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Abstract
Purpose—To characterize the preclinical activity of the first class of combinatorial, mitochondria-
targeted, small molecule Hsp90 inhibitors, Gamitrinibs, in models of hormone-refractory, drug-
resistant and localized and bone metastatic prostate cancer, in vivo.

Experimental design—Mitochondrial permeability transition, apoptosis and changes in
metabolic activity were examined by time-lapse videomicroscopy, multiparametric flow cytometry,
MTT and analysis of isolated mitochondria. Drug-resistant prostate cancer cells were generated by
chronic exposure of hormone-refractory PC3 cells to the Hsp90 inhibitor, 17-
allylaminogeldanamycin (17-AAG). The effect of Gamitrinibs on subcutaneous or intratibial prostate
cancer growth was studied in xenograft models. Bone metastatic tumor growth and bone parameters
were quantified by µCT imaging.

Results—In the NCI 60-cell line screening, Gamitrinibs were active against all tumor cell types
tested, and efficiently killed metastatic, hormone-refractory and multidrug-resistant prostate cancer
cells characterized by over-expression of the ATP Binding Cassette (ABC) transporter, P-
glycoprotein. Mechanistically, Gamitrinibs, but not 17-AAG, induced acute mitochondrial
dysfunction in prostate cancer cells with loss of organelle membrane potential, release of cytochrome
c, and caspase activity, independently of pro-apoptotic Bcl-2 proteins, Bax and Bak. Systemic
administration of Gamitrinibs to mice was well tolerated, and inhibited subcutaneous or bone
metastatic prostate cancer growth, in vivo.

Conclusions—Gamitrinibs have preclinical activity and favorable safety in models of drug-
resistant and bone metastatic prostate cancer, in vivo.
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INTRODUCTION
Despite advances in the treatment of early phase prostate cancer (1), the management of
advanced, castration-resistant and bone metastatic disease remains challenging (2), with high
morbidity, poor quality of life, and over 30,000 deaths from disease in the US alone. There are
few therapeutic options for these patients, as mainstay cytotoxic and radiation are only partially
effective, and emerging molecular therapies have yet to show meaningful prolongation of
survival (3).

Among the molecular changes that characterize advanced prostate cancer (4) is an intrinsic
resistance to apoptosis (5), especially mitochondrial cell death (6). This process involves a
cascade of molecular changes, including loss of organelle transmembrane potential, swelling
of the matrix, and rupture of the outer membrane, culminating with the discharge of
apoptogenic proteins, most notably cytochrome c, in the cytosol (7). Regulators of such
“mitochondrial permeability transition” (8), for instance, anti-apoptotic Bcl-2 proteins
controlling outer membrane integrity (9), have been intensely pursued for novel molecular
therapeutics of advanced prostate cancer. However, the suitability of other, “mitochondrial-
intrinsic” cytoprotective mechanisms as novel therapeutic targets in prostate cancer is only
recently beginning to emerge (10).

Potential candidates for this pathway (10) are the molecular chaperones of the Heat Shock
Protein (Hsp) family (11), including Hsp90 and its related chaperone, TNF Receptor-
Associated Protein-1 (TRAP-1). Abundantly expressed in mitochondria of tumor cells (12),
including all Gleason grade localized and metastatic prostate cancer, but not normal prostatic
epithelium, in vivo (13), Hsp90 chaperones associate with Cyclophilin D (CypD) (12), a
component of the organelle permeability transition pore (7), and antagonize its function,
preserving mitochondrial integrity and shutting off the initiation of cell death (12).

In this context, Hsp90 has long been recognized as an attractive “nodal” target for cancer
therapy, intersecting multiple, downstream pathways of cell proliferation, survival and
adaptation required for tumor progression. However, despite the promise of simultaneous
multiple pathway inhibition in tumors, Hsp90-based therapy (14) has shown so far modest
activity in the clinic, often compromised by significant toxicity. Intriguingly, none of the
structurally diverse small molecule Hsp90 antagonists in (pre)clinical development (15)
accumulates in mitochondria, raising the possibility that inhibition of this compartmentalized
pool of the chaperone may be required for optimal Hsp90-directed therapy (16).

In this study, we tested the preclinical activity of Gamitrinibs (GA mitochondrial matrix
inhibitors), the first class of combinatorial, mitochondria-targeted Hsp90 inhibitors (16) in
models of advanced prostate cancer. Compared to non-subcellularly targeted Hsp90 inhibition,
Gamitrinibs act as direct “mitochondriotoxic” agents in prostate cancer, triggering irreversible
organelle dysfunction, tumor cell death and inhibition of superficial and bone localized prostate
cancer growth, in vivo.

MATERIALS AND METHODS
Cell culture and antibodies

Metastatic prostate cancer PC3 and normal prostatic epithelial BPH-1 cells were obtained from
the American Type Culture Collection (ATCC, Manassas, VA), and maintained in culture
according to the manufacturer’s instructions. Androgen-independent and metastatic prostate
cancer C4-2B cells were described previously (17). To develop drug resistance, PC3 cells were
cultivated in complete growth medium containing 17-AAG (up to 5 µM) for 4–6 mo. The
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surviving cell type, designated PC3-GA, was selected for additional studies. The following
antibodies to Hsp90 (BD Biosciences), Hsp27 (Cell Signaling), TRAP-1 (BD Biosciences),
Hsp60 (BD Biosciences), cytochrome c (Clontech), COX-IV (Clontech), β-actin (Sigma-
Aldrich), Bax (CST Inc., Danvers, MA), Bak (CST), c-Src (Santa Cruz), Tyr416-
phosphorylated Src (p-Src) (Biosource International), and Akt (Cell Signaling), were used.

Chemicals
The complete chemical synthesis, HPLC profile, and mass spectrometry of mitochondria-
targeted small molecule Hsp90 antagonists, Gamitrinibs (GA mitochondrial matrix inhibitors),
have been reported previously (16). The structure of Gamitrinibs is combinatorial and contains
the Hsp90 ATPase inhibitory structure of 17-AAG (LC-Laboratories, Woburn, MA) linked to
1 to 4 repeats of guanidinium (Gamitrinib-G1–G4, G-G1–G4), or triphenylphosphonium
(Gamitrinib-TPP, G-TPP), used as structurally different mitochondriotropic moieties (16).

Mitochondrial isolation
Mitochondrial extracts were isolated from PC3 or BPH-1 cells using a Mitochondria Isolation
kit for cultured cells (PIERCE), as described (12). Briefly, cultured cells were washed in TD
buffer (135 mM NaCl, 5 mM KCl, 25 mM Tris, pH 7.6), and cell pellets in CaRSB buffer (10
mM NaCl, 1.5 mM CaCl2, 10 mM Tris, pH 7.5 plus protease inhibitors) were homogenized in
a Dounce grinder and immediately mixed with MS buffer, and processed as described (18).
Crude mitochondrial fractions were collected by centrifugation at 6,000 g for 10 min, and
suspended in MS buffer containing 210 mM mannitol, 70 mM sucrose, 5 mM Tris, pH 7.6, 5
mM EDTA, and protease inhibitors. Samples were incubated with increasing concentrations
of G-TPP (0.8–20 µM) or 17-AAG (4–20 µM) for 30 min and analyzed for changes in
cytochrome c content in pellets or supernatants, by Western blotting. Protein concentrations
were determined with a Protein Assay reagent (BioRad) using BSA (Sigma-Aldrich) as
standard.

Mitochondrial membrane potential
Mitochondria isolated from PC3 cells (100 µg) were suspended in SB buffer and incubated
with 0.1 µM tetramethylrhodamine methyl ester (TMRM), treated with G-TPP (0.4 µM), G-
G4 (0.4 µM), or 17-AAG (1.5 µM), in the presence or absence of the CypD inhibitor,
cyclosporine A (CsA, 5 µM), and analyzed continuously for changes in fluorescence intensity
at 549 nm excitation and 575 nm emission (Photon Technology International, Inc), as described
(12). TMRM-loaded mitochondria in SB buffer were allowed to reach stable fluorescence,
which was set as fully polarized state. The fluorescence intensity after treatment with 2 mM
CaCl2 was set as minimum membrane potential (fully depolarized state). Changes in
fluorescence intensity were plotted as a ratio between maximum and minimum membrane
potential.

In some experiments, PC3 cells (105) were plated on optical-grade 35 mm glass bottom tissue
culture dishes and labeled with MitoTracker green (200 nM) for 16 h at 37°C. After washes,
cells were incubated with fresh media in the presence of 100 nM TMRM (red fluorescence)
for 30 min, and then with 40 nM TMRM. After treatment with G-TPP (30 µM), individual
cells (average, 6–10 cells per field) were imaged continuously on a Nikon TE2000-E2 with a
Perfect Focus System inverted microscope using a CSU10B Spinning Disk Confocal System.
Images were acquired every 5 min by time lapse videomicroscopy on a Rolera Mgi EMCCD
camera in an environmental chamber (20/20 Technology) using a 60× objective, and quantified
for real-time kinetics of changes in mitochondrial membrane potential.
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Transfections
PC3 cells were simultaneously transfected with Bax- and Bak-directed SMARTPool small
interfering RNA (siRNA) (Dharmacon cat. n. L-003308-01-0005, L-003305-00-0005) using
Oligofectamine 2000, and characterized for protein knockdown by Western blotting.

Analysis of cell death
Changes in metabolic activity of prostate cancer cells treated with Gamitrinibs or 17-AAG
were determined by MTT, as described (12). For analysis of apoptosis, treated cells were
analyzed for DEVDase (caspase) activity and plasma membrane integrity (propidium iodide,
PI) using CaspaTag (Intergen, Burlington, MA), by multiparametric flow cytometry (12).

Superficial prostate cancer xenograft model
All experiments involving animals were approved by an Institutional Animal Care and Use
Committee at the University of Massachusetts Medical School. For superficial prostate cancer
xenografts, PC3 cells (5×106) were suspended in sterile PBS (200 µl) and injected
subcutaneously into both flanks of 10 week-old CB17 SCID/beige (Taconic Farms)
immunocompromised mice. When superficial tumors reached volumes of 100–150 mm3,
animals were randomized in four groups (2 tumors/mouse, 3 animals/group), and treated with
vehicle (DMSO), G-TPP (10 mg/kg in 20% Cremophor EL) or 17-AAG (10 or 50 mg/kg in
20% Cremophor EL) by intraperitoneal (i.p.) injection. Tumor measurements were taken daily
with a caliper, and tumor volume was calculated as described (16). Mice in the various
treatment groups were weighed at the beginning and the end of each experiment.

Orthotopic bone metastatic prostate cancer model
PC3 cells (1×105) were injected in the medullar cavity of tibiae of immunocompromised CB17
SCID/beige mice according to published protocols (19). After 1 wk, animals (4/group) were
started on vehicle (DMSO) or G-TPP (10 mg/kg) as daily i.p. injections for two additional wk.
At the end of the experiment, mice in the various groups were sacrificed and their tibias were
harvested, fixed in 4% paraformaldehyde for 4 d at 4°C, rinsed in PBS, pH 7.4, at −20°C, and
bones were dehydrated in 50%–70% ethanol. Osteolysis in the various groups was first
monitored by x-ray using a Faxitron soft X-ray machine, and quantified by micro-computed
tomography (µCT).

µCT imaging
These experiments were carried out by the Musculoskeletal Center Imaging Core, University
of Massachusetts Medical School using a Scanco Medical μCT 40 System (Bruttisellen,
Switzerland). Scanning was carried out at 15 µm resolution in all three spatial dimensions (15
×15 × 15 voxels) using a threshold range of 220–1000 to image mature bone. Morphometric
properties were determined by analyzing the reconstructed slices for the region of bone from
the growth plate to the fibular junction focusing on the region of tumor growth. Quantification
of bone parameters, including bone volume, mean density and total volume was carried out by
reformatting the µCT images of tibiae to the sagittal plane, and using a modified rectangle that
contours the growth plate to the end of the hole area, excluding the subchondral bone. This
same bone area was applied to the contralateral tibia for each mouse to obtain a percent of bone
volume remaining in the tumor-bearing tibia compared to the normal limb. Axial sections
reformatted to sagittal slices were used for calculations of bone volume (BV)/total bone (TB)
of the area, and bone mineral density (BMD). BMD calculated values represent hydroxyapatite
content per cm3.
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Histology
CB17/SCID mice carrying superficial PC3 xenograft tumors in the various groups were
sacrificed, and organs, including brain, colon, heart, kidney, liver, lung, pancreas, small
intestine, spleen, and stomach were collected, fixed in formalin and embedded in paraffin.
Sections (5 µm) were put on high-adhesive slides, stained with hematoxylin and eosin (H&E)
and analyzed histologically by light microscopy.

Statistical analysis
Data were analyzed using the unpaired t-test on a GraphPad software package (Prism 4.0) for
Windows. All statistical tests were two sided. A p-value of 0.05 was considered to be
statistically significant.

RESULTS
Activity of Gamitrinibs against prostate cancer cells

We began this study by testing the anticancer activity of mitochondria-targeted small molecule
Hsp90 inhibitors, Gamitrinibs (16), in the NCI-60 cell line panel
(http://dtp.nci.nih.gov/screening.html). In these experiments, increasing concentrations of
Gamitrinib-G4 (G-G4) or Gamitrinib-TPP (G-TPP), which differ in the structure of their
mitochondriotropic moiety (16), significantly inhibited tumor cell growth (Fig. 1A). Both
compounds exhibited activity against all tumor types tested (Fig. 1A) with GI50 (concentrations
that produced 50% inhibition of tumor growth) ranging between 4.62×10−7–9.54×10−6 M for
G-G4 and 1.6×10−7–4.76×10−5 M for G-TPP. In this screening, both Gamitrinibs showed the
highest GI50 activity against cell lines representative of colon cancer (G-G4, 7.68×10−7–
2.81×10−6 M; G-TPP, 3.59×10−7–2.91×10−5 M), breast cancer (G-G4, 4.62×10−7–
2.64×10−6 M; G-TPP, 1.6×10−7–3.38×10−6 M), and melanoma (G-G4, 4.89×10−7–
3.22×10−6 M; G-TPP, 3.61×10−7–2.79×10−6 M) (Fig. 1A). Representative prostate cancer cells
in this panel, PC3 and DU145 were also sensitive to Gamitrinibs, with GI50 concentrations of
1.31×10−6–3.15×10−6 M for G-G4 and 1.72×10−6–2.12×10−6 M for G-TPP.

Consistent with these findings, treatment with Gamitrinibs induced concentration-dependent
loss of metabolic activity of androgen-independent and metastatic PC3 or C4-2B prostate
cancer cells, by MTT (Fig. 1B). At the earliest time point tested (6 h), G-G2, G-G3 or G-G4
comparably inhibited metabolic activity of PC3 cells, whereas C4-2B cells were more sensitive
to G-G-4 and G-TPP, compared to other Gamitrinibs (Fig. 1B, left). After a more prolonged,
24-h exposure, all Gamitrinib variants except G-G1 efficiently killed PC3 cells, while G-G1,
G-G2 or G-G3 had intermediate activity against C4-2B cells (Fig. 1B, right). In contrast,
comparable concentrations of 17-AAG had no effect on prostate cancer cell viability after 6 h,
and only partial (25–50%) activity after a 24-h treatment (Fig. 1B). Consistent with genuine
induction of apoptosis, treatment of PC3 cells with G-TPP for 24 h resulted in increased caspase
activity and loss of plasma membrane integrity, by multiparametric flow cytometry, whereas
17-AAG had no effect within the same time interval (Fig. 1C). Mechanistically, PC3 cells
treated with 17-AAG exhibited delayed, i.e. 24 h, reduced expression of cytosolic Akt, a known
Hsp90 client protein (Fig. 1D), in agreement with previous data (14). In contrast, G-TPP
treatment did not affect Akt levels in PC3 cells at any time point tested, consistent with the
mitochondria-specific mechanism of action of these agents (Fig. 1D).

Acute mitochondrial permeability transition induced by Gamitrinibs in prostate cancer cells
Treatment of TMRM- and MitoTracker-labeled PC3 cells with G-TPP resulted in rapid and
complete loss of mitochondrial membrane potential, by single-cell imaging and time-lapse
videomicroscopy (Fig. 2A). Similarly, G-G4 or G-TPP induced immediate depolarization of
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TMRM-labeled mitochondria isolated from PC3 cells (Fig. 2B). Pharmacologic inhibition of
CypD peptidyl, prolyl cis,trans isomerase activity with CsA reversed mitochondrial
depolarization induced by Gamitrinibs, whereas 17-AAG had no effect on mitochondrial
membrane potential with or without CsA (Fig. 2B). In addition, G-TPP treatment of PC3-
derived isolated mitochondria resulted in concentration-dependent release of cytochrome c in
the supernatant (Fig. 2C). Consistent with a tumor-selective mechanism of action (16), G-TPP
did not significantly affect cytochrome c content in mitochondria isolated from normal prostatic
BPH-1 epithelial cells (Fig. 2C). In contrast, 17-AAG did not induce cytochrome c release
from mitochondria of normal or tumor cell types (Fig. 2C).

To determine whether mitochondrial dysfunction induced by Gamitrinibs depended on Bcl-2
family members, we next simultaneously knocked down pro-apoptotic Bax and Bak molecules,
which control outer membrane permeability (9). PC3 cells doubly transfected with Bax- and
Bak-directed siRNA exhibited efficient knockdown of the intended target proteins, whereas a
control, non-targeting siRNA was ineffective, by Western blotting (Fig. 2D). Under these
conditions, treatment with G-TPP indistinguishably induced cytochrome c release (Fig. 2D)
and loss of metabolic activity (Fig. 2E) in control transfectants or Bax/Bak knockdown PC3
cells.

Anticancer activity of Gamitrinibs in drug-resistant prostate cancer cells
Long-term culture of PC3 cells in the presence of 17-AAG induced resistance to 17-AAG-
inhibition of metabolic activity, by MTT (Fig. 3A). These cells, designated PC3-GA, were also
cross-resistant to taxol-induced cell death, as compared with parental, unselected PC3 cells
(Fig. 3A). Resistant PC3-GA cells exhibited increased mRNA expression of the ABC
transporter P-glycoprotein (P-gp), as compared with parental PC3 cells, whereas the levels of
other membrane transporters implicated in drug efflux and resistance mechanisms, including
ABCG2 and MRP1, were not affected (Fig. 3B). Similarly, the expression of cytoprotective
chaperones, Hsp90, Hsp60, TRAP-1 or Hsp27, was unchanged in parental or PC3-GA cells,
in the presence or absence of 17-AAG (Fig. 3C). Consistent with these observations,
preincubation of PC3-GA cells with the pharmacologic inhibitor of P-gp, verapamil, partially
restored their sensitivity to 17-AAG- or taxol-mediated anticancer activity (Fig. 3A). Under
these conditions, G-G4 indistinguishably killed PC3 or PC3-GA cells, regardless of the
presence of verapamil (Fig. 3D). Conversely, PC3-GA were resistant to G-TPP-dependent cell
killing, in a response partially reversed by addition of verapamil (Fig. 3D).

Preclinical activity of Gamitrinibs in localized and bone metastatic prostate cancer
Systemic treatment of SCID/beige mice carrying established (~100–150 mm3) s.c. PC3
xenograft tumors with vehicle or 17-AAG had no effect on exponential tumor growth, in
vivo (Fig. 4A). In contrast, comparable concentrations of G-TPP (10 mg/kg as daily i.p.
injections) completely inhibited PC3 tumor growth, in vivo (Fig. 4A). In concentration-
dependent experiments, a dose of 17-AAG 5-fold higher than Gamitrinib (50 mg/kg as daily
i.p. injections) was required to comparably inhibit PC3 tumor growth in mice (Fig. 4A).
Animals in the various groups did not exhibit significant weight changes between the beginning
and end of the various treatments (Fig. 4B). In addition, organs collected from vehicle- or G-
TPP-treated animals were histologically unremarkable, with no appreciable difference in
cellular morphology or tissue architecture (Fig. 4C).

Injection of PC3 cells in the tibiae of immunocompromised SCID/beige mice gave rise to
extensive osteolytic lesions and bone loss over a 2-wk interval (Fig. 5A). Systemic
administration of G-TPP to these animals significantly reduced bone loss within the same time
interval, whereas vehicle (DMSO) was ineffective, by µCT analysis of isolated limbs (Fig.
5A). Quantification of µCT data under these conditions confirmed the extensive bone loss
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associated with intratibial prostate cancer growth in DMSO-treated mice (Fig. 5B, top,
middle), with significant reduction in total bone content in tibial tumor limb, compared to
contralateral tibia (Fig. 5B, bottom). In all µCT analyses, G-TPP treated animals exhibited
significant preservation of bone volume in tibial tumors compared to total bone volume (Fig.
5B, top, middle), or contralateral tibia (Fig. 5B, bottom).

Finally, treatment of PC3 cells with 17-AAG resulted in transient phosphorylation of the cell
motility kinase, Src (Fig. 5C), which has been implicated in paradoxical enhanced metastatic
dissemination during Hsp90-based therapy, in vivo (20). In contrast, PC3 cells treated with G-
TPP showed no modulation of Src phosphorylation throughout a 24-h time interval (Fig. 5C),
confirming the different mechanism of action of these agents, compared to 17-AAG. Total Src
protein content was unchanged in G-TPP- or 17-AAG-treated cells (Fig. 5C)

DISCUSSION
In this study, we have shown that mitochondria-targeted Hsp90 inhibitors, Gamitrinibs (16)
exert anticancer activity in models of drug-resistant, localized and bone metastatic prostate
cancer, in vivo. Mechanistically, this pathway involves CypD-dependent mitochondrial
permeability transition induced by Gamitrinibs, with sudden loss of organelle transmembrane
potential, release of cytochrome c in the cytosol, and caspase-dependent apoptosis. Systemic
administration of Gamitrinibs to mice was well tolerated, and devoid of significant systemic
or organ toxicity, in vivo. Compared to non-subcellularly directed Hsp90 therapy, i.e. 17-AAG,
Gamitrinibs do not affect chaperone client protein stability in the cytosol, or Src
phosphorylation, and exhibit at least a five-fold greater potency for inhibition of xenograft
tumor growth, in vivo.

One of the invariable features of advanced and metastatic prostate cancer is an elevated anti-
apoptotic threshold, which contributes to disease progression (21). Although much work has
focused on the role of Bcl-2 (9) or Inhibitor of Apoptosis (IAP) (22) proteins in this process,
recent data have suggested the existence of “mitochondrial-intrinsic” cytoprotective
mechanisms, including the recruitment of Hsp90 chaperones to the organelle matrix, and their
ability to antagonize CypD-dependent permeability transition (12). As selective inhibitors of
this pathway, Gamitrinibs displayed here anticancer activity across the spectrum of the NCI
60-cell line panel, suggesting that cytoprotection by mitochondrial Hsp90s (12) is broadly
exploited in genetically heterogeneous tumor types. Consistent with this model, Gamitrinibs
functioned as direct “mitochondriotoxic” agents, inducing acute organelle dysfunction in
prostate cancer cells (13). Importantly, this response was independent of pro-apoptotic Bcl-2
family proteins, Bax and Bak, which are considered essential ‘gatekeepers’ for many
mitochondrial cell death stimuli (23), and regulate apoptotic responses to chemopreventive
(24) or therapeutic (25) agents in prostate cancer. Mechanistically, the independence of
Gamitrinib-mediated cell killing from pro-apoptotic Bcl-2 proteins may reflect their direct
activation of CypD-dependent mitochondrial permeability transition, which may ultimately
result in swelling of the matrix and rupture of the organelle outer membrane.

The molecular underpinnings of how Hsp90 chaperones control a CypD (12)-regulated
permeability transition pore (7) remains to be fully elucidated. Drawing from other
experimental models, this pathway has been implicated in inhibition of oxidative stress-
induced apoptosis (26,27), potentially via activating phosphorylation by the mitochondrial
kinase, PINK1 (28). This is in keeping with an essential role of CypD in oxidative stress-
induced mitochondrial dysfunction (29,30), suggesting that cytoprotection by mitochondrial
Hsp90s may be ideally suited to enhance tumor adaptability to unfavorable microenvironments
(31), rich in reactive oxygen species (32), for instance metastatic sites, in vivo (33).
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In this context, systemic administration of Gamitrinibs prevented bone destruction and
preserved bone volume in an orthotopic model of intraosseous prostate cancer growth (19).
Bone metastatic prostate cancer is a life-threatening hallmark of advanced disease (34), and is
mechanistically contributed by a complex interplay between tumor cells, osteoblasts and
osteoclasts, multiple mediators of the tumor microenvironment, including low pH, hypoxia,
high Ca2+ concentrations (35), and growth factor signaling (36). The management of bone
metastatic prostate cancer is largely palliative (33), and the utility of Hsp90-based therapy in
these settings is controversial, as 17-AAG paradoxically exacerbated metastatic dissemination,
in vivo (37), potentially via transient Src activation (20). In contrast, Gamitrinib had no effect
on Src activation, reinforcing its distinct mechanism of action compared to non-subcellularly
targeted Hsp90 antagonists. How AR signaling participates in bone metastatic prostate cancer
has remained controversial, and whether this pathway is required for osteoblastic lesion
formation in patients with advanced disease has not been elucidated (36). On the other hand,
Gamitrinibs indistinguishably killed AR-dependent or –independent prostate cancer cell types
(13), reinforcing their potential suitability for bone anti-metastatic regimens.

A second common feature of advanced prostate cancer is resistance to therapy, and this
response is often due to acquired upregulation of ABC transporters via different mechanisms,
including demethylation of the CpG-containing promoter of the Multiple Drug Resistance-1
(MDR-1) gene (38), increased P-gp expression (38), or oligomerization of BCRP/ABCG2
(39). Here, protracted exposure of PC3 cells to 17-AAG, i.e. PC3-GA cells, selectively
upregulated the expression of P-gp (40), whereas other ABC transporters or various
cytoprotective chaperones implicated in drug resistance mechanisms in prostate cancer (41)
were not affected. Although resistant to 17-AAG, and cross-resistant to taxol, PC3-GA cells
remained fully sensitive to Gamitrinib-G4-mediated cell killing, but not Gamitrinib-TPP,
suggesting that the presence of distinct “mitochondriotropic” moieties (12) may influence
Gamitrinib metabolism and drug efflux.

In summary, the preclinical data reported here identify Gamitrinibs (16) as promising
anticancer agents for advanced prostate cancer, in vivo. Although Hsp90 has been pursued as
a promising nodal target for cancer drug discovery (14), the clinical experience with Hsp90-
directed therapy (15) has so far been modest, inferior to the expectations of pathway inhibition
as a strategy to overcome tumor heterogeneity (42). Together with recent work (13), the data
presented here reinforce the importance of Hsp90 as a global cancer drug target (14), but also
underscore that the subcellular compartmentalization of the chaperone to mitochondria (12)
plays a pivotal role in tumor maintenance, and may ultimately dictate the clinical success of
Hsp90 therapeutics in humans (16). In this context, the broad anticancer activity of Gamitrinibs
(16), including in models of metastatic and multidrug-resistant prostate cancer (this study),
reinforces the feasibility of mitochondria-targeted drug discovery for novel anticancer
strategies (10).

STATEMENT OF TRANSLATIONAL RELEVANCE

The molecular chaperone Heat Shock Protein-90 (Hsp90) is a “nodal” target for cancer
therapy, orchestrating multiple pathways of tumor cell proliferation, survival and
adaptation. Although feasible, current Hsp90-based therapy has shown so far modest
activity in the clinic, inferior to the expectations of multiple pathway inhibition. This may
reflect the existence of a protective pool of Hsp90 compartmentalized in mitochondria of
tumor cells, which is not inhibited by current antagonists. In this study, we tested the activity
of a novel class of mitochondria-targeted, small molecule Hsp90 inhibitors, Gamitrinibs
(GA mitochondrial matrix inhibitors) in preclinical models of advanced prostate cancer, a
condition in urgent need of fresh therapeutic advances. Here, Gamitrinibs acted as direct
“mitochondriotoxic” agents, inducing acute organelle dysfunction, apoptosis and killing of
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hormone-refractory, metastatic and multidrug-resistant prostate cancer cells. Systemic
administration of Gamitrinibs to mice was well tolerated, and inhibited localized or bone
metastatic prostate cancer growth without organ or tissue toxicity, in vivo. Therefore,
selective inhibition of mitochondrial Hsp90 activity by Gamitrinibs may provide new
therapeutic approaches for advanced prostate cancer in humans.
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Figure 1. Anticancer activity of Gamitrinibs
A, Gamitrinib-G4 (G-G4) or Gamitrinib-TPP (G-TPP) were analyzed for inhibition of cell
proliferation in a NCI 60-cell line screening by MTT. Each line corresponds to a different
tumor cell type. B, Prostate cancer PC3 (top) or C4-2B (bottom) cells were incubated with the
indicated increasing concentrations of Gamitrinibs (G1–G4, G-TPP) or 17-AAG and analyzed
after 6 h (left) or 24 h (right), by MTT. Mean±SEM of replicates. C, PC3 cells were incubated
with G-TPP or 17-AAG, and analyzed for DEVDase (caspase) activity and propidium iodide
(PI) staining by multiparametric flow cytometry. The percentage of cells in each quadrant is
indicated. None, untreated. D, PC3 cells were treated with G-TPP or 17-AAG for the indicated
time intervals, and analyzed by Western blotting.
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Figure 2. Mitochondriotoxic mechanism of action of Gamitrinibs in prostate cancer cells
A, PC3 cells were double-labeled with TMRM (red fluorescence, mitochondrial membrane
potential, MMP) and MitoTracker (green fluorescence, mitochondria), treated with G-TPP and
analyzed by time-lapse videomicroscopy. Representative sequential images after treatment are
shown. 1 frame = 5 min. Arrowheads, PC3 cells that have lost MMP. B, TMRM-labeled
mitochondria isolated from PC3 cells were incubated with 17-AAG, G-TPP or G-G4 in the
presence or absence of CSA, and analyzed for changes in mitochondrial membrane potential
in a fluorimeter. C, Mitochondria from PC3 or normal prostatic epithelial BPH-1 cells were
treated with 17-AAG or G-TPP, and analyzed for cytochrome c content in pellets (P) or
supernatants (S). D, PC3 cells were transfected with control (Ctrl) non-targeting or Bax and
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Bak-directed siRNA, and analyzed by Western blotting. None, untreated. E, siRNA transfected
PC3 cells were treated as indicated and analyzed by MTT. Mean±SEM of replicates.
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Figure 3. Activity of Gamitrinib against multidrug-resistant prostate cancer
A, PC3 (black) or PC3-GA (purple) cells were treated with the indicated concentrations of 17-
AAG (left) or taxol (right), and analyzed by MTT in the presence (solid symbols) or absence
(open symbols) of verapamil (20 µM). B, PC3 or PC3-GA cells were analyzed by PCR, and
amplified bands were visualized by ethidium bromide staining (left), and quantified (right).
RT, reverse transcriptase. C, PC3 or PC3-GA cells were analyzed by Western blotting before
or after treatment with 17-AAG. D, The experimental conditions are as in A, except that PC3
or PC3-GA cells were treated with G-G4 (left) or G-TPP (right) and analyzed by MTT. For
panels, A, B and D, mean±SEM of replicates.
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Figure 4. Activity of Gamitrinib in localized prostate cancer, in vivo
A, CB17 SCID/beige mice carrying established PC3 superficial tumors (100–150 mm3) were
treated systemically with G-TPP or 17-AAG and tumor volume was determined with a caliper.
Numbers in parentheses correspond to the concentrations used in mg/kg. Vehicle, DMSO-
treated group. Mean±SEM of the various groups. B, Mice in the various treatment groups were
weighed at the beginning and end of the experiment, and analyzed for percent weight change.
Numbers in parentheses correspond to the concentrations used (mg/kg). C, The indicated
organs harvested from representative mice in the G-TPP or vehicle group were stained with
H&E and analyzed by light microscopy. Magnification, ×100.
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Figure 5. Activity of Gamitrinib in an orthotopic model of bone metastatic prostate cancer
A, CB17 SCID/beige mice injected in the tibiae with PC3 cells were treated with G-TPP or
vehicle (DMSO), and limbs of representative animals in each group (#) were analyzed by µCT.
B, Percent change in bone volume (BV)/total volume (TV) ratio in individual animals (top) or
groups (middle) treated with DMSO or G-TPP, as determined by µCT reconstruction of bone
lesions. Bottom, percent BV of tibial tumor limb (TT) or contralateral tibia (CT). Mean±SEM
of individual determinations. C, PC3 cells were treated with G-TPP or 17-AAG for the
indicated time intervals, and analyzed by Western blotting.
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