhibition of
Hsp90 can affect multiple oncogenic pathways simultaneous-
ly. Moreover Hsp90 inhibitors selectively kill cancer cells
compared to normal cells and cancer cells have greater depen-
dence on Hsp90 for the maintenance of intracellular protein
homeostasis. All this has led to a rapid pace discovery of
Hsp90 clients as well as chemical inhibitors of Hsp90. The
role of hsp90 in cancer, tumor selectivity of Hsp90 inhibitors
and the current status of Hsp90 inhibitors are discussed in the
present review.
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Introduction

Cells progress to malignancy due to repeated mutations and the
retention of these mutations over generations [1]. Such genetic
plasticity makes it difficult to target the cancer cells due to the
ever-changing domains of molecular targets. Most of the solid
tumour cells are genetically so diverse, that a single molecular
target therapy is completely ineffective [2]. Also in the presence
of complex interactive network of signalling pathways, disrup-
tion of only one or two targets may not abrogate the malignant
phenotype [3]. A simultaneous attack on many signalling path-
ways and molecular players of these pathways is more likely to
jeopardize the survival of cancer cells than a single target.
However multiple molecular targets used in combination, make
therapy more complicated and prolong trials. Instead, pharma-
cological manipulation of a single molecule, involved in a
multitude of signalling pathways leading to simultaneous ad-
verse effects on oncogenic proteins, would prove promising.
Hsp90 (Heat shock protein 90), a member of the chaperone
family of proteins is one such molecule.

Due to its protective role Hsp90 is overexpressed in stress-
ful environment of cancerous cells. Hsp90 also permits accu-
mulation of mutations, acting as a buffer of genetic variation.
It is needless to say how such a molecule can prove to be an
asset for genetically unstable cells to survive in the presence of
high mutation rates.

Structure

Hsp90 is a molecular chaperone that plays a role in the folding
and assembly of other proteins. It binds to substrate proteins at
a ‘client’ site and encourages folding into the proper confor-
mation and prevents aggregation. The binding and release of
polypeptides is accompanied by hydrolysis of ATP to ADP
and Pi. The structure and function of HSP90 has been eluci-
dated and described in considerable detail with the aid of
biochemical evaluation and X-ray crystallography. Hsp90
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protein is a flexible homodimer. Each monomer has three
subunits, the N terminal domain (N), the middle domain (M)
and the C terminal domain (C) [4, 5].

In eukaryotes, the N-terminal and middle domains are
connected by a charged linker. Thus the M domain is the
client-binding site. The C-terminal is the dimerization domain
and the C domains of the two monomers interact with each
other to form the dimer. The eukaryotic C-terminal is implicat-
ed in binding to co-chaperones, which support Hsp90 in fold-
ing and also in the activation of its substrate proteins. The ATP
hydrolysis site is located at the junction of the N and M
domains. The chaperone cycle requires ATP binding and hy-
drolysis. The N terminal domains are free in the absence of the
nucleotide and associate with each other on ATP binding
leading to transition from open V shaped conformation to
closed ring shaped structure [5, 6]. Thus Hsp90 opens and
closes to capture and release the substrate proteins (Fig. 1) [7,
8]. Hydrolysis of ATP leads to opening of the clamp by the
separation of the N terminals. The chaperone cycle requires the
coordination of other co-chaperones like the Hsp70/Hsp40,
Cdc37, Hop [4], p23 and Aha1 [5].

It has been pointed out that, the N-terminal domain ATP-
binding site of hsp90 is very unique in its shape compared to the
other ATP-binding proteins [4]. This fact to some extent ex-
plains the high molecular selectivity of most HSP90 inhibitors
[9]. Hence the ATPase activity of Hsp90 has been targeted
previously to inhibit the chaperone. Most inhibitors of Hsp90
share the property of displacing ATP from its binding domain.
Interference of Hsp90 activity, targets the client proteins to
degradation by the proteosome machinery. The central role of
HSP90 in chaperoning cancer was first identified in 1994. With
increased understanding of ATP dependence of Hsp90
chaperoning and the structural characterization of the binding

site in 1997, almost 200 different Hsp90 client proteins have
been identified. Similarly vast data is accumulating about Hsp90
inhibitors, many of which have entered the Phase I or II clinical
trials in cancer.

The present review gives a comprehensible account of the
role of HSp90 in cancer, dependency of tumor cells on Hsp90
chaperoning and the potential of this chaperone as a molecular
target in cancer therapy. The current status of Hsp90 inhibitors
is discussed on the basis of several informative reviews pub-
lished in the past few years. We try to identify gaps in the
current understanding and highlight areas for future research.

Hsp90 in Cancer

The goal of any therapeutic strategy is to produce impact on
the target tumor cells with limited detrimental effect on normal
cell functioning [10]. A greater understanding of the hallmark
capabilities and the multiple biochemical pathways involved
in regulating these [11, 12], has lead to the recognition of
Hsp90 as an important target in cancer therapy.

Aetiology of cancer is associated with a plethora of signal
transduction and other pathways [7]. Most of the regulatory
proteins of the intracellular circuitry are as diverse as the
pathways themselves. However, there is one common factor
that places most of these in the same boat. That is their
dependence on the molecular chaperone Hsp90 for their sta-
bility and folding. Which means that manipulation of Hsp90
function may produce an impact on more than one pathway
simultaneously. This possibility is what makes Hsp90 a prom-
ising and attractive target for cancer therapy.

Hsp90 is one of the most abundant cell chaperone proteins.
It accounts for 1–2 % of the total protein in unstressed cells

Fig. 1 Diagrammatic
representation of Hsp90
chaperone cycle. N- N terminal
Domain,M-Middle Domain, C-
C terminal Domain, Cl- Client.
The chaperone acts like a clamp
that opens and closes in response
to ATP hydrolysis and binding. a
Open conformation, b closed
conformation
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and increases to 4–6 % of cellular proteins under stress [3]. In
face of the multitude stresses, expression of Hsp90 in cancer-
ous cells is two to three fold higher than normal cells and is co-
related to poor prognosis [9, 13–16]. Hsp90 characteristically
chaperones a number of mutated or chimeric kinases that are
key mediators of the disease.

Role of Client Proteins

Malignant transformation involves the over-expression and/or
the mutation of several modulators of signal transduction path-
ways. A considerable number of these modulators are Hsp90
clients. Almost 50 proteins known to play important roles in the
control of cell cycle and growth, including receptor protein
kinases and transcription factors have been identified as bona
fide clients of HSP90 [1, 15–18]. The Hsp90 clients can be
grouped in three main classes namely the protein kinases, tran-
scription factors and a miscellaneous group of structurally
unrelated clients [3, 7]. For an updated record of Hsp90 clients
refer to the website http://www.picard.ch/downloads/
Hsp90interactors.pdf. Hsp90 is indispensible for the
maintenance of its client proteins in an active conformation
and thereby is believed to chaperone cells to immortality and
malignancy [4, 19–21]. It stablizes both wild and mutant forms
of its client proteins like transcription factors, steroid hormone
receptors, protein kinases, regulators of apaoptosis and pro-
angiogenic proteins [11, 16, 22–25].

Thus HSP90 has a crucial role to play in almost all hall-
mark traits of oncogenesis, such as self-sufficiency in growth
signals, evasion of death signals and angiogenesis [2, 26, 27].
It also allows tumor cells to tolerate otherwise lethal mutations
by stabilizing mutant proteins [4, 16]. This explains the de-
pendence of cancer cells on Hsp90 and their sensitivity to
pharmacologic Hsp90 inhibition. Thus Hsp90 provides a
broader target for anti-cancer therapies than a single,
oncogenically activated signaling pathway. Hsp90 inhibitors,
by interacting specifically with single molecular target
(Hsp90) can cause the inactivation, destabilization and even-
tual degradation of multiple oncogenic Hsp90 client proteins
simultaneously [13, 28]. The emergence of Hsp90 as a prom-
ising target for cancer therapy is therefore not surprising and
evaluation of Hsp90 inhibitors is the current focus of drug
discovery [18, 24, 25, 29].

Tumor Selectivity of Hsp90

A major flaw in the rationale of most of the conventional
cancer therapies is the lack of selectivity for tumor cells versus
normal cells. There is a need to identify the differences be-
tween normal and transformed cells at the molecular level to
recognize cancer-specific molecular targets. This will help the
designing of drugs that are more specific, efficient and less

toxic [30]. While we continue to validate Hsp90 as a target in
cancer therapy, another interesting feature of this chaperone
has surfaced in the past few years. This is the tumor selectivity
of Hsp90 inhibitors. It has been demonstrated that Hsp90
inhibitors selectively kill tumor cells at doses that are not toxic
to normal cells. Several inhibitor classes have shown selective
binding to Hsp90 in tumor cells. Also, cancer cells have
proven to be significantly more sensitive to Hsp90 inhibition
than the non-transformed cells [1, 3, 4, 31, 32]. Studies on
binding affinity of the inhibitors to Hsp90 from normal and
tumor cells report higher response for Hsp90 from tumor cells.
Binding affinity for ATP is also higher in Hsp90 from tumor
cells [32]. Also although Hsp90 is abundantly expressed in
cancer as well as normal cells, certain Hsp90 inhibitors show
significantly higher accumulation in tumor cells [33–35].
Scientists have often questioned the specificity of Hsp90 as
a molecular cancer target since Hsp90 is an abundant protein
that is present in all cells. The molecular basis for tumor
selectivity is not clear, but a number of hypotheses are report-
ed in explanation.

Tumor cells over-express Hsp90 clients and hence greater
amount of Hsp90 is engaged in active chaperoning and exists
as multi-chaperone complex. Hsp90 from tumor cells also has
higher ATPase activity as compared to that of normal cells. It is
suggested that all soluble hsp90 from tumor cells exists as
multi-chaperone complexes whereas; hsp90 from normal cells
is in uncomplexed inactive form Fig. 2. The functionally dis-
tinct molecular form of Hsp90 in cancer cells probably ac-
counts for greater affinity of inhibitors. [32]. Maroney et al.
2006 [36], demonstrated that the amount of Hsp90 complexed
to co-chaperones is higher in tumor cells than in normal ones.

Another observed finding is the enhanced Hsp90 affinity for
mutated or functionally deregulated client proteins. Several
examples of this behavior have been documented. For exam-
ple, v-src (oncogene) exhibits unusually stable interaction with
Hsp90 [35], while the non-oncogenic c-src requires only lim-
ited assistance from the Hsp90 machinery for its maturation
and cellular function.

Also selective sensitivity of transformed cells for Hsp90
inhibitors may be partly due to selective accumulation of these
drugs in cancer cells [35]. This in turn is accounted for by the
fact that these compounds have higher binding affinity for
tumor derived Hsp90 compared to Hsp90 derived from non-
transformed cells [21, 32, 35, 37]. Tumor-specific accumula-
tion has been observed for a number of Hsp90 inhibitors, such
as 17-AAG (17-allylamino-17-demethoxygeldanamycin), 17-
DMAG, IPI-504, radicicol derivatives and purine-scaffold
inhibitors [35].

Several groups are currently examining altered states of
post-translational modification of Hsp90 in tumor vs. normal
cells as a possible contributing factor to this phenomenon [21].

It can be summarized that, under normal conditions, Hsp90
exists in a ‘latent state’ and interacts with client proteins in a
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dynamic, low-affinity manner regulated by low-affinity bind-
ing and release of ATP and ADP. On the other hand, in
cancerous state, Hsp90 exists in an, ‘activated state’ contain-
ing co-chaperone complexes. The shift in equilibrium from
the latent to the activated state may be governed by the degree
of transformation or amount of ‘stress’ on the system in the
form of abundance of mutated and deregulated proteins, hyp-
oxia, low-nutrient environment etc.

Irrespective of the underlying mechanism, the apparent
increased affinity of Hsp90 in tumor cells for inhibitors as
compared to Hsp90 in normal cells makes this chaperone a
particularly attractive target for cancer therapy [13].

Current Status of Hsp90 Inhibitors

The ability of Hsp90 inhibitors to diminish the levels of
multiple protein targets in parallel is therapeutically more
attractive and potentially more efficient than highly selective
single target drugs [4, 28]. After the demonstration of potent
anti-cancer effects of geldanamycin (GA) through Hsp90
inhibition, great deal of efforts have been devoted to this area
and a diversity of Hsp90 inhibitors have either been identified
or synthesized [4, 9].

Current Hsp90 inhibitors are categorized into several classes
based on distinct modes of inhibition, including i) blockade of
ATP binding, ii) disruption of cochaperone/Hsp90 interactions,
iii) antagonism of client/Hsp90 associations and iv) interfer-
ence with post-translational modifications of Hsp90 [4].
Tables 1 and 2 give a summary of the different classes of
Hsp90 inhibitors. These range from ATPase activity blocking
inhibitors that impart non-selective anti-cancerous activity as
shown in Table 1, to inhibitors that impair Hsp90-specific client
protein interactions that offer ultimate selectivity Table 2.
Chemically Hsp90 inhibitors are categorized into three groups
1) Benzoquinone ansamycins and its derivatives 2) Radicicol
and its derivatives and 3) Small synthetic inhibitors.

Accordingly, Geldanamycin is a benzoquinone microbial
product classified as ansamycin antibiotic [4, 9, 28, 38]. Other
analogues of geldanamycin namely, 17-allylamino-17-demeth-
oxygeldanamycin (17-AAG, tanespimycin), 17-DMAG (17-
Dimethylaminoethylamino-17-demethoxygeldanamycin)
(alvespimycin) and another water-soluble hydroquinone hydro-
chloride analogue of 17-AAG, IPI-504 exhibit improved phar-
macodynamic properties compared to geldanamycin and IPI-
504 is in Phase I/II clinical trials [4]. Radicicol is yet another
natural product inhibitor which is a 14-member macrocyclic
antibiotic isolated from fungus Monocillium nordinii and

Fig. 2 Altered structure and
functions of Hsp90 in tumor/
cancer cells is the molecular basis
of the tumor selectivity of Hsp90
inhibitors. PTM Post-translational
modification
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Monosporium bonorden [4, 39]. The oxime derivatives of
radicicol, unlike radicicol itself, have potent antitumor activ-
ity in vivo by disrupting client-Hsp90 interaction, are more
stable and exhibit less severe hepatotoxicity [4, 7, 28].

Novobiocin [15], a coumarin antibiotic isolated from
Streptomyces species (Table 2) led to the discovery of a
new ATP binding site in the C terminal of Hsp90 for which
it is specific [4]. Recent examples of new natural product
scaffolds being discovered and tested are, isoflavone
derrubone from the Indian tree Derris robusta [37] and a
green tea polyphenol catechin, epigallocatechin 3-gallate
(EGCG) [4].

Most of the natural product inhibitors designated as ‘first
generation’ Hsp90 inhibitors suffer certain pharmacologic
drawbacks and toxicity-associated adverse [4, 9, 40–55]
events. These and formulation issues are dose limiting
[38]. Dose limiting toxicity for some of the inhibitors in-
cludes, diarrhea, fatigue and the ocular effects of darkening
of vision, night blindness, syncope, dizziness and ocular
toxicity, constitutional, gastric and hepatic (transaminitis)
effects [9]. Another problem that limits further application
of this category of drugs is resistance developed due to
induction of stress response in the form of Hsp70 expression
that interferes with the efficacy of Hsp90 inhibition [4].
Nonetheless, these natural product non-specific inhibitors
have acted as pathfinder molecules, helping us to under-
stand the biology of Hsp90 as well as the consequences of
Hsp90 inhibition [4, 9, 15, 40, 41, 46–50, 53, 56–58].

These were also essential in biological validation of
Hsp90 as a drug target (33) as well as establishing the
technical druggability of N terminal domain of Hsp90.

All synthetic or semisynthetic inhibitors are designated
as ‘Second Generation’ Hsp90 inhibitors. The first series of
synthetic small molecule HSP90 inhibitors was based on a
purine-scaffold and were conceived by structure-based
modeling [4]. PU3 [4, 59] and more potent PU24FCl were
the first prototype small molecule inhibitors developed in
this series, but several derivatives have followed suite.
BIIB021/CNF2024 are oral purine scaffold compounds in
phase II trials after being well tolerated in phase I [4, 60, 61].

The Second series is the resorcylic pyrazole/isoxazole
series, members of which share the anchoring resorcinol
warhead used by radicicol [9]. This series includes,
CCT018159, the diarylpyrazole-scaffold HSP90 inhibitor,
resorcinylic pyrazole amide VER-49009 [62], resorcinylic
isoxazole amide VER-50589, pyrazole amide CCT0129397
and isoxazole CCT0130024 and an optimized analogue
NVP-AUY922 has just entered clinical trials [4].

All synthetic small molecule inhibitors including 6,7-
dihydro-indazol-4-one scaffold SNX-2112, SNX-5422 and
STA-9090 seem to have several advantages over the first
generation Hsp90 inhibitors. These have better pharmaco-
logical profiles with favorable water solubility, lower toxic-T
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ity, oral bioavailability, metabolic stability and insensitivity to
multi-drug resistance. Yet eye-disorders and ocular toxicity
led to the discontinution of a few [63–65]. Besides, the intrin-
sic non-selectivity of ATP-binding Hsp90 inhibitors for
Hsp90 clientele limits their further application.

Recently Hsp90 inhibitors that bind to sites other than the N
terminal ATP binding site of Hsp90 have been discovered.
These inhibitors do not target ATPase activity of the chaperone
but impair its association with co-chaperones and client pro-
teins. These inhibitors are potentially more specific. These
include Novobiocin, natural productMacrocycle Sansalvamide
A that binds between the N-terminal and middle domains [9],
CTPR390+ that impairs Hsp90-Hsp70 interaction and
Celastrol [4] that causes disruption of CDc37-Hsp90 associa-
tion. However, these drugs have modest selectivity for tumor
cells over normal non-tumor ones. The feasibility of targeting
other co-chaperones like Hop, Aha etc. still needs to be
addressed.

Inhibition of client/Hsp90 interactions offers the ultimate
selectivity, however, details of client protein- chaperone inter-
actions are still un-clear [7]. Hence, targeting these associations
still remains a challenge. Moreover, the structure of the C-
terminal of Hsp90 and its nucleotide-binding site is still not
very clear. Continued efforts on the Hsp90 C-terminal are
required to fully understand the mechanism of action of C-
terminal inhibitors.

Inhibitors used in combination with molecularly targeted
drugs exhibit promising clinical responses. For example,
tanespimycin (17AAG) in combination with the multikinase
inhibitor sorafenib demonstrated clinical effect in 75 % and
67 % of renal cancer and melanoma patients, respectively.
Similarly, administration of 17-AAG in combination with
HER-2 targeting monoclonal antibody, trastuzumab clearly
demonstrated promising anti-tumor activity and acceptable tox-
icity for patients with HER-2 positive breast cancer [4, 9, 66].

Research in the last 10 years has led to the entry of almost 20
compounds in clinical trails and several others are in pre-clinical
development [9]. For a comprehensive analysis of, the phase I/II
clinical trial outcomes of Hsp90 inhibitors, refer to Jon Travers
et al. 2012 [9] and Neckers L and Workman P 2012 [67].

Future Directions

Today significant progress has been made in illustrating and
validating the potential of Hsp90 inhibition in cancer therapy.
Despite good activity and clinical progression current Hsp90
inhibitors like 17-AAG have several potential limitations.
Therefore, development of new synthetic HSP90 inhibitors,
with improved pharmacologic profiles and with diverse chem-
ical scaffolds is underway. Also, improved clinical trials in-
volving stratified patient groups for current investigational
drugs, has become a greater task. Selecting patients who have

the molecular defect that the inhibitor is designed to target is
important. This ensures that the efficacy of the drugs is being
tested on the ‘right’ patients. Several features of Hsp90 inhi-
bition that make its employment more promising and attrac-
tive have emerged and these need a closer look. Besides this
several aspects of the process of carcinogenesis itself are still
unclear. Better understanding of these will prove instrumental
in deciding Hsp90 inhibition strategies with improved
pharmaco-dynamic efficacy.

Molecular Understanding of Hsp90 Structure

The basis for antagonizing client-Hsp90 interactions is the
structural and biochemical understanding of these associa-
tions. Even today very little is known about the association
of Hsp90 with its clients. Better understanding of the molec-
ular structure of Hsp90 gives an opportunity for molecular
modelling studies using bio-informatics tools to screen Hsp90
inhibitors with greater potential.

Biomarkers

With more Hsp90 inhibitors entering clinical trials, identifica-
tion of effective and convenient pharmaco-dynamic markers
for Hsp90 inhibition is becoming increasingly important. The
clinical trials of 17-AAG used depletion of client proteins like
CRAF and induction of Hsp70 as biomarkers in peripheral
blood mononuclear cells (PBMCs) and tumor biopsies of
treated patients.

It has been pointed out that the most appropriate pharma-
codynamic marker to test for Hsp90 inhibition in oncoprotein
addicted cancer type is the depletion of the client oncoprotein
itself and not the expression of Hsp70. This is because Hsp70
expression is an overly sensitive molecular response to Hsp90
inhibition and may not be followed by actual clinical benefit.
Therefore refining pharmacologic approach by focusing on
key clients will give a clearer picture of relation between
Hsp90 inhibition and clinical benefit [33]. In recent years
two serum biomarkers have been identified, namely the
IGFBP-2 and HER-2 extracellular domain. The expression
of these serum proteins is closely related to Hsp90 regulation.
Besides, these can be readily detected and quantified in the
sera of the patients [68, 69].

With the use of techniques like gene expression microar-
rays and protein profiling, potential biomarkers of Hsp90
inhibition can be identified. These biomarkers will help pre-
dict sensitivity so as to allow identification of cancer types that
are most likely to benefit from Hsp90 inhibition. Employing
minimally invasive functional imaging techniques like PET
scans and magnetic resonance spectroscopy can improve de-
tection of biomarkers [15].

For example, one novel approach currently being assessed
is the use of radiolabeled antibody fragments to measure, non-
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invasively, changes in HER2 expression by PET imaging [69,
70]. Recent studies have also led to the emergence of yet
another protein that promises to be a highly sensitive biomark-
er for Hsp90 inhibition. This is the prostate-specific antigen
(PSA). The studies have clearly demonstrated decrease in
PSA in BT-474 and LNCaP cell lines following inhibitor
treatment. This reduction is superior to the decrease in
IGFPB-2, making PSA a more promising biomarker [71].
PSA is an androgen receptor (AR)-dependent protein and
AR is an Hsp90 client. Hence inhibition of Hsp90 leads to
degradation of AR by the proteosome and hence reduced
expression and levels of PSA. PSA also acts as a marker for
Hsp90 inhibitor efficacy.

Combination Therapy

It is hypothesized that the Hsp90 inhibitors used in clinically
relevant doses can enhance cancer cell sensitivity to radiation.
Several research groups have reported such findings for
17AAG [21, 28]. Since such effect is observed for 17-AAG
it can be expected that other Hsp90 inhibitors may also exhibit
similar activity. Further studies on the effect of other inhibitors
on response of cancer cells to radiation are wanting.

The dose limiting toxicity of Hsp90 inhibitors will be an
important issue especially when the inhibitor is used alone as a
single agent. Combining Hsp90 inhibitors with other thera-
peutic agents, especially those that directly block the function
of a given Hsp90 oncoprotein client, should enhance efficacy
and lower toxicity [67]. Data obtained from several pre-
clinical and clinical trials have shown promising results of
combining Hsp90 inhibitors with other chemotherapeutic
agents. For example, combining inhibition of Hsp90 and
proteosome inhibitors. Hsp90 inhibitor +/−bortezomib has
clinical activity and reduced peripheral neuropathy in patients
with relapsed/refractory multiple myeloma [66].

Pre-clinical Studies

It is crucial to determine the best manner in which to use the
available inhibitors in order to achieve the greatest benefit
from inhibiting the target in a disease specific manner [4]. It
will be beneficial if pre-clinical modelling and patient stratifi-
cation preceeds clinical studies. Rigorous pre-clinical evalua-
tion strategies can facilitate the clinical hypotheses to go
forward [9].

Since most mutant proteins in cancer cells use Hsp90 to
compensate for their structural instability, Hsp90 activation
could itself become an independent prognostic tool. Genetic
profiling of tumors and Hsp90 usage in cancer cells could be a
valuable diagnostic tool to select patients in clinical trials.

Targeting cancers that are addicted to clients of Hsp90 like
HER2, ALK, EGFR, BRAF etc. will show greater pharmaco-
logic success [67]. Diagnostic assays to measure Hsp90 usage

could be done using binding assays to Hsp90 extracted from
tumor lysates using a routine blood sample for leukemias or
fine-needle aspirate for other tumors. If it is possible to develop
antibodies against the activated form of Hsp90, then simple
immunoassays can be employed to measure Hsp90 usage.
Adeela K et al have reasoned that since Hsp90 exists as a
multichaperone complex in its activated form, antibodies can
be raised not against an epitope of Hsp90 but against one
formed by close juxtaposition of Hsp90 and a co-chaperone
protein. Developing such will be a challenging task and it
remains to be seen if such an antibody can be developed [72].

Resistance

Another possibility that follows the use of Hsp90 in cancer
therapy is the acquisition of resistance both intrinsic as well as
extrinsic by the cancer cells. For example, inherent resistance
of cells to 17-AAG (a quinone moiety containing Hsp90
inhibitor) due to low expression of the enzyme NQO1. Coun-
ter expression of Hsp70 and Hsp27 in response to Hsp90
inhibition may also impart resistance. Mutation in Hsp90 of
cancer cells or overexpression of certain co-chaperones may
also impart Hsp90 inhibitor resistance [73]. Effective design-
ing of second-generation Hsp90 inhibitors will benefit greatly
from a much more detailed understanding of the factors that
contribute to resistance. Refer, Piper PW and Millson SH,
2011 [61] for information on the routes of resistance. Appro-
priate drug redesign can help overcome the problem of
resistance.

Summary

It can be summarized that current research has led to the
recognition of new aspects in the complex process of carci-
nogenesis. The promise of hsp90 as a cancer target continues
to hold true in the light of the broadening knowledge of
transformation pathways. Employment of new strategies
based on the findings of previous clinical trials might provide
a broader and more effective anti-cancer therapy. There is
much more to learn about the, emerging hallmarks of cancer,
identification of appropriate biomarkers for various cancer
types, overcoming possible resistance to Hsp90 inhibitors etc.

The significance of combination therapy cannot be understat-
ed and recognition of cancer types that can benefit from a
particular drug recipe will help in offering more individualistic
treatment. Modulating a driver oncoprotein using a combination
of a drug that inhibits its biochemical function (e.g. kinase
activity) together with its overall depletion at the protein level
via HSP90 inhibition could be especially damaging for the
cancer cell, particularly if proteotoxic stress is also induced. Such
an approach can lead to breakdown of robustly evolved onco-
genic system [9]. Studies on structure of Hsp90 and improved
understanding of Hsp90/client/co-chaperone associations will

638 J.M. Patki, S.S. Pawar



assist designing second-generation inhibitors with improved
pharmacologic profiles.

Acknowledgments The authors wish to thank all who have provided
valuable contribution through discussions and assistance in construction
of tables and figures for this manuscript.

References

1. Neckers L, Ivy SP (2003) Heat shock protein 90. Curr Opin Oncol
15:419–424

2. Chiosis G, VilenchikM, Kim J, Solit D (2004) Hsp90: the vulnerable
chaperone. Drug Discov Today 9:881–888

3. Goetz MP, Toft DO, Ames MM, Erichman C (2003) The Hsp90
chaperone complex as a novel target for cancer therapy. Ann Oncol
14:1169–1176

4. Li Y, Zhang T, Sun D (2009) New developments in Hsp90 inhibitors
as anti-cancer therapeutics: mechanisms, clinical perspective and
more potential. Drug Resist Updat 12(1–2):17–27

5. Wandinger SK, Richter K, Buchner J (2008) The Hsp90 chaperone
machinery. J Biol Chem 283:18473–18477. doi:10.1074/jbc.
R800007200

6. Richter K, Soroka J, Skalniak L, Leskovar A, Hessling M, Reinstein
J, Buchner J (2008) Conserved conformational changes in the
ATPase cycle of human Hsp90. J Biol Chem 283:17757–17765

7. Pearl LH, Prodromou C, Workman P (2008) The Hsp90 molecular
chaperone: an open and shut case for treatment. Biochem J 410:439–
453

8. Dollins ED, Warren JJ, Immormino RM, Gewirth DT (2007) Struc-
tures of GRP94-nucleotide complexes reveal mechanistic differences
between the hsp90 chaperones. Mol Cell 28:41–56

9. Travers J, Sharp S, Workman P (2012) HSP90 inhibition: two-
pronged exploitation of cancer dependencies. Drug Discov Today
00 (00) (in press)

10. Kasibhatla S, Tseng B (2003) Why target apoptosis in cancer treat-
ment? Mol Cancer Ther 2:573–580

11. Hanahan D, Weinberg RA (2000) The hallmarks of cancer. Cell
100:57–70

12. Hanahan D, Weinberg RA (2011) The hallmarks of cancer: the next
generation. Cell 144:646–674. doi:10.1016/j.cell.2011.02.013

13. Bagatell R, Whitesell L (2004) Altered Hsp90 function in cancer: a
unique therapeutic opportunity. Mol Cancer Ther 3(8):1021–1030

14. McCarthy MM, Pick E, Kluger Y, Gould-Rothberg B, Lazova R,
Camp RL (2008) HSP90 as a marker of progression in melanoma.
Ann Oncol 19:590–594

15. Workman P, Burrows F, Neckers L, Rosen N (2007) Drugging the
cancer chaperone HSP90: combinatorial therapeutic exploitation of
oncogene addiction and tumor stress. AnnNYAcad Sci 1113:202–216

16. Sidera K, Patsavoudi E (2009) Extracellular Hsp90: an emerging
target for cancer therapy. Curr Signal Transduct Ther 4:51–58

17. Sreedhar AS, Kalmar E, Csermely P, Shen YF (2004) Hsp90
isoforms: functions, expression and clinical importance. FEBS Lett
562:11–15

18. Neckers L (2002) Hsp90 inhibitors as novel cancer chemotherapeutic
agents. Trends Mol Med 8:S55–S61

19. Workman P (2004) Combinatorial attack on multistep oncogenesis by
inhibiting the Hsp90 molecular chaperone. Cancer Lett 206:149–157

20. PrattWB (1998) The Hsp90 based chaperone system: involvement in
signal transduction from a variety of hormone and growth factor
receptors. Proc Soc Exp Biol Med 217:420–434

21. Neckers L (2007) Heat shock protein 90: the cancer chaperone. J
Biosci 32:517–530

22. Jaattela M (1999) Escaping cell death: survival proteins in cancer.
Exp Cell Res 248:30–43

23. Pasquale EB (2008) Eph-ephrin bi-directional signaling in physiolo-
gy and disease. Cell 133(1):38–52

24. Bohonowych JE, Gopal U, Issacs JS (2010) Hsp90 as a gatekeeper of
tumor angiogenesis: clinical promise and potential pitfalls. J Oncol.
doi:10.1155/2010/412985

25. Powers MV, Workman P (2006) Targeting the multiple signaling
pathways by heat shock protein 90 molecular chaperone inhibitors.
Endocr Relat Cancer 13(1):125–135

26. Neckers L (2006) Using natural product inhibitors to validate HSP90
as a molecular target in cancer. Curr Med Chem 6:1163–1171

27. Zhang H, Burrows F (2004) Targeting multiple signal transduction
pathways through inhibition of Hsp90. J Mol Med 82:488–499

28. Gava LM, Ramos CHI (2009) Human 90Kda Heat shock protein
Hsp90 as a target for cancer therapeutics. Curr Chem Biol 3:330–341

29. Issacs JS (2005) Heat shock protein 90 inhibitors in antineoplastic
therapy: is it all wrapped up? Expert Opin Investig Drugs 14(6):569–
589

30. Pecorino L (2008) Molecular biology of cancer. Mechanisms, targets
and therpeutics, 2nd edn. Oxford University Press

31. Vilenchik M, Solit D, Basso M, Huezo H, Lucas B, Huazhong H,
Rosen N, Spampinato C, Modrich P, Chiosis G (2004) Targeting
widerange oncogenic transformation via PU24FCl, a specific inhib-
itor of tumor Hsp90. Chem Biol 11:787–797

32. Kamal A, Thao L, Sensintaffar J, Zhang L, Boehm MF, Fritz LC,
Burrows FJ (2003) A high-affinity conformation of Hsp90 confers
tumor selectivity on Hsp90 inhibitors. Nature 425:407–410

33. Workman P (2003) Auditing the pharmacological accounts for
hsp90 molecular chaperone inhibitors: unfolding the relation-
ship between pharmacokinetics and pharmacodynamics. Mol Cancer
Ther 2:131–138

34. Workman P (2003) Overview: translating Hsp90 biology into Hsp90
drugs. Curr Cancer Drug Targets 3:297–300

35. Chiosis G, Neckers L (2006) Tumor selectivity of Hsp90 inhibitors—
the explanat-ion remains elusive. ACS Chem Biol 1:279–284

36. Maroney AC et al (2006) Dihydroquinone ansamycins: toward re-
solving the conflict between low in vitro affinity and high cellular
potency of geldanamycin derivatives. Biochemistry 45:5678–5685

37. Solit DB, Rosen N (2006) Hsp90: a novel target for cancer therapy.
Curr Top Med Chem 6:1205–1214

38. Xu W, Yuan X, Beebe K et al (2007) Loss of Hsp90 association up-
regulates Src dependent ErbB2 activity. Mol Cell Biol 27:220–228

39. Sharma S et al (1998) Targeting of the protein chaperone, HSP90, by
the transformation suppressing agent, radicicol. Oncogene 16:2639–
2645

40. Burlingson JA et al (2007) Development of Novobiocin analogues
that manifest anti-proliferative activity against several cancer cell
lines. J Org Chem 73:2130–2137

41. Donnelly A, Blagg BSJ (2008) Novobiocin and Hsp90 inhibitors of
C terminal nucleotide binding pocket. Curr Med Chem 15(26):2702–
2717

42. Wangl Yet al (2010) STA-9090A small molecule Hsp90 inhibitor for
the potential treatment of cancer. Curr Opin Investig Drugs
11(12):1466–1476

43. Hastings JM, Hadden MK, Blagg BSJ (2008) Synthesis and evalua-
tion of Derrubone and select analogues. J Org Chem 73:369–373

44. Nicoll M (2008) XL 888, a novel synthetic, orally bio-available
inhibitor of Hsp90. (Presented at the AACR-NCI-EORTC Interna-
tional Conference, Molecular Targets and Cancer Therapeutics, Dis-
covery, Biology, and Clinical Applications, October 21–24, 2008,
Geneva, Switzerland. Exelixis Research and Development, Exelixis
inc; South San rancisco, CA, USA)

45. Wettstein D et al (2008) MPC-3100: a non-natural product Hsp90
inhibitor with anti-tumor activity in pre-clinical models. 20th
EORTC-NCI-AACR, October 21–24 in Geneva, Switzerland

HSP90: Chaperone-me-not 639

http://dx.doi.org/10.1074/jbc.R800007200
http://dx.doi.org/10.1074/jbc.R800007200
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://dx.doi.org/10.1155/2010/412985


46. Amolins MW, Blagg BSJ (2009) Natural product inhibitors of Hsp90:
potential leads for drug discovery. Mini RevMed Chem 9(2):140–152

47. Vasko RC et al (2010)Mechanistic studies of SansalvamideA-Amide:
an allosteric modulator of Hsp90. ACS Med Chem Lett 1:4–8

48. Brandt GEL et al (2008) Gedunin, a novel Hsp90 inhibitor: semi
synthesis of derivatives and preliminary structure activity relation-
ships. J Med Chem 51(20):6495–6502. doi:10.1021/jm8007486

49. Winssinger N, Barluenga S (2007) Chemistry and biology of
resorcyclic acid lactones. Chem Commun :22–36. doi:10.1039/
b610344h

50. Rodriguez RA (2008) Structure-activity of Sansalvamide A deriva-
tives and their apoptotic activity in pancreatic cancer cell line PL-45.
Mex Chem Soc 52(3):201–211

51. Yi F, Regan L (2008) A novel class of small molecule inhibitors of
Hsp90. ACS Chem Biol 3(10):645–654

52. Sun X, Kenney SC (2010) Hsp90 inhibitors: a potential treatement
for latent EBV infection? Cell Cycle 9(9):1665–1666

53. Gorska M et al (2012) Geldanamycin and its derivatives as Hsp90
inhibitors. Front Biosci 17:2269–2277

54. Shapiro G (2011) STA-9090 (Ganetespib) and AT13387. 9th Inter-
national Symposium on Targeted Cancer Therapies Paris, France

55. Trepel J et al (2010) Targeting the dynamic Hsp90 complex in cancer.
Nat Rev Cancer 10:537–549. doi:10.1038/nrc2887

56. Eskew JD (2011) Development and characterization of novel C-
terminal inhibitor of Hsp90 in androgen dependent and independent
prostate cancer cells. BMC Cancer 11:468

57. Mereles D, Hunstein W (2011) Epigallocatechin-3-gallate (EGCG)
for clinical trials: more pitfalls than promises? Int J Mol Sci 12:5592–
5603. doi:10.3390/ijms12095592

58. Shelton SN et al (2009) KU135 A novel novobiocin derived C-terminal
inhibitor of 90 Kda heat shock protein exerts potent anti-proliferative
effects on human luekemic cells. Mol Pharmacol 76(6):1314–1322

59. Chiosis G et al (2002) Development of a purine-scaffold novel class
of Hsp90 binders that inhibit the proliferation of cancer cells and
induce the degradation of Her2 tyrosine kinase. Bioorg Med Chem
10:3555–3564

60. Ho N, Li A, Li S, Zhang H (2012) Heat shock protein 90 and role of
its chemical inhibitors in treatment of hematologic malignancies.
Pharmaceuticals 5:779–801. doi:10.3390/ph5080779

61. Piper PW, Millson SH (2011) Mechanisms of resistance to Hsp90
inhibitor drugs: a complex mosaic emerges. Pharmaceuticals 4:1400–
1422

62. Dymock BW, Barrill X, Brough PA et al (2005) Novel, potent small-
molecule inhibitors of the molecular chaperone Hsp90 discovered
through structure-based design. J Med Chem 48:4212–4215

63. Stuhmer T et al (2008) Signalling profile and anti-tumor activity of
the novel Hsp90 inhibitor NVP-AUY922 in multiple myeloma.
Leukemia 22:1604–1612

64. Samuel T et al (2010) AUY922 a novel Hsp90 inhibitor: final results
of a first-in-human study in patients with advanced solid malignan-
cies. Am Soc Clin Oncol Ann Meet 46:Abs 2528

65. Okawa Yet al (2009) SNX-2112, a selective hsp90 inhibitor, potently
inhibits tumor cell growth, angiogenesis and osteoclastogenesis in
multiple myeloma and other hematologic tumors by abrogating sig-
nalling via Akt and Erk. Blood 113:846–855

66. Richardson et al (2010) Br J Haematol 150:438–445
67. Neckers L, Workman P (2012) Hsp90 molecular chaperone inhibi-

tors: are we there yet? Clin Cancer Res 18(1):64–76. doi:10.1158/
1078-0432.CCR-11-1000

68. Zhang H, Chung D, Yang YC (2006) Identification of new bio-
markers for clinical trials of Hsp90 inhibitors. Mol Cancer Ther
5:1256–1264. doi:10.1158/1535-7163.MCT-05-0537

69. Smith-Jones PM et al (2006) Early tumor response to Hsp90 therapy
using HER2 PET: comparison with 18F-FDG PET. J Nucl Med
47:793–796

70. Solit DB, Chiosis G (2008) Development and applications of Hsp90
inhibitors. Drug Discov Today 13(1/2):38–43

71. Oikonomopoulou K et al (2009) Evaluation of prostate-specific
antigen as a novel biomarker of Hsp90 inhibition. Clin Biochem
42(8):16–17

72. Adeela K, Burrows FJ (2009) Hsp90 inhibitors as selective antican-
cer drugs. Discov Med. http://www.discoverymedicine.com/Adeela-
Kamal/2009/07/12/hsp90-inhibitors-as-selectable-anticancer-drugs/

73. Sliutz G, Karlseder J, Tempfer C, Orel L, Holzer G, Simon M
(1996) Drug resistance against gemcitabine and topotecan medi-
ated by constitutive Hsp70 overexpression in vitro: implication of
quercetin as sensitizer in chemotherapy. Br J Cancer 74:172–
177

640 J.M. Patki, S.S. Pawar

http://dx.doi.org/10.1021/jm8007486
http://dx.doi.org/10.1039/b610344h
http://dx.doi.org/10.1039/b610344h
http://dx.doi.org/10.1038/nrc2887
http://dx.doi.org/10.3390/ijms12095592
http://dx.doi.org/10.3390/ph5080779
http://dx.doi.org/10.1158/1078-0432.CCR-11-1000
http://dx.doi.org/10.1158/1078-0432.CCR-11-1000
http://dx.doi.org/10.1158/1535-7163.MCT-05-0537
http://www.discoverymedicine.com/Adeela-Kamal/2009/07/12/hsp90-inhibitors-as-selectable-anticancer-drugs/
http://www.discoverymedicine.com/Adeela-Kamal/2009/07/12/hsp90-inhibitors-as-selectable-anticancer-drugs/

	HSP90: Chaperone-me-not
	Abstract
	Introduction
	Structure

	Hsp90 in Cancer
	Role of Client Proteins

	Tumor Selectivity of Hsp90
	Current Status of Hsp90 Inhibitors
	Future Directions
	Molecular Understanding of Hsp90 Structure
	Biomarkers
	Combination Therapy
	Pre-clinical Studies
	Resistance
	Summary

	References


