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“The goal of such ‘network-oriented” drug
discovery is to develop anfagonists against
so-called cancer ‘nodal’ proteins, molecules that
infegrate multiple signaling subnetworks, with the
hope of simultaneously disabling more than one

mechanism of disease maintenance.”
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Despite the controversies on how best to detect
prostate cancer early, the survival rates of these
patients have significantly improved over the last
several years, and numerous options are available
to manage early-stage disease. Unfortunately,
what has changed little over the decades is the out-
look of advanced prostate cancer, a disease stage
characterized by resistance to androgen castration
and tumor cell dissemination to distant organs,
especially the bone. The therapeutic options for
these patients are few and far between, systemic
chemotherapy has limited efficacy, and the clini-
cal outcome is invariably dismal, often with death
from disease within 24 months from the onset
of castration resistance [1]. The management of
these patients remains a formidable challenge in
the clinic, and constitutes an area in urgent need
of fresh therapeutic approaches.

“...cl‘rhough feasible, in general,
Hsp90-based therapy proved to be
disappointing in the clinic ... often at a
cost of severe toxicity.”

In this context, disparate agents targeting growth
factor receptors, angiogenesis, the ‘tumor micro-
environment, anti-apoptotic mechanisms and cell
adhesion, as well as enhancing antitumoral immu-
nity, are being explored in patients with advanced
prostate cancer (reviewed in [2]). Conversely, the
extraordinary molecular and genetic complexity
of advanced-stage disease suggests that targeting
a single oncogenic pathway may not be sufficient
to achieve durable remissions in these patients.
Accordingly, novel drug discovery efforts have
begun to exploit systems biology tools, and model
cancer pathways as globally interconnected ‘net-
works’ 3]. The goal of such ‘network-oriented’
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drug discovery is to develop antagonists against so-
called cancer ‘nodal’ proteins, molecules that inte-
grate multiple signaling subnetworks, hoping to
simultaneously disable more than one mechanism
of disease maintenance [4].

The molecular chaperone heat-shock pro-
tein-90 (Hsp90) is a well-known cancer nodal
protein, orchestrating protein-folding quality
control in multiple signaling pathways of cell pro-
liferation, survival and adaptation (s]. These func-
tions require the sequential AT Pase cycles of the
chaperone, and are dramatically exploited in can-
cer, where Hsp90 activity is potentially required
to maintain the malignant phenotype [6]. Owing
to its nodal properties, Hsp90 has been vigorously
pursued as a target for network-oriented drug dis-
covery [7], and several small molecule antagonists
of its ATPase pocket are currently in advanced
preclinical development or clinical evaluation.
However, although feasible, in general, Hsp90-
based therapy proved to be disappointing in the
clinic, certainly inferior to the expectation of
global ‘network inhibition’, and achieving only
modest patient responses, often at a cost of severe
toxicity [8]. Clearly, significant gaps still exist in
our understanding of Hsp90 that hamper its full
exploitation for novel cancer therapeutics.

Recent data from our group may have helped
bridge this gap, shedding new light onto a novel
facet of Hsp90 biology in tumors; of potential
importance in designing effective chaperone-
based therapeutics. We found that Hsp90 and
its related ATPase-directed chaperone, TNF
receptor-associated protein-1 (TRAP-1), exist in
anovel subcellular pool compartmentalized in the
mitochondria of tumor cells, but not in most nor-
mal tissues 772 vivo [9]. In prostate cancer, TRAP-1
turned out to be a sensitive and easily accessible
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biomarker of disease progression, abundantly
expressed in prostatic intraepithelial neoplasia,
all Gleason grades of cancer, and metastatic dis-
ease to lymph nodes and bones, but was unde-
tectable in normal prostatic epithelium or benign
prostatic hyperplasia [10]. A similar paradigm was
validated in genetic disease models in rodents,
where TRAP-1 was abundantly found in prostatic
lesions formed in transgenic adenocarcinoma of
the mouse prostate (TRAMP) or Prer?*” mice [10],
expressing the SV40 oncogene, or lacking the
PTEN tumor suppressor in the prostate, respec-
tively. The basis for the differential expression of
mitochondrial Hsp90 chaperones in tumor versus
normal tissues is not yet known. However, signal-
ing pathways associated with cellular transforma-
tion may contribute to this response, as expression
of an activated Ras oncogene in normal fibroblasts
is sufficient to increase TRAP-1 levels in these
cells, compared with nontransformed cultures [9].

Once in mitochondria, Hsp90 chaperones
physically associate with the mitochondrial matrix
immunophilin, cyclophilin D (CypD) [9]. This
molecule is an integral component of the ‘mito-
chondrial permeability transition pore’, a multi-
protein complex that controls organelle integrity
and that, in response to cell death or stress stimuli,
promotes a sudden increase in organelle conduc-
tance to solutes, that is, permeability transition
pore opening [11]. In turn, this triggers a cascade
of events characterized by dissipation of the mito-
chondrial inner membrane potential, swelling of
the matrix, remodeling of the cristae and rupture
of the outer membrane, driving the release of
pro-apoptotic cytochrome ¢ in the cytosol and
the initiation of caspase-dependent apoptosis [11].
Data obtained from our laboratory have shown
that mitochondrial Hsp90 chaperones vigorously
oppose this process through a protein-folding-
dependent mechanism, block CypD-dependent
initiation of mitochondrial permeability transition
and preserve organelle integrity against cell death
stimuli [9]. In a teleological context, this global
cytoprotective pathway appears ideally suited to
maintain mitochondrial homeostasis in the face
of the disparate stress conditions that invariably
accompany tumor growth iz vive. Accordingly,
forced expression of TRAP-1 in prostatic epithelial
cells was sufficient to prevent caspase activation
and block mitochondrial cell death in response to
apoptotic stimuli, including taxanes, which are
used as mainstay chemotherapy in patients with
advanced disease [10].

Owing to their differential expression in trans-
formed prostate as opposed to normal epithe-
lium [10], and their role in a fundamental pathway
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of tumor cell survival [9], mitochondrial Hsp90
chaperones may provide an almost ideal therapeu-
tic target in advanced prostate cancer. However,
disabling this pathway for drug discovery proved
challenging, as none of the small-molecule Hsp90
antagonists currently in the clinic has the abil-
ity to penetrate mitochondria [9,12]. To overcome
these barriers, we recently synthesized GA mito-
chondrial matrix inhibitors (Gamitrinibs), the
first class of subcellularly targeted Hsp90 AT Pase
antagonists designed to specifically inhibit the
mitochondrial pool of the chaperone [12]. The
structure of Gamitrinibs is combinatorial and
comprises an ATPase-inhibitory module derived
from 17-allylamino-demethoxygeldanamycin
(17-AAG), a standard Hsp90 antagonist, fused
to a mitochondriotropic moiety that directs
it specifically to mitochondria. When tested
against androgen receptor-negative prostate can-
cer cells, Gamitrinibs produced rapid and com-
plete tumor cell killing [10], whereas 17-AAG was
without effect. Mechanistically, the anticancer
activity of Gamitrinibs reflects a sudden and
irreversible collapse of mitochondrial integrity,
mediated by CypD-dependent opening of a
permeability transition pore [12). Confirming
their selective ‘mitochondriotropic’ design,
Gamitrinib had no effect on Hsp90 homeostasis
outside of mitochondria [12]. Importantly, nor-
mal prostatic epithelial cells were also insensitive
to Gamitrinibs, and only forced expression of
TRAP-1 in these cells made them susceptible to
Gamitrinib-mediated killing [10].

“I\/IechonisTicolly, the anficancer
activity of Gamitrinibs reflects a sudden
and irreversible collapse of
mitochondrial in’regri’ry...”

Altogether, these results open intriguing possi-
bilities for novel cancer drug-discovery platforms,
especially when it comes to currently intractable
tumors, such as advanced and metastatic pros-
tate cancer. Although a broader approach of
network-oriented drug discovery is probably
best suited to conquer these highly heteroge-
neous malignancies [4], it is clear from the data
mentioned above that the development of such
network inhibitors must take into consideration
the spatial subcellular compartmentalization of
the target. Signaling networks are not arranged
randomly in cells, especially in deranged tumor
cell types, but rather orchestrated in specialized
and semi-autonomous subcellular compartments,
ideally suited to impart additional functionality
and adaptability for tumor growth. In the case of
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Hsp90, this subcellular segregation in mitochon-
dria has critical implications for tumor cell sur-
vival and, potentially, for the regulation of sensi-
tivity to Hsp90-based therapeutics [9]. Whether
the inability of nonsubcellularly targeted Hsp90
antagonists to penetrate mitochondria may
explain, at least in part, their modest activity in
the clinic, is currently unknown [8]. However,
it is intriguing that Gamitrinibs possess a much
broader spectrum of anticancer activity than their
nonsubcellularly targeted counterparts, indistin-
guishably killing ‘sensitive’ or ‘resistant’ tumor
cell types regardless of genetic makeup, loss of
tumor suppressors or expression of survival path-
ways that often drive treatment failure [12]. With
respect to advanced prostate cancer, Gamitrinibs
may prove useful against metastatic disease, given
the abundance of mitochondrial Hsp90s in dis-
seminated lesions, including bones [10]. Despite
the universal role of mitochondria in cellular
homeostasis, ‘mitochondriotoxic’ cancer therapy
with Gamitrinibs was surprisingly well tolerated,
at least in preclinical models, with no evidence
of systemic or organ toxicities [12]. Such a desir-
able therapeutic window may reflect not only the
sharp differential expression of the targets, that
is, mitochondrial Hsp90s, in tumors compared
with normal cells (9], but also the approximately
100-fold higher affinity with which Hsp90 in
tumors binds small-molecule AT Pase inhibitors,
including Gamitrinibs, as opposed to normal
tissues [13].

Clearly, several questions remain to be answered
to further credential mitochondrial Hsp90s
and their subcellularly targeted inhibitors for a
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novel paradigm of ‘compartmentalized network-

oriented drug discovery’. For instance, we do

not know whether mechanisms of resistance will

eventually limit the efficacy of Gamitrinibs or that

of other comparable subcellularly targeted Hsp90

inhibitors, 72 vive. So far, no tumor cell types resis-
tant to Gamitrinibs have been found, but the pos-
sibility still exists and must be thoroughly inves-

tigated in future studies. We also do not know

whether Gamitrinibs will have adequate drug-

like properties to support their clinical develop-

ment for testing in humans. Finally, although

promising in preclinical studies, the potential

for unforeseen toxicities with these agents, espe-

cially after prolonged treatment, remains to be

carefully evaluated. For now, available evidence

points to mitochondrial Hsp90 chaperones as

novel and potentially attractive therapeutic tar-

gets in advanced prostate cancer [10], and identi-

fies their subcellularly directed antagonists, that

is, Gamitrinibs [12], as a conceptually novel class

of anticancer agents, worthy of further preclinical

and clinical investigation.
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