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HSP90 Inhibitor-Based Strategies for Cancer
Therapy: Advancing Toward Clinical Impact
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Abstract The discovery of selective inhibitors of HSP90 two decades ago has
enabled both a better understanding of the biology of HSP90 as well as its validation
as a pharmacologic target for cancer. A number of HSP90 inhibitors have entered
human clinical trials; to date, however, none have been approved for cancer therapy
and thus the full potential of this class of agents remains to be realized. In this
chapter we review the current status of HSP90 inhibitor development for cancer
treatment, with particular emphasis on the second-generation, synthetic classes of
compounds. In addition, we highlight various strategies currently being pursued that
are designed to exploit specific cancer cell vulnerabilities and provide frameworks
for optimization of HSP90 inhibitor-based strategies across a broad spectrum of
cancer types.
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Abbreviations

5-FU 5-fluorouracil
17-AAG 17-allylamino-17-demethoxygeldanamycin
17-DMAG 17-dimethylaminoethylamino-17-demethoxygeldanamycin
ALK Anaplastic lymphoma kinase
AR Androgen receptor
BCR-ABL Breakpoint cluster region- Abelson murine leukemia viral oncogene

homolog
BRAF v-Raf murine sarcoma viral oncogene homolog B
CRC Colorectal cancer
EGFR Epidermal growth factor receptor
EML4 Echinoderm microtubule-associated protein-like 4
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ER Estrogen receptor
ERK Extracellular signal-regulated kinase
FLT3 Fms-related tyrosine kinase 3
GIST Gastrointestinal stromal tumor
HER2 Human epidermal growth factor receptor 2
HIF-1’ Hypoxia-inducible factor 1 alpha
HSF1 Heat shock factor-1
HSP70 Heat shock protein 70
HSP90 Heat shock protein 90
IGF-1R Insulin-like growth factor 1 receptor
JAK/STAT Janus kinase/signal transducer and activator of transcription
KRAS Kirsten rat sarcoma viral oncogene homolog
LV Leucovorin
MAPK Mitogen-activated protein kinase
MEK Mitogen/extracellular signal-regulated kinase
mTOR Mammalian target of rapamycin
NSCLC Non-small cell lung cancer
ORR Objective response rate
OS Overall survival
PI3K/AKT Phosphoinositide 3-kinase/AKT8 virus oncogene cellular homolog
PFS Progression free survival
PR Progesterone receptor
PSA Prostate-specific antigen
TKI Tyrosine kinase inhibitor
TNBC Triple-negative breast cancer
UGT UDP-glucuronosyltransferase

15.1 Introduction

By traditional measures, the molecular chaperone heat shock protein 90 (HSP90)
represents an unlikely and enigmatic candidate for oncology drug development.
Highly conserved and ubiquitously expressed, HSP90 plays an indispensable role
in regulating the maturation and functional stability of a vast array of cellular
substrates, known as ‘client’ proteins (refer to http://www.picard.ch/downloads for
current database). The repertoire of HSP90 clients is diverse, and is particularly
enriched for signal transducers such as kinases and transcription factors [1]. In
this regard, HSP90 activity impacts a broad range of normal homeostatic and
physiological processes, including cell growth and survival, immune modulation,
and development. In addition, HSP90 is also an essential component of the cellular
heat shock response and may be further transcriptionally induced as a consequence
of proteotoxic stress [2]. Not surprisingly, deletion of HSP90 is embryonic lethal

http://www.picard.ch/downloads
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and no mutations have been described nor are any polymorphisms known to exist
that are suggestive of any association or causal relationship with cancer [3]. For
these reasons, HSP90 was not originally considered an intuitively attractive target
for the development of antineoplastic therapies.

In 1994, Whitesell and colleagues published a seminal study identifying the
first small molecule inhibitors of HSP90 function [4]. This demonstration that
natural product benzaquinone ansamycins (such as geldanamycin) were bona fide
inhibitors of HSP90 with potent antitumor activity paved the way for a dramatic and
exponential increase in our understanding of HSP90 biology and its relationship
with malignancy over the past two decades. Most notably, it has emerged that
the chaperoning functions of HSP90 can become subverted during tumorigenesis
in order to facilitate malignant progression and maintain a transformed cellular
phenotype [5]. Indeed, a large number of HSP90 client proteins have been impli-
cated in the pathogenesis of human cancers, and are known to contribute to nearly
every aspect of the oncogenic process including immortality, pro-survival/anti-
apoptosis, metabolism, genomic instability and dissemination [6]. Often, these
oncoproteins are expressed in labile states (e.g. mutant, translocated, or amplified)
that are particularly reliant on the HSP90 machinery as a biochemical buffer for
their stability and function [7]. Indeed, the buffering capacity of HSP90 against
numerous environmental stresses, such as genotoxic, proteotoxic, and/or hypoxic
insults, represents an important and broad-based mechanism by which tumor cells
may co-opt HSP90 activity for selective advantage [8].

A number of additional considerations arose during the characterization and
development of first-generation HSP90 inhibitors that helped establish the fea-
sibility of targeting HSP90 as a viable therapeutic strategy for cancer. First, a
unique characteristic of pharmacological HSP90 blockade is that inhibition of the
chaperone leads to client protein degradation via the ubiquitin ligase-proteasome
machinery. At the cellular level, this results in the simultaneous destabilization of
literally hundreds of clients and client-driven signaling pathways. This stands in
stark contrast to other molecularly targeted approaches, such as direct kinase inhibi-
tion, that selectively ablate only one (or a few) oncoproteins or signaling cascades.
Moreover, the concomitant disruption of multiple signaling nodes provides a means
to inhibit redundant pathways and feedback loops that can contribute to intrinsic
and acquired drug resistance mechanisms [9–11]. Second, a common characteristic
displayed by all HSP90 inhibitor compounds to date involves preferential and
selective tumor retention characteristics [12]. While the underlying basis of this
observation remain to be fully elucidated, HSP90 is frequently overexpressed in
tumor tissues and a model has been proposed that the molecule exists in cancer
cells as part of a highly active, multi-chaperone complex that exhibits greater
affinity for targeted inhibitors than that observed in normal cells [13]. Recently,
increased SUMOylation of HSP90, a consequence of cellular transformation, has
been shown to sensitize both yeast and mammalian cells to HSP90 inhibitors [14]
thus providing mechanism of tumor-selective HSP90 activation. Taken together,
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Fig. 15.1 Summary scheme showing exploitable therapeutic characteristics of next-generation
HSP90 inhibitor compounds based on current outcomes from preclinical and clinical evaluations

the features of tumor selectivity and multimodal impacts on the malignant phe-
notype combine to provide an exploitable therapeutic index for this collection of
compounds (Fig. 15.1).

Thus, pharmacologicalblockade of HSP90 represents an innovative and mul-
tifaceted approach for the development of novel antineoplastic agents and small
molecule inhibitors of this molecular chaperone rank among the most actively
pursued classes of agents in oncology. While evaluation of the prototypical inhibitor
class of ansamycin-based compounds (including geldanamycin and its derivatives
17-AAG and 17-DMAG) delivered critical proof-of-concept evidence and validated
HSP90 as a druggable target for cancer treatment [7], their clinical application was
hampered, and ultimately halted, due to a number of pharmacological and safety
limitations [15]. Since then, an increasing number of synthetic small molecule
inhibitors of HSP90 have been developed based on a diverse variety of chemical
scaffolds, including those presented in Fig. 15.2 [16, 17]. To a large extent these
second-generation compounds have overcome many of the original limitations of,
and show improved potency relative to, the ansamycin class of HSP90 inhibitors
and a number have entered early stage clinical evaluation. The outcomes of these
trials have so far resulted in the early termination of clinical development of some
candidates based on the emergence of new, potentially confounding safety concerns.
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Fig. 15.2 Chemical structures of second-generation HSP90 inhibitor compounds. Key: Green
hexagons currently under clinical evaluation in human solid tumors; red hexagons clinical
development discontinued by sponsor; gray hexagons not yet entered clinical trials
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For example, SNX-5422 (the prodrug of SNX-2112) has been discontinued based
on reports of ocular toxicity and potential irreversible retinal damage [18], with
treatment-related cardiac abnormalities also observed with this drug [19]. Others,
including the potent resorcinol-based inhibitors NVP-AUY922 and ganetespib, have
shown favorable tolerability in studies across a variety of human cancers [20,
21] and, for ganetespib in particular, encouraging signs of clinical activity [22].
At present, however, no HSP90 inhibitors have been approved for any human
malignancy. This chapter will highlight recent developments in the therapeutic
targeting of HSP90 in human solid tumors. Particular emphasis is placed on next-
generation inhibitor compounds that are providing the framework for achieving the
full translational potential of this promising group of anticancer agents. Targeting
HSP90 is considered an equally promising avenue for intervention in hematological
malignancies, including multiple myeloma (where buffering of proteotoxic stress
is crucial for cell survival) and those cancers driven by sensitive HSP90 clients
e.g., BCR–ABL in chronic myeloid leukemia, NPM–ALK in anaplastic large-cell
lymphoma, FLT3 in acute myeloid leukemia, and ZAP70 in chronic lymphocytic
leukemia [23].

15.1.1 Two Therapeutic Strategies: Client Protein-Driven
Tumors Versus Combination Therapy

Many human cancers are known to be ‘oncogenically addicted’ to mutated,
overexpressed, and/or chimeric kinases for growth and survival. Importantly, a
number of these same oncogenic drivers are established HSP90 clients e.g., mutant
EGFR (epidermal growth factor receptor) or ALK (anaplastic lymphoma kinase)
translocations in non-small cell lung cancer (NSCLC); HER2 (human epidermal
growth factor receptor 2) in breast cancer; mutated BRAF in melanoma; and
mutant KIT in gastrointestinal stromal tumors (GIST). Accordingly, a reasonable
approach for evaluating the potential of single-agent HSP90 inhibitor therapy
involved the selection of tumor types expressing such modifications in order to
capitalize on their client protein-driver dependence on HSP90. This premise has
been supported by promising clinical activity observed in individuals with defined
tumor phenotypes, most notably those exhibiting ALK-driven or HER2-amplified
disease. Unexpectedly, similar translational benefit has not been achieved using
HSP90 inhibitor monotherapy in other client-protein driven patient populations.
This clinical experience has now led to the realization that the pleiotropic effects of
HSP90 inhibitors may best be employed in the clinical setting as chemotherapeutic
or molecularly-targeted agent sensitizers in order to provide superior antitumor
efficacy, overcome resistance mechanisms, and reduce treatment-related toxicities,
as summarized in Fig. 15.1 [5]. Here we discuss the potential utility and limitations
of both of these strategies, with particular respect to individual cancer types and
client protein sensitivity.
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15.2 Non-small Cell Lung Cancer: Highlighting
the Relationship Between EML4-ALK Client-Protein
Dependence and Clinical Efficacy

NSCLC accounts for 85 % of all cases of lung cancer, which remains the leading
cause of cancer-related deaths worldwide [24]. The high mortality is associated,
in part, with the fact that a majority of patients present with advanced disease at
the time of diagnosis with treatment options limited to systemic therapy. Platinum-
based combination chemotherapy provides the foundation for current standard-of-
care treatments in the clinical management of advanced NSCLC – a strategy that has
largely reached a plateau of effectiveness in improving survival rates for lung cancer
patients [25, 26]. Over recent years, an increased understanding of NSCLC biology
has transformed lung cancer therapy from such broad-based cytotoxic use towards
more tailored treatment approaches for certain patient sub-populations. A prime
example involved the introduction of targeted inhibitors of the epidermal growth
factor receptor (EGFR), erlotinib and gefitinib, which revolutionized and modified
the principles of NSCLC treatment a decade ago [27]. The paradigm shift towards
personalized therapies has provided meaningful improvements in overall survival
and quality of life for lung cancer patients [28, 29].

NSCLC is characterized by a remarkable degree of genetic diversity and may
be classified into distinct molecular subsets based on specific genomic alterations
that drive tumorigenesis [29, 30]. This tumor type has long been considered a
promising indication for the application of HSP90 inhibitors [6] since many of
these oncogenic driver proteins are kinases that are established HSP90 clients,
including EGFR, RAF, HER2, and, notably, the EML4-ALK fusion protein [31–36].
Indeed, EML4-ALK provides a compelling example of the relationship between
client protein-driver dependence and clinical efficacy of targeted HSP90 inhibition.
Approximately 3–7 % of NSCLC tumors are characterized by oncogenic gene
rearrangements of ALK, most commonly with echinoderm microtubule-associated
protein-like 4 (EML4), resulting in constitutively active kinases with transforming
capacity [37, 38]. Crizotinib, a dual MET/ALK small molecule tyrosine kinase
inhibitor (TKI), was the first ALK-targeted agent evaluated clinically and was
granted accelerated approval in the United States for the treatment of patients
with ALK-positive (ALKC) NSCLC [39, 40]. Crizotinib therapy improves overall
patient survival compared with crizotinib-naïve controls [41], thereby providing
clinical validation for targeting ALK in ‘oncogene-addicted’ lung tumors of this
genotype. Since EML4-ALK is a highly sensitive client protein of HSP90 [31, 33],
pharmacological blockade of the chaperone has been investigated as an alternative
approach to direct kinase inhibition for therapeutic intervention in ALK-driven lung
cancer. Confirming preclinical predictions, it was originally shown that ALKC lung
cancer patients could derive therapeutic benefit from targeted degradation of ALK
via HSP90 blockade using the ansamycin compound IPI-504 [42]. This finding was
supported by the results of a separate phase II study of ganetespib, wherein seven
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of eight patients harboring EML4-ALK rearrangements had disease control lasting
at least 16 weeks, with four of these individuals exhibiting objective responses to
inhibitor monotherapy [22].

Recent experimental data with ganetespib suggest that HSP90 inhibition also
offers a promising strategy for overcoming acquired TKI resistance in ALKC lung
tumors [43]. Despite its robust clinical success, durable responses to crizotinib
therapy are hampered by the invariable development of acquired drug resistance,
a common feature of many TKI drugs [44]. Relapses frequently occur due to a
spectrum of newly acquired secondary mutations within the ALK kinase domain
[45, 46]. To date, a variety of mutations at different amino acid sites have been
reported in NSCLC patients who exhibited resistance to crizotinib, and a number of
others that can mediate ALK TKI resistance have been identified through in vitro
mutagenesis screens [39, 47, 48]. In preclinical models, ganetespib retained robust
cytotoxic activity against crizotinib-resistant cell lines irrespective of the mutational
site or specific amino acid substitution present [43]. Significantly, this finding was
validated by clinically observed tumor responses in a relapsed NSCLC patient who
had progressed after 1 year of crizotinib therapy. Despite the presence of a specific
kinase domain mutation, a single cycle of ganetespib treatment resulted in a marked
shrinkage of lung lesions, underscoring the therapeutic potential of the drug within
this refractory population [43].

In addition, systemic resistance to ALK inhibitors may arise in the absence
of secondary ALK kinase domain mutations [45]. Although the mechanism(s)
remain to be fully elucidated, it has emerged that ligand-mediated activation of
secondary and/or separate oncogenic signaling pathways, in particular EGFR and
HER2 [49–51], is one process that can bypass the dependency of tumor cells on
ALK signaling and contribute to a resistant phenotype. Strategies to counteract
these types of acquired resistance in ALK-driven NSCLC have not yet been
established and, within this context, the use of ALK-selective inhibitors with
increased potency is unlikely to provide any clinical impact. Both EGFR and HER2
are established HSP90 clients and, as such, the broad spectrum of biological activity
afforded by HSP90 inhibition represents a potential approach to counteract such
compensatory mechanisms. In preclinical models, ganetespib exposure resulted in
the simultaneous destabilization of EML4-ALK as well as EGFR in ALKC NSCLC
lines both in vitro and in vivo, with concomitant loss of multiple downstream
effector signaling pathways [43]. The effects were distinct to those of crizotinib,
with the multimodal activity of the HSP90 inhibitor sufficient to account for its
superior relative potency and antitumor efficacy.

Interestingly, chromosomal rearrangements of two additional tyrosine kinases,
ROS1 and RET, generate fusion proteins that are sensitive to HSP90 inhibition by
ganetespib [43]. Similar to ALK, ROS1 has been reported to define a genomic subset
of NSCLC with distinct clinical characteristics [52] and, while the incidence of
ROS1 fusions is less than 2 %, preclinical and clinical data suggest that patients
whose tumors harbor these rearrangements may benefit from crizotinib therapy
[53, 54]. RET kinase fusions have also recently emerged as promising molecular
targets in NSCLC [55], where they have been reported to segregate from genetic
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modifications in EGFR, KRAS, HER2 and ALK [56]. As the clinical significance
of these oncogenic drivers in NSCLC becomes realized, it is reasonable to suggest
that HSP90 inhibition may warrant evaluation as a potential point of therapeutic
intervention.

15.3 Non-small Cell Lung Cancer: Combining the Modalities
of HSP90 and Tyrosine Kinase Inhibition to Improve
EGFR therapy

ALK targeting is a prime example of genetics dictating treatment in lung cancer, but
what about more frequent genetic alterations that may be targeted through HSP90
blockade? Mutations in EGFR, an established client protein of HSP90, define one of
the most prevalent and actionable subgroups of NSCLC. It is estimated that 10–15 %
of NSCLCs in Caucasians and up to 30 % in Asian populations harbor activating
mutations in EGFR [57]. Aberrant activation of this receptor stimulates a variety
of oncogenic signaling cascades, including the JAK/STAT, RAS/RAF/ERK, and
PI3K/AKT pathways [58]. EGFR activity may also become dysregulated during
tumorigenesis by other mechanisms, including gene amplification and/or receptor
overexpression [59]. Importantly, EGFR is a validated therapeutic target in NSCLC,
with three small molecule kinase inhibitors (erlotinib, gefitinib, and afatinib)
currently approved for the treatment of advanced disease [60]. Each of these TKIs
show preferential clinical efficacy in NSCLC patients with EGFR mutant-bearing
tumors, although durable responses are rare due to the development of acquired
resistance, which typically arises through the acquisition of a second site mutation
(T790M) within EGFR [61, 62], or via activation of compensatory signaling
pathways that bypass the receptor and restore downstream oncogenic signaling [63].
Mutant EGFR oncoproteins are reliant on the chaperone activity of HSP90 for their
conformational stability and function [35, 64], and there are abundant experimental
data showing sensitivity of EGFR-driven NSCLC to multiple second-generation
HSP90 inhibitors in preclinical studies [65–70]. In addition, it has recently been
demonstrated that the mature, wild-type receptor is also a bona fide HSP90 client
in cancers that overexpress wild-type EGFR [71], suggesting potential utility for
targeted HSP90 inhibition beyond the mutant receptor phenotype. Despite this, the
clinical experience with selective HSP90 inhibitors has revealed only modest single-
agent activity in molecularly defined subsets of both wild-type and mutant EGFR
NSCLC patients [22, 42].

To date, efforts to combine EGFR TKIs with standard chemotherapies have
not been associated with survival benefits in clinical trials [29]. Recently, atten-
tion has focused on combining the modalities of HSP90 blockade with selec-
tive EGFR tyrosine kinase inhibition for optimizing NSCLC tumor responses to
EGFR TKIs. Ganetespib can potentiate the efficacy of both erlotinib and afatinib
in preclinical models of NSCLC driven by activating EGFR mutations, with
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combination treatment inducing tumor regressions and a capacity to overcome
erlotinib resistance [72]. Similar combinatorial benefit has been reported when
erlotinib is combined with SNX-2112 [73] or a new investigational HSP90 inhibitor
compound CH5164840 [74]. Moreover, encouraging signs of clinical activity dosing
NVP-AUY922 in combination with erlotinib in patients with acquired resistance to
EGFR inhibitors have been observed in an ongoing phase II trial (NCT01259089).
In the first stage of that study, 2 of 16 patients demonstrated a partial response; both
of which had the T790M mutation.1 Taken together, these data suggest that HSP90
inhibition alongside EGFR kinase blockade may represent a potential therapeutic
pathway for improving patient outcomes and overcoming TKI resistance in EGFR-
mutant NSCLC.

15.4 Non-small Cell Lung Cancer: Targeted HSP90
Inhibition Alongside Taxane Therapy Improves Patient
Outcomes

For most individuals with advanced and unresectable NSCLC, treatment options
are limited to platinum-based two-drug regimens consisting of either cisplatin or
carboplatin in combination with an additional ‘third-generation’ cytotoxic agent
(paclitaxel, docetaxel, gemcitabine, vinorelabine, or pemetrexed) [25]. One strategy
that has been employed in order to try and improve objective response rates for these
patients is through the use of molecularly targeted agents, such as bevacizumab and
cetuximab, in combination with front-line chemotherapeutics [28, 76]. Benefit from
such therapy combinations is typically observed within subsets of NSCLC patients
and correlates with specific tumor histology and/or molecular phenotypes. It is now
established that HSP90 blockade can potentiate the activity of a wide variety of
chemotherapeutic drugs [77] and, given the pleotropic effects of HSP90 inhibition
across a range of NSCLC phenotypes, these considerations provide a strong
rationale for evaluating novel HSP90 inhibitors alongside traditional chemotherapy
in this malignancy.

An encouraging validation of this is provided by ganetespib improving ther-
apeutic outcomes alongside taxane therapy in NSCLC. Paclitaxel and docetaxel
comprise the taxane family of antimitotic agents widely used in the treatment of
multiple human cancers. While active in NSCLC therapy, their effectiveness is
often hampered by a variety of significant and dose-limiting adverse side effects
in clinical practice. Synergistic combinatorial benefit between HSP90 inhibitors
and taxanes has previously been described in different cancer models [78–82]
suggesting that their non-overlapping but complementary mechanisms of action
are conserved across tumor types. Combinations of ganetespib with both taxanes

1Johnson et al. [75]
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showed synergistic activity and enhanced antitumor efficacy in preclinical models
of NSCLC [83]. The mechanistic benefit afforded by the addition of ganetespib to
taxane regimens was found to be multifactorial and included loss of pro-survival
signaling, direct impacts on the cell cycle machinery, and exacerbation of mitotic
catastrophe [83, 84]. In early clinical trials, ganetespib was shown to be well
tolerated as monotherapy [20, 22], lacking the severe liver toxicities characteristic
of the ansamycin class of inhibitors and also adverse visual disturbances that have
emerged as an important clinical concern for some newer HSP90 inhibitor drugs
[85]. Together with demonstrated activity in oncogene-driven subsets of NSCLC
patients, these findings prompted evaluation of the cytotoxic sensitizing property of
ganetespib alongside docetaxel in refractory NSCLC in a recently completed phase
II (NCT01348126; GALAXY-1) and ongoing phase III study (NCT01798485;
GALAXY-2).

A number of considerations support the selection of docetaxel as the optimal
front-line taxane candidate in these trials. Docetaxel is the only agent that is
approved for both first- and second-line therapy in advanced NSCLC [26] and
was also the first drug to establish superior efficacy and tolerability over other
third-generation agents when used in combination with platinum compounds
[25]. Meta-analyses of current treatment regimens have shown that docetaxel is
associated with better disease control than paclitaxel combinations and tumor
histology does not exert any influence over drug activity or efficacy, as opposed
to other third-generation cytotoxics [25]. Significantly, the GALAXY-1 trial is the
first randomized study to show improvement in efficacy through addition of a
targeted HSP90 inhibitor to chemotherapy in cancer patients.2 The strongest signals
of efficacy were noted improvements in ORR, PFS, and OS observed in a large
subset of adenocarcinoma patients with chemosensitive disease. Accordingly, it is
this population of NSCLC patients that is presently being enrolled in the ongoing
confirmatory GALAXY-2 study. Importantly, the combination of ganetespib with
docetaxel was well tolerated and not associated with any excessive toxicity over that
seen with docetaxel treatment alone. Moreover, an interesting finding to emerge was
that the time to disease progression due to emergence of new metastatic lesions was
prolonged in individuals undergoing combination treatment. While this observation
warrants confirmation in additional trials, it strongly suggests that HSP90 inhibitor
treatment exerted a significant biological impact on the metastatic dissemination
and growth in these patients. This provides important validation of a large body of
preclinical evidence to support an essential role for HSP90 in regulating multiple
facets of the metastatic process [87–89].

2Ramalingham et al. [86].
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15.5 Breast Cancer: Client Proteins Dictate Sensitivity
to HSP90 Inhibitors

The cellular and molecular heterogeneity exhibited by tumors of the breast is
such that breast cancer is no longer considered a single disease with variable
morphology, but instead a collection of distinct neoplastic disorders each associated
with their own pathological features and clinical outcomes [90]. Gene expression
profiling has resulted in the classification of human breast cancer into at least five
subtypes based on discrete molecular signatures [91–93]. These include normal
breast-like, the hormone receptor-positive (estrogen and progesterone receptors;
ER and PR) luminal A and luminal B subtypes, HER2-positive, and basal-like.
Within this stratification, triple-negative breast cancers (TNBC) are an orphan
grouping of tumors characterized by an absence of ER, PR and HER2 expression
that primarily fall within the basal-like subtype, however the two definitions are
not strictly synonymous [94, 95]. Given this degree of complexity, it is now
apparent that pharmacologic targeting of a single pathway or individual component
of an oncogenic signal cascade typically fails to translate to long-term efficacy,
particularly for metastatic disease. A number of established HSP90 clients have
been implicated in the pathogenesis of breast tumors, including the ER and
PR steroid hormone receptors, EGFR and HER2 receptor tyrosine kinases, and
intermediates of oncogenic signaling cascades (AKT and RAF1) [9]. Accordingly,
there is considerable preclinical support for potential therapeutic use of HSP90
inhibitors in breast cancer [96–102].

Similar to ALK-driven lung tumors, HER2-positive breast cancer provides
another impressive illustration of HSP90 inhibitor efficacy in client protein-driven
disease. HER2 is a highly sensitive HSP90 client protein and overexpression of this
receptor defines a clinically relevant subset of breast cancers exquisitely dependent
on oncogenic HER2 signaling for growth and survival. In recent years the prognosis
for HER2-positive patients has improved following the introduction of selective
HER2-targeted agents (such as trastuzumab and lapatinib) as first-line treatments
in this disease [103]. Trastuzumab in combination with chemotherapy is the
current standard of care for metastatic HER2-positive breast cancer [103]; however
the invariable development of resistance presents a significant and unresolved
clinical problem. A variety of mechanisms have been proposed to account for
the trastuzumab-resistant phenotype, including activation of compensatory growth
factor signaling pathways, amplification of the PI3K/AKT cascade, and expression
of truncated HER2 receptors that lack the antibody binding epitope [104]. By virtue
of its multifaceted mode of action, HSP90 inhibition has been shown to overcome
each of these various mechanisms in laboratory models of trastuzumab-resistant
breast cancer [98, 101]. Interestingly, recent analyses have suggested a benefit
for continued trastuzumab treatment even beyond progression [105] and other
selective HER inhibitors such as lapatinib have shown efficacy in patients that have
become refractory to trastuzumab therapy [104]. Thus, trastuzumab-resistant tumors
appear to remain oncogenically reliant on HER2; raising the possibility that HSP90



15 Developments in HSP90-targeted Cancer Therapy 301

inhibition might afford an effective therapeutic approach to abrogate acquired
resistance to primary anti-HER2 treatment. In this regard, proof-of-concept was
provided in a pivotal phase II trial that demonstrated meaningful clinical efficacy
could be achieved by combining 17-AAG with trastuzumab in HER2-positive
metastatic breast patients who had previously progressed on trastuzumab [106].

Despite the positive outcome of that study, the clinical development of 17-AAG
has been discontinued. Thus a therapeutic opportunity clearly exists within this
patient group for an effective and tolerable alternate HSP90 inhibitor. A phase
I study evaluating BIIB021, either alone or in combination with trastuzumab
(NCT00412412), showed only modest antitumor activity for this purine-based
HSP90 inhibitor in a cohort of heavily pre-treated metastatic HER2C patients [107].
Additional second-generation HSP90 compounds, including clinically advanced
agents such as NVP-AUY922 and ganetespib that show superior potency and safety
over 17-AAG, also exhibit strong preclinical activity in models of HER2C breast
cancer [99, 108]. NVP-AUY922 has undergone clinical evaluation as monother-
apy for locally advanced and metastatic HER2C breast cancer as part of a
completed phase II study expansion arm (NCT00526045) and also as part of
combination therapy alongside trastuzumab in trastuzumab-refractory advanced
HER2C breast patients (NCT01271920), essentially reflecting the successful 17-
AAG trial. Ganetespib has shown preliminary signs of single-agent activity within
the advanced HER2C breast cancer population in a phase II window-of-opportunity
trial (NCT01677455; ENCHANT). While no final data from any of these studies are
yet available, the outcomes are likely to be instrumental in guiding the application
of HSP90 inhibitor use for this malignancy.

Beyond the HER2C phenotype, HSP90 blockade may also be considered a
logical targeted approach for hormone-responsive, luminal-type breast tumors due
to its well-defined role in the chaperoning of steroid receptors, including ER and
PR [109]. For patients with estrogen-dependent disease, adjuvant endocrine therapy
with ER antagonists such as tamoxifen and aromatase inhibitors are effective first-
line treatments [110]. Despite the obvious benefits of these standard-of-care agents
for the vast majority of individuals diagnosed with breast cancer, the development
of acquired resistance is common, ultimately resulting in disease relapse and death.
The mechanisms that underlie hormone refractory phenotypes remain incompletely
defined although crosstalk between the ER and growth factor receptor pathways
(involving HSP90 clients like EGFR, HER2 and IGF-1R) have been implicated in
the resistance process [111]. Interestingly, tamoxifen resistance may arise even as
the tumors themselves remain ER positive [112]. Within this context, early reports
evaluating ansamycin-based HSP90 inhibitors revealed that chaperone inhibition
could overcome endocrine therapy resistance in tamoxifen- and aromatase-resistant
breast cancer cell lines [102, 113]. These findings provide a rational framework
for investigating the clinical potential of this modality as an alternate, ligand-
independent mechanism for sustained degradation of ER/PR in hormone receptor-
positive breast tumors. In this regard, the results of a completed phase II trial of
BIIB021 in combination with exemestane (NCT01004081) in patients whose hor-
mone receptor-positive cancer had progressed on prior aromatase inhibitor therapy
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are eagerly awaited. Further, a randomized phase II trial evaluating the addition of
ganetespib to the approved ER antagonist fulvestrant in hormone receptor-positive
metastatic breast cancer is currently recruiting participants (NCT01560416).

15.6 Breast Cancer: Will HSP90 Inhibition Be Effective
in Triple-Negative Tumors?

In contrast to HER2 or hormone receptor-positive breast cancer, TNBC represents a
heterogeneous collection of orphan status tumors that lack a defining molecular vul-
nerability to serve as a druggable target. TNBC shows a disproportionate mortality
amongst breast cancer subtypes and patients with TNBC have a higher likelihood
of visceral metastatic disease and early relapse [94, 95]. An absence of reliable
predictive biomarkers, combined with the disappointing efficacy of conventional
chemotherapy, highlights an urgent need for alternate treatment options for these
patients. A variety of potential biological drivers have been incompletely validated
in TNBC. Many of these are established client proteins of HSP90, including EGFR,
KIT and IGF-1R as well as critical mediators of the RAS/RAF/ERK, PI3K/AKT
and mTOR tumorigenic signaling pathways [94]. Indeed, and contrary to an earlier
notion that TNBC tumors may not be sufficiently responsive to targeted HSP90
blockade, there is now accumulating preclinical evidence that supports therapeutic
sensitivity of triple-negative cancer cell lines to HSP90 inhibition, shown using
the second- generation compounds ganetespib and PU-H71, as well as a new
investigational agent PF-4942847 [84, 97, 100].

A distinct clinicopathological feature of TNBC is the hematogeneous spread of
metastases, showing preferential dissemination to the lungs and brain rather than
to bone or soft tissues [94]. Ganetespib treatment negatively impacts orthotopic
tumor growth, invasion and distal lung metastasis in experimental metastasis models
of TNBC [84, 89]. At a molecular level this has been attributed to, at least in
part, potent drug-induced reductions in the expression and activity of HIF-1’
(hypoxia-inducible factor 1’) and concomitant target genes that are linked to TNBC
progression [89]. Significantly, compelling anecdotal evidence of metastatic tumor
responses in TNBC patients undergoing ganetespib therapy has also been obtained
in the clinical setting [84]. As shown in the CT scans presented in Fig. 15.3a,
four cycles of ganetespib monotherapy resulted in discernible shrinkage of large
metastatic lung lesions in a heavily pre-treated TNBC patient as part of a phase I trial
(NCT00688116). This cancer was highly aggressive – at the time of enrollment, the
patients’ disease had progressed with multiple bilateral pulmonary, liver and bone
metastases following six prior, different chemotherapeutic regimens. An overall
objective response was not confirmed as the patient was taken off study at the end
of cycle 5 due to the detection of brain metastases. Figure 15.3b shows CT scans
from another individual currently enrolled in the ongoing ENCHANT monotherapy
trial in breast cancer (NCT01677455). In 2011 the patient received six cycles of
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Fig. 15.3 Clinical activity of ganetespib in TNBC patients. (a) CT scans of a metastatic lung
deposit taken prior to ganetespib treatment (left panel) and after 16 weeks on-therapy (right panel).
Circles depict location and size of the tumor mass. (b) CT scans taken prior to ganetespib treatment
and after 6 weeks on therapy. Circles depict the location and size of multiple axillary lymph node
lesions (Images reproduced from [84])

adjuvant FEC chemotherapy (5-fluorouracil, epirubicin, and cyclophosphamide) but
progressed with recurrent disease 2 years later, presenting with multiple axillary
and supraclavical lymph node deposits and pulmonary metastases. Within 6 weeks
of starting ganetespib treatment, the patient achieved a confirmed partial response,
including the marked axillary lymph node tumor shrinkage shown in Fig. 15.3 and
the patient remains on therapy at the present time. These robust clinical responses,
observed in independent trials, suggest that the TNBC tumors were acutely reliant
on the chaperoning function of HSP90, with one or more chaperone-dependent
signaling pathways responsible for promoting metastatic growth and survival. Given
the remarkable molecular heterogeneity of this collection of breast cancers, an
ongoing clinical challenge remains to identify which specific client proteins may
ultimately serve as predictive biomarkers for those individuals likely to respond to
HSP90 inhibitor treatment.

Of note, basal-like breast (including TNBC) and ovarian cancers share striking
similarities in terms of genomic and proteomic modifications [114]. The common
findings of MYC amplification as well as TP53, RB1 and BRCA1 loss suggest
that these represent may represent shared driving events for TNBC and ovarian
carcinogenesis, and that common therapeutic approaches might be considered
for both these diseases [114]. In addition, bioinformatic meta-analyses recently
identified an HSP90-centric hub in ovarian cancer that was susceptible to inhibitor
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treatment [115]. This finding was validated by the capacity of ganetespib to
significantly reduce tumor growth and dissemination in xenograft models and
spontaneous ovarian tumors in transgenic mice [115]. Of particular relevance,
combining ganetespib with paclitaxel strongly augmented the antitumor efficacy of
either agent alone – a result that supports a promising rationale for combination
ganetespib and paclitaxel regimens presently being evaluated in two trials in
recurrent and metastatic ovarian cancer (NCT01962948; NCT02012192). Further,
combination ganetespib plus paclitaxel therapy is undergoing clinical assessment in
women with locally advanced breast cancer as part of the ongoing I-SPY2 adaptive
phase II study (NCT01042379).

15.7 Melanoma: Disrupting Oncogene Addiction
and Overcoming Resistance

Cutaneous melanoma ranks among the most aggressive and treatment-resistant
human cancers, and the worldwide incidence of this disease continues to increase
[116]. Mutational activation of BRAF, resulting in dysregulation of the canonical
MAPK (RAF/MEK/ERK) signaling cascade, is characteristic of over half of all
malignant melanomas [117, 118]. This high frequency underscores a critical role
for mutant BRAF activity in melanoma oncogenesis [119]. In this regard, mutated
BRAF (most commonly BRAFV600E) also provides an actionable target for molec-
ular therapeutic approaches as evidenced by the recent approval of the first highly
selective BRAFV600E inhibitor, vemurafenib, for patients with metastatic melanoma
[120]. The conformational stability of mutant BRAF is reliant on the activity of
HSP90 [121], the chaperoning function of which thus likely facilitates oncogene
addiction in this malignancy. In support of this premise, a number of synthetic small
molecule HSP90 inhibitors have shown robust activity in mutant BRAF-driven
melanoma cell lines in vitro and in vivo, including NVP-AUY922, SNX-2112,
and NVP-BEP800 [122–124]. Extending these observations, ganetespib exhibits
superior potency and efficacy compared to vemurafenib in mutant BRAF–driven
melanoma models, with drug exposure inducing the simultaneous destabilization
of BRAFV600E as well as CRAF, AKT, and RAF/MEK/ERK signaling that is
stimulated by mutant BRAF activation [125, 126]. These preclinical findings
suggest that targeting the chaperone function of HSP90 represents a rational
approach for intervention in mutant BRAF-driven melanoma. Initial clinical studies
evaluating the first-generation compound 17-AAG in metastatic melanoma were
disappointing, with no objective responses observed [127, 128]. A lack of durable
target suppression and pharmacological limitations of the ansamycin inhibitor itself
likely contributed to the absence of clinical activity in these trials; however this does
not preclude the potential for newer agents with improved potency, durable activity,
and favorable tolerability in this malignancy [129].
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Indeed, emerging data strongly suggest that combining the modalities of HSP90
inhibition with either selective BRAF or MEK targeting warrants further investiga-
tion in melanoma displaying oncogenic addiction to mutated BRAF, particularly
as a means to overcome mechanisms of resistance to targeted BRAF agents.
Acquired resistance to vemurafenib represents a significant clinical obstacle to its
long-term efficacy, and most patients relapse with drug-resistant disease within
6–8 months [130]. Unlike the case for EGFR or EML4-ALK described above,
to date there is no evidence of secondary mutations in BRAF to account for a
resistant phenotype. Instead, a variety of mechanisms have been identified that
allow for either bypass or reactivation of MAPK signaling [119, 131, 132]. Despite
the complexity of the signaling intermediates involved that lead to therapeutic
escape from BRAF inhibitor treatment, all appear to converge on pathways that
are sensitive to HSP90 inhibition. Both XL888, a tropane-derived small molecule
HSP90 inhibitor whose clinical development has been halted by the sponsor [133],
and ganetespib can overcome a diverse array of intrinsic and acquired vemurafenib
resistance mechanisms in relevant melanoma models [125, 134]. NMS-E973, a
new investigational inhibitor compound, has also shown activity in models of
vemurafenib resistance, including inhibiting the growth of intracranially implanted
melanoma xenografts in mice [135].

Given the exquisite dependence on MAPK signaling for both melanoma viability
and drug resistance, pharmacological inhibition of MEK has also emerged as an
important strategy for therapeutic intervention in mutant BRAF-driven melanoma
[136]. While the role of MEK inhibitor monotherapy, given the advent of approved
BRAF-targeted agents, remains to be determined [130] a number of combination
trials investigating the dual blockade of mutant BRAF and MEK are currently
underway, and early evidence suggests that this strategy may represent an effective
approach to prevent or delay the onset of resistance due to MAPK reactivation
[137, 138]. Within the resistance setting, we have shown that the combination of
ganetespib with the allosteric MEK inhibitor TAK-733 provides superior cytotoxic
activity and inhibition of MAPK reactivation compared to dual vemurafenib plus
TAK733 treatment in melanoma cell lines. Moreover, these effects were recapitu-
lated in vemurafenib-resistant tumors in vivo, where combination treatment induced
significant tumor regressions [125]. Such data reinforce the potential utility of
HSP90 inhibition as an alternative, and potentially complementary, strategy for
treating tumors with acquired resistance to BRAF inhibitors.

15.8 Gastrointestinal Stromal Tumors and Prostate Cancer:
All Clients Are Not Created Equal

ALK-rearranged NSCLC and HER2-positive breast cancer have provided the
clearest demonstrations of clinical efficacy in HSP90 client oncoprotein-addicted
cancers – however, not all tumor types that appear to meet the same criteria have
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displayed similar sensitivity to this therapeutic approach. For example, GIST, the
most common type of soft-tissue sarcoma, is a malignancy that may be considered
particularly amenable to HSP90 inhibitor-directed therapy due to the high frequency
( 85 %) of driver KIT mutations [139, 140]. To date, however, the results of a phase
I study evaluating IPI-504 in patients with metastatic and/or unresectable GIST
and other soft-tissue sarcomas revealed that only 1 of 37 GIST patients exhibited
a confirmed partial response; moreover genotyping from this individual failed to
identify any KIT mutation present [141]. A subsequent placebo-controlled phase
III trial in relapsed/refractory GIST (NCT00688766) was prematurely terminated
due an excessive mortality rate in the IPI-504 arm, with treatment-related deaths
resulting from liver failure, metabolic acidosis, renal failure, and cardiopulmonary
arrest [142]. No results are yet available from an ongoing study of NVP-AUY922
monotherapy in this population (NCT01404650). While its clinical development
has now been discontinued, BIIB021 underwent evaluation in a small cohort of
refractory GIST patients [143] where metabolic partial responses were observed in
22 % of cases, although no RECIST-defined partial responses were achieved. This
study raised the possibility that a lack of durable client protein suppression under-
scored such modest responses to HSP90 inhibitor monotherapy. Pharmacodynamic
assessment showed that significant rebounds in FDG activity were seen in patients
between doses, suggesting that although target inhibition was being achieved, it
was not sustained. In agreement with this premise, prolonged inhibition of KIT or
its downstream pathways has not been observed following ganetespib exposure in
either preclinical GIST models or patient biopsies, and consequently only limited
efficacy was obtained in a phase II trial evaluating weekly administration of
ganetespib to GIST patients (NCT01039519).3

A number of considerations have also made prostate cancer an attractive disease
indication for HSP90 targeting. Androgen ablation therapy is the foundation of
current treatment for patients with locally advanced or metastatic disease and,
importantly, it is now clear that advanced and recurrent tumors continue to rely on
androgen receptor (AR) signaling, even in the castrate environment [145, 146]. The
AR is an established HSP90 client, and the relationship between the chaperoning
function of HSP90 with steroid receptor stability, conformation and modulation of
ligand binding is well characterized [147]. Accordingly, a number of preclinical
studies have provided experimental support for the potential utility of HSP90
inhibitors in prostate cancer [148–152]. Unfortunately, the clinical experience using
such compounds in the single-agent setting has not met expectations, with minimal
effects on PSA (prostate-specific antigen) levels or tumor burden being observed
along with unacceptable toxicities [153, 154]. For these tumors, it appears that
combining targeted HSP90 inhibitors alongside other AR antagonists or chemother-
apeutics may represent a more feasible path to clinical efficacy. In addition, radiation
therapy displays high control rates for low-risk, localized prostatic disease [155]

3Demetri et al. [144].
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and there is emerging evidence to suggest that the radiosensitizing effects of HSP90
blockade may be exploitable as a valid adjunct to radiotherapy in this disease [156].

15.9 Colorectal Cancer: A Potential Chemosensitizing Role
for HSP90 Inhibitors?

The clinical management of colorectal cancer (CRC) is largely dictated by the stage
of the disease. Patients who present with early stage, localized tumors are amenable
to curative resection surgery while adjuvant chemotherapy is indicated for patients
with Stage III disease or higher, with the aim of improving survival and preventing
recurrence [157]. Over the last decade, the addition of targeted biological agents
(such as such as the anti-VEGF antibody bevacizumab and the EGFR antagonists
cetuximab and panitumumab) to existing chemotherapeutic regimens has effectively
doubled the survival outlook for patients with metastatic CRC [158, 159]. This type
of approach clearly serves as an encouraging paradigm for providing continuing
improvements for the treatment of advanced CRC.

Although there is a considerable literature showing robust activity of HSP90
inhibitors (both first- and second-generation) in preclinical models of CRC [160–
163], meaningful responses to HSP90 inhibitor monotherapy within the clinical
setting have proven far more modest. As a prime example, the most significant
demonstration of efficacy as part of the initial phase I evaluation of ganetespib in
solid malignancies involved a patient with metastatic CRC, who achieved a partial
response while on-therapy [20]. In a subsequent phase II trial in heavily treated
metastatic CRC patients (NCT01111838) no objective responses were observed,
although 2/15 evaluable patients achieved durable stable disease. In general terms,
this malignancy might not be expected to be highly responsive to targeted HSP90
therapeutic intervention since the proteins that show the highest frequency of
alteration as part of colorectal tumorigenesis, APC and KRAS, are themselves not
HSP90 clients. However, similar to what is observed following mutation of BRAF
in melanoma described above, the canonical MAPK kinase cascade is the primary
mitogenic pathway aberrantly stimulated by KRAS under pathological conditions
[164] and this signaling axis is particularly sensitive to HSP90 modulation. In
addition, mutations in BRAF have also been described in approximately 5–15 %
of cases of CRC [165]. An important lesson gleaned from integrating molecularly
targeted agents into existing therapies for CRC was that each of the biologics
displayed minimal clinical activity as single agents and their full benefit was only
realized when they were combined with standard treatment regimens [158]. It is
reasonable to suggest then that this profile may be similar for any future application
of selective HSP90 inhibitors in CRC.

For five decades, 5-Fluorouracil (5-FU) has played an indispensable role in
CRC treatment, both in the curative and palliative settings and constitutes the
backbone of the FOLFOX (5-FU/leucovorin (LV) plus oxaliplatin) and FOLFIRI
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(5-FU/LV plus irinotecan) combination therapies that represent the standard first
line cytotoxic regimens for metastatic CRC patients. Due to a short half-life and
variations in bioavailability, 5-FU requires intravenous infusion – consequently the
first oral prodrug formulation, capecitabine, has more recently received approval
for adjuvant monotherapy use [166]. A synergistic interaction between 5-FU and
NVP-AUY922 in vitro has been reported in bladder cancer cell lines; no correlative
translation into in vivo efficacy was shown in that study [167]. In preclinical CRC
models, ganetespib exerts robust antitumor and antiangiogenic activity, through
the simultaneous destabilization of multiple key growth and survival pathways,
perturbation of cell cycle regulation, and disruption of HIF-1’ and STAT3 signaling
[168, 169]. Perhaps most importantly, ganetespib co-treatment can significantly
improve the efficacy of fluoropyrimidine therapy in CRC xenografts [168]. Using
an inherently 5-FU-insensitive HCT116 xenograft model, capecitabine administered
on a clinically relevant dosing schedule suppressed tumor growth by over half.
Single-agent ganetespib treatment showed a similar, modest degree of tumor growth
inhibition, comparable to what has previously been reported for 17-DMAG [163].
However, a combination regimen resulted in over 50 % tumor regression [168]. This
represents the first demonstration of combinatorial benefit between a small molecule
HSP90 inhibitor and fluoropyrimidine therapy in CRC-derived tumors. Moreover,
these data provide a clear rationale for exploiting both the chemosensitizing activity
as well as the capacity to overcome intrinsic fluoropyrimidine resistance that was
conferred by the addition of a potent HSP90 inhibitor. In light of these consider-
ations, a phase I trial evaluating ganetespib in combination with capecitabine and
radiation in rectal cancer [NCT01554969] has been initiated.

15.10 Future Considerations

Since the initial clinical trials of the natural product-derived HSP90 inhibitors
commenced only a decade ago, enormous progress has been made in the discov-
ery and characterization of next-generation synthetic compounds with improved
pharmaceutical and tolerability profiles. As outlined in this chapter, continued
exploration of biologically informed drug combinations are likely to provide the
most direct route to efficacious use of these agents for cancer treatment in the near
term. Indeed, it is now possible to envision the eventual application of potent and
safe HSP90 inhibitors as adjuncts to both chemotherapy and molecular-targeted
strategies for a broad range of human malignancies. However a number of key
considerations remain as obstacles on the path to widespread clinical use. Perhaps
the most significant factor required for success involves the identification of specific
predictive biomarkers within cancer types to stratify those patients most likely to
receive benefit from therapeutic HSP90 blockade. In many ways, the pleiotropic
effects of HSP90 inhibition represent a double-edged sword – such a wide and
diverse range of clients represents an inherent therapeutic advantage, yet at the
same time has emerged as a challenge for predicting individual response. Implicit
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to this endeavor will be a more complete understanding of the relationships that
exist between HSP90 and its oncoprotein clients and predicting what makes a client
dependent on the chaperoning of HSP90. For example, it was recently discovered
that 30 % of the various EML4-ALK gene rearrangement structures observed
in NSCLC patients were insensitive to HSP90 blockade in preclinical studies
[170], a finding with clear translational relevance to the application of HSP90
inhibitors in tumors driven by these client proteins. Further, the tumor retention
characteristic of targeted HSP90 agents implies that predictive assays of drug
sensitivity and pharmacodynamic profiling are likely to require assessment of client
protein modulation within tumors themselves, since surrogate tissues are unlikely
to reflect true effects of these drugs. Taking into consideration both the multimodal
antitumor activity and rapid clearance of small molecule inhibitors from normal
tissues and the blood compartment, traditional serum pharmacokinetics may offer
only limited guidance for therapeutic dosing of these particular compounds [171]. A
number of alternative and non-invasive methods are in development to circumvent
this issue, including functional imaging using radiolabeled HSP90 inhibitors such
as 124I-PU-H71 [23].

In addition, tumor cells (even within the same cancer type) may display variable
degrees of intrinsic ‘resistance’ to HSP90 inhibitory compounds. Pharmacological
blockade of HSP90 elicits induction of the heat shock factor-1 (HSF1)-directed
heat shock response [172], providing a compensatory mechanism which may
mitigate sensitivity to targeted HSP90 inhibition. This cellular stress response is
characterized by up-regulation of the inducible molecular chaperone heat shock
protein 70 (HSP70). Indeed, elevated HSP70 expression is commonly used in the
clinical setting as a pharmacodynamic biomarker for HSP90 blockade [173, 174].
However, in line with its cytoprotective cellular roles, HSP70 possesses strong
antiapoptotic activity and experimental evidence has shown that silencing this
protein dramatically increases tumor cell sensitivity to selective HSP90 inhibitors
[175]. Similarly, knockdown of HSF1 increases tumor cell susceptibility to HSP90
inhibitor treatment [176]. Of interest, in addition to its master regulatory role in
orchestrating the heat shock response, HSF1 also drives specific transcriptional
programs that maintain the malignant phenotype [177, 178]. Hence, it has become
evident that concomitant suppression of the heat shock response represents a
potential method for optimizing the full therapeutic potential of HSP90 inhibitors
[179].

In an earlier study, Zaarur and colleagues screened a chemical library, in part
through evaluation of inducible HSP70 expression, and identified a group of
structurally similar benzylisoquinoline alkaloid compounds that could inhibit the
stress response and consequently sensitize tumor cells to the cytotoxic effects both
HSP90 and proteasome inhibitors [180]. Using a similar experimental approach,
we recently uncovered a clinically feasible strategy to overcome this limitation.
By performing an immunoassay screen of over 300 late-stage or approved drugs,
a number of relevant compounds were identified that effectively blocked HSP70 up-
regulation in response to ganetespib treatment [181]. This proof-of-concept study
found that targeted inhibitors of the PI3K/mTOR signaling axis could attenuate the
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HSF1-driven cellular heat shock response at both the genomic and proteomic levels
and, importantly, this finding was validated by the capacity of selective mTOR
or dual PI3K/mTOR agents to potentiate the antitumor efficacy of ganetespib in
multiple in vivo xenograft models [181]. Importantly, these observations provide
a molecular framework for novel combinatorial strategies that add PI3K/mTOR
inhibitors to exploratory HSP90 inhibitor-based treatment regimens. In this regard,
a number of selective mTOR inhibitor drugs are already approved for a variety
of solid malignancies and other investigational agents are undergoing late-stage
clinical evaluation [182, 183]. The results of two ongoing human trials evaluating
combinations of IPI-504 with everolimus in mutant KRAS-driven NSCLC and
NVP-AUY922 with the novel PI3K inhibitor BYL719 in metastatic gastric cancer
(NCT01427946 and NCT01613950, respectively) are therefore likely to be infor-
mative as to clinical applicability of this approach.

Finally, there is now unequivocal evidence to suggest that tumor-specific drug
metabolism may also serve as a primary determinant of ‘resistance’ to particular
chemical classes of HSP90 inhibitors. It has long been established that the effi-
cacy of the benzoquinone ansamycin inhibitors is related to levels of NAD(P)H
dehydrogenase quinone 1 (NQO1), an enzyme required to catalyze the reduction
of these compounds to a more active state [184]. For the newer chemical classes
of HSP90 inhibitors, however, the possible influence of metabolism underlying
diminished cellular activity has thus far received less attention. Of note, two recent
studies have uncovered differential sensitivities exhibited by tumor lines to the
resorcinol-based inhibitors NVP-AUY922 and ganetespib [185, 186]. Demonstrated
for both bladder and CRC-derived lines, cell fate following inhibitor exposure varied
according to the chemical class of inhibitor used. While retaining full sensitivity
to ansamycin inhibitors, a number of lines of each tumor type were found to be
largely resistant to ganetespib treatment or exposure to NVP-AUY922. Both of
these resorcinol-containing compounds are primarily metabolized by the UGT1A
family of UDP-glucuronosyltransferase enzymes [122, 185], the primary catalysts
of glucuronidation reactions in multiple human tissues [187]. Mechanistically, it
was determined that rapid metabolism (via glucuronidation) of ganetespib within
bladder cells expressing high basal levels of UGT1A enzyme expression was
sufficient to account for the lack of HSP90 inhibitory activity [185]. Moreover,
targeted knockdown of UGT1A in high-expressing bladder and colorectal lines
could sensitize previously resistant cells to HSP90 blockade by ganetespib. This
correlation between UGT1A expression and resorcinol-inhibitor resistance suggests
that UGT1A detection in tumor biopsy specimens might ultimately allow the
development of a specific biomarker with direct translational relevance for the
clinical evaluation HSP90-based strategies for this chemical class of inhibitor.
Equally, this consideration is likely to be important for the informed application
of resorcinol HSP90 drugs for the treatment of neoplasms that arise from tissues
known to express the greatest abundance and array of UGT enzymes, including
the gastrointestinal (liver, stomach, small intestine, colon) and urinary (kidneys,
bladder) tracts [188].
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15.11 Conclusion

By exploiting unique characteristics of HSP90 biology and pharmacology, con-
siderable progress has been made in the development of selective inhibitors of
this chaperone for cancer therapy. Indeed, lessons gleaned from characterization
of both first- and second-generation classes of targeted HSP90 compounds have
now validated inhibitor-based intervention as a promising therapeutic strategy for a
wide variety of human malignancies. The clinical experience has identified potential
frameworks for realizing the translational potential of this group of anticancer
agents, particularly as chemotherapeutic or molecularly targeted agent sensitiz-
ers with substantial capacity to promote superior antitumor efficacy, overcome
resistance mechanisms, and reduce treatment-related toxicities. Small molecule
modulators of HSP90 thus stand at a critical stage of development and, while a
number of challenges remain to be overcome, this collection of antineoplastic agents
appears poised to achieve their full therapeutic promise in the application of novel
cancer management strategies.
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