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Molecular chaperones of the heat shock protein-90
(Hsp90) family promote cell survival, but the molecular
requirements of this pathway in tumor progression are
not understood. Here, we show that a mitochondria-
localized Hsp90 chaperone, tumor necrosis factor re-
ceptor-associated protein-1 (TRAP-1), is abundantly
and ubiquitously expressed in human high-grade
prostatic intraepithelial neoplasia, Gleason grades 3
through 5 prostatic adenocarcinomas, and metastatic
prostate cancer, but largely undetectable in normal
prostate or benign prostatic hyperplasia in vivo. Pros-
tate lesions formed in genetic models of the disease,
including the transgenic adenocarcinoma of the
mouse prostate and mice carrying prostate-specific
deletion of the phosphatase tensin homolog tumor
suppressor (Ptenpc�/�), also exhibit high levels of
TRAP-1. Expression of TRAP-1 in nontransformed
prostatic epithelial BPH-1 cells inhibited cell death,
whereas silencing of TRAP-1 in androgen-indepen-
dent PC3 or DU145 prostate cancer cells by small
interfering RNA enhanced apoptosis. Targeting
TRAP-1 with a novel class of mitochondria-directed
Hsp90 inhibitors , ie , Gamitrinibs , caused rapid and
complete killing of androgen-dependent or -indepen-
dent prostate cancer, but not BPH-1 cells, whereas re-
introduction of TRAP-1 in BPH-1 cells conferred sensi-
tivity to Gamitrinib-induced cell death. These data
identify TRAP-1 as a novel mitochondrial survival factor
differentially expressed in localized and metastatic
prostate cancer compared with normal prostate. Target-
ing this pathway with Gamitrinibs could be explored as
novel molecular therapy in patients with advanced

prostate cancer. (Am J Pathol 2010, 176:393–401; DOI:
10.2353/ajpath.2010.090521)

Apart from skin tumors, prostate cancer is the most
commonly diagnosed malignancy in men in the United
States.1 Despite progress in early diagnosis,2 and pro-
longation of patient survival,3 the disease still carries
significant morbidity and mortality, with its advanced and
metastatic phase claiming over 30,000 deaths per year in
the United States alone. Similar to the genetic heteroge-
neity of most epithelial malignancies, prostate cancer
progresses through a stepwise acquisition of multiple
molecular changes,4 of which insensitivity to androgen
deprivation,5 emergence of an ‘osteomimetic’ phenotype
responsible for metastatic tropism to the bone,6 and de-
regulated cell proliferation and cell survival,7 are pivotal
traits.

In this context, advanced prostate cancer is almost
invariably associated with a heightened anti-apoptotic
threshold,4 which may contribute to disease progres-
sion and resistance to therapy. This process often
involves aberrant resistance to mitochondrial cell
death,8 with reduced organelle permeability to solutes,
and attenuated release of mitochondrial apoptogenic
proteins in the cytosol.9 The regulators of such ‘mito-
chondrial permeability transition’ normally triggered by
cell death stimuli are still largely elusive, but knockout
data in mice have identified pro-apoptotic Bcl-2 family
proteins and the mitochondrial matrix immunophilin,
cyclophilin D, as pivotal effectors of this process, con-
trolling the integrity of the mitochondrial outer mem-
brane,8 and the opening a permeability transition
pore,10,11 respectively.

Recent data have shown that molecular chaperones of
the heat shock protein-90 (Hsp90) family,12 may function
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as novel regulators of mitochondrial permeability transi-
tion,13 especially in tumor cells.14 Accordingly, Hsp90,
and its ortholog, tumor necrosis factor receptor-associ-
ated protein-1 (TRAP-1) are abundantly localized to mi-
tochondria of tumor, but not most normal cells, and an-
tagonize cyclophilin D-dependent pore-forming function,
potentially via a protein (re)folding mechanism.14 Consis-
tent with a general role of Hsp90 as a drug target in
prostate cancer,15 this mitochondria-compartmentalized
cytoprotective pathway could provide a novel therapeutic
target to enhance tumor cell apoptosis.14

In the current study, we demonstrate that TRAP-1 is
dramatically expressed in all lesions that comprise the
entire natural history of human prostate cancer, as well as
genetic disease models in rodents, but undetectable in
the normal prostate. Importantly, we show that Gami-
trinibs, a novel class of small molecule Hsp90 antago-
nists selectively engineered to target the pool of these
chaperones in mitochondria,16 cause sudden prostate
cancer cell death without affecting nontransformed pros-
tatic epithelium.

Materials and Methods

Patient Population and Characteristics of Tissue
Samples

Forty cases of archived paraffin tissue blocks of radical
prostatectomies were selected from patients with local-
ized cancer. The patients ranged in age from 52 to 75
years (mean 64). None of the 40 men had received any
hormonal or radiation therapy before surgery. Of the 40
cases of localized prostate cancer, 5% had a total Glea-
son grade score of 6, whereas 76% had a total Gleason
grade score of 7. Of these, Gleason grade 3 predomi-
nated in 50% of the cases, while Gleason grade 4 can-
cers constituted the major pattern in the remaining cases.
In four of these latter grades, significant areas of intra-
ductal carcinoma, considered to be a variant of Gleason
grade 4 or 5,17 were also evident. Nine of the 40 cases
had total Gleason scores of 8 to 10, in which foci of
Gleason grade 5 cancers were detected, admixed with
those of lower grades.

To evaluate metastatic disease, three cases of pros-
tatic adenocarcinoma metastasized to pelvic lymph
nodes and two cases of prostate cancer metastases to
bones were selected. The lymph node metastases were
obtained from untreated patients, whereas the two bone
biopsy samples came from men that received anti-andro-
gen therapy for 5 and 8 months, respectively.

For analysis of normal prostate, benign glands mixed
with cancerous lesions, or foci of benign prostatic hyper-
plasia (BPH) admixed in eight cancer cases were stud-
ied. In addition, four tissue samples of normal prostate
collected at autopsy from the central zone (two cases) or
peripheral zone (two cases) of men 58 to 70 years of age
were collected, and compared with samples of BPH foci
and/or benign glands in the context of cancerous lesions.

The patient series used in this study was collected
from the Department of Pathology at the University of

Massachusetts Medical School, the collection of Dr. John
McNeal in the department of Urology at Stanford Univer-
sity Medical School, and Uropath PTT LtD., West Leed-
erville, Australia.

Mouse Models of Prostate Cancer

All experiments involving animals were approved by an
Institutional Animal Care and Use Committee. The trans-
genic adenocarcinoma of the mouse prostate (TRAMP)
model has been described,18 and involves expression of
the SV40 large T and small t oncogene in the prostatic
epithelium under the control of the minimal �426/�28 rat
probasin promoter. Transgene expression is regulated
by androgen, thus correlates with sexual maturity, and
results in the appearance of a spectrum of lesions, in-
cluding prostatic intraepithelial neoplasia (PIN), invasive
adenocarcinoma and metastasis.18 Female TRAMP mice
on a C57BL/6 background were bred with nontransgenic
males, and the offspring was weaned at 3 to 4 weeks of
age. Male pups were genotyped by PCR amplification of
tail genomic DNA using transgene-specific primers. For
analysis of TRAP-1 expression during TRAMP carcino-
genesis, mice were euthanized at 22 to 26 weeks of age,
and the urogenital tract including bladder, seminal vesi-
cles, and prostate was collected and fixed in formalin for
further pathological evaluation.

For a second genetic model of prostate cancer, mice
expressing a conditional deletion of the PTEN tumor sup-
pressor in the prostatic epithelium (Ptenpc�/�) were
used.19 For these experiments, male PtenLoxP/�/PB-Cre4
transgenic mice were crossed to PtenLoxP/LoxP females
to generate both PtenLoxP/LoxP/PB-Cre4 male mice,
(Ptenpc�/�) and PtenLoxP/LoxP non-transgenic littermates
(used as control mice). The original PtenLoxP/LoxP mouse
lines were kindly provided by Dr. Hong Wu (University of
California, Los Angeles), and PB-Cre4 lines were ob-
tained from the National Cancer Institute, Bethesda, MD.
Ptenpc�/� mice develop PIN lesions at 6 to 7 weeks of
age (100% penetrance), prostatic adenocarcinoma be-
tween 9 and 29 weeks (100% penetrance), and metas-
tases between 12 and 29 weeks (40% penetrance).19

Although our crosses of the PB-Cre4 transgenic mice and
PtenLoxP/LoxP mice produced a Ptenpc�/� model on a
mixed genetic background (C57BL/6:129SV:BALB/c), we
observed negligible differences in time-dependent oc-
currence of PIN and prostatic adenocarcinoma in these
mice, as compared with the Ptenpc�/� strain reported in
the literature (C57BL/6:DBA2 crossed to 129SV:BALB/
c).19 One hundred percent of Ptenpc�/� mice used in this
study exhibited high-grade PIN by 6 to 7 weeks of age.
Only F2 generations of Ptenpc�/� mice were used in
these experiments to minimize strain-specific differences
in tumor growth.

Immunohistochemistry

Five-micron sections cut from formalin-fixed, paraffin-
embedded human or mouse prostatic tissues were put
on high adhesive slides. The various samples were
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stained with H&E, and analyzed for differential expres-
sion of TRAP-1 by immunohistochemistry, as described.14

Briefly, tissue sections were deparaffinized, rehydrated
in water, and quenched for endogenous peroxidase.
Epitope heat retrieval was performed by steaming the
slides in 10% sodium citrate for 60 minutes. Processed
slides were rinsed in PBS, and stained with an antibody to
TRAP-1 (BD Biosciences, San Jose, CA) characterized in
previous studies,14 or nonbinding IgG, using standard
avidin-biotin-peroxidase techniques (Histostain-plus, Zymed
Laboratories Invitrogen, Carlsbad, CA). Slides were in-
cubated with diaminobenzidine as a chromogen, coun-
terstained with hematoxylin, and scored by light mi-
croscopy. The intensity of immunostaining within a
specimen was given a score that ranged from 1� to 4�
when compared with the expression observed in normal
glands in the same tissue, or normal prostate from autopsy
specimens. The scoring of immunostaining intensity is sum-
marized and grouped as follows: Negative, �; negligible,
�; weak, ��; and strong, ��� to ����.

Molecular Targeting of Mitochondrial Hsp90
Chaperones

Mitochondria-directed small molecule Hsp90 antagonists
Gamitrinibs (GA mitochondrial matrix inhibitors) were
characterized in recent studies,14 suspended in cremo-
phor and used at concentrations of 0 to 20 �mol/L. As
reported previously, the combinatorial structure of Gami-
trinibs comprises an Hsp90 inhibitory backbone derived
from the chaperone ATPase antagonist, 17-allylamino
geldanamycin (17-AAG) linked to 1 to 4 tandem repeats
of guanidinium (Gamitrinibs G1 to G4) or triphenylphos-
phonium (Gamitrinib-TPP) used as mitochondria-target-
ing moieties.16 Non-mitochondria-targeted, ie, unconju-
gated 17-AAG was suspended in dimethyl sulfoxide, and
used at comparable concentrations. Androgen-indepen-
dent prostate adenocarcinoma PC3 and DU145, andro-
gen-dependent LNCaP, and nontransformed prostatic
epithelial BPH-1 cells were obtained from the American
Type Culture Collection (Manassas, VA), and maintained
in culture as recommended by the supplier. Androgen-
independent and metastatic C4-2B cells were character-
ized previously.20

Transfection Experiments

Normal BPH-1 cells were transfected with control pcDNA
or a TRAP-1 cDNA described previously,14 by Lipo-
fectamine (Invitrogen). After 24 hours, cells were treated
with the broad cell death stimulus, staurosporine (STS, 0
to 1 �mol/L), which activates mitochondrial cell death, or
the chemotherapeutic agent, taxol (1 �mol/L) for 16 hours
at 37°C, and analyzed for modulation of cell survival
by an 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
(MTT) assay, as described,14 or generation of cleaved,
ie, active caspase 3, by Western blotting. Alternatively,
BPH-1 cells transfected with pcDNA or TRAP-1 were
treated with increasing concentrations (0 to 20 �mol/L) of
Gamitrinibs,16 or unconjugated 17-AAG, and analyzed

by MTT after 6 hours. In some experiments, aliquots of
DU145 cells were transfected with control non-targeting
or TRAP-1-directed SMARTpool small interfering RNA
(siRNA) (Dharmacon, Lafayette, Co) characterized previ-
ously14 by OligofectAmine, confirmed for protein knock-
down byWestern blotting after 24 to 48 hours, and analyzed
for modulation of cell viability by MTT.

Statistical Analysis

Data were analyzed using the two-sided unpaired t-test on
a GraphPad software package for Windows (Prism 4.0). A P
value of 0.05 was considered as statistically significant.

Results

Differential Expression of Mitochondrial TRAP-1
in Primary and Metastatic Prostate Cancer

We began this study by examining the expression of a
mitochondrial Hsp90 ortholog, TRAP-1,14 in the human
prostate. The epithelium of normal prostate (peripheral or
central zone) collected at autopsy, or BPH nodules, was
negative for TRAP-1 expression, by immunohistochemis-
try (Figure 1A, Table 1). Conversely, normal prostatic
glands admixed with cancer foci showed negative, neg-
ligible or weak staining for TRAP-1 (Figure 1C, Table 1).
Atrophic benign glands commonly found intermixed with
cancer foci were also weakly stained for TRAP-1 expres-
sion, which seem to frequently localize to basal epithelial
cells, as well as regressed luminal cells (not shown).

All examples of high-grade PIN expressed TRAP-1
(Figure 1B, Table 1). In addition, all cases of Gleason
grade 3 carcinoma stained positive for TRAP-1, with
strong expression in over one third of the samples exam-
ined (Figure 1, B and C, Table 1). Similar results were
obtained with Gleason grade 4 cancers (Figure 1D, Table
1), but in these specimens TRAP-1 reactivity was more
heterogeneous, with weakly stained tumor cells inter-
mixed with populations of more intensely labeled cells
(Figure 1D). Four cases of prostatic intraductal carci-
noma, considered to be variants of Gleason grade 4 or 5
cancer,17 were grouped together with grade 4 cases,
and all expressed TRAP-1 to the same intensity as grade
4 cancers (Figure 1E). Gleason grade 5 cancers were
also uniformly positive for TRAP-1 expression with heter-
ogeneous staining intensity that varied from weak (Figure
1F) to strong (Figure 1G) in different tumor cell popula-
tions within the various samples (Table 1).

In all strongly positive cases of PIN or prostate cancer,
TRAP-1 staining appeared as discrete punctate granules
dispersed throughout the cytoplasm of tumor cells (see
inset panel E), potentially consistent with the subcellular
localization of TRAP-1 to mitochondria.14 A control, non-
binding IgG gave no staining of normal or tumor glands,
by immunohistochemistry (not shown).

Unlike the heterogeneous pattern of TRAP-1 staining in
localized high-grade cancers (Table 1), immunohisto-
chemical analysis of metastatic prostate cancer revealed
uniformly intense expression of TRAP-1 in the tumor cell
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population within lymph nodes (Figure 2, A and B), and
bones (Figure 2, D–F). In contrast, non neoplastic con-
stituents of lymph nodes and bones were unstained for
TRAP-1 (Figure 2, D–F), and a nonbinding IgG did not
stain metastatic cancer cells in either location (Figure 2C
and not shown).

Expression of TRAP-1 in Genetic Mouse Models
of Prostate Cancer

We next looked at the expression of TRAP-1 in genetic
mouse models of prostate cancer. Immunohistochemical
analysis of 22- to 26-week-old TRAMP mice revealed that

Figure 1. TRAP-1 expression in localized human prostate cancer.
A: Negative TRAP-1 staining of normal prostate (peripheral zone)
epithelium collected at autopsy. B: Strong staining for TRAP-1 in
high-grade prostatic intraepithelial neoplasia (PIN). C: Intense
TRAP-1 staining in Gleason grade 3 cancer admixed with normal
glands negative for TRAP-1 expression (arrow). D: Heteroge-
neous staining of TRAP-1 expression in Gleason grade 4 cancers
(compare with C). E: Mixed staining of TRAP-1 expression in a
case of intraductal carcinoma (IDC). Arrow, strongly stained IDC
cell. Inset, TRAP-1 staining as punctate granules in the cytoplasm
of an IDC cell. F, G: Heterogeneous TRAP-1 staining in Gleason
grade 5 cancer with areas of weak (F) or strong (G) staining in
separate cases. Magnifications, A, B �400; C, D, �250; E, F, G
�400. Inset, �400.

Table 1. Summary of TRAP-1 Staining Intensity in Normal Prostate or Prostate Cancer

Staining intensity

Diagnosis
Number
of cases Negative (�) Negligible (�) Weak (��)

Strong
(���/����)

Normal glands* 17 5 9 3
Normal glands† 4 4
High-grade PIN 8 6 2
Gleason grade 3 15 1 9 5
Gleason grade 4 8 5 3
Gleason grade 5 9 4 3 2

*Normal glands admixed with cancer.
†Normal glands in CZ and PZ samples collected at autopsy.
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TRAP-1 was abundantly and uniformly expressed in high-
grade PIN lesions and invasive cancers (Figure 3A). The
prostate samples from Ptenpc�/� mice reviewed in this
study did not contain foci of invasive cancer. However,
high-grade PIN lesions in these specimens revealed het-
erogeneous staining for TRAP-1, ranging from weak to
intensely positive (Figure 3C). Similar to human samples,
TRAP-1 staining of mouse lesions was seen as punctate
cytoplasmic foci in all tumor cells (Figure 3, A and C). As
control, nonbinding IgG did not stain prostatic trans-
formed cells in TRAMP (Figure 3B) or Ptenpc�/� (Figure
3D) lesions, by immunohistochemistry.

TRAP-1-Mediated Cytoprotection in Prostate
Cancer

Consistent with its presence in primary and metastatic
prostate cancer, in vivo, TRAP-1 was abundantly ex-
pressed in androgen-independent PC3 and DU145 pros-
tate cancer cell lines, and to a lesser extent in androgen-
dependent LNCaP cells, and their invasive counterpart,
C4-2 cells,20 by Western blotting (Figure 4A). In contrast,
nontransformed prostatic epithelial BPH-1 cells had low
levels of endogenous TRAP-1 (Figure 4A). To test a role
of TRAP-1 in cytoprotection of prostatic epithelium,14 we

Figure 2. Expression of TRAP-1 in metastatic prostate cancer. Tissue sections from five independent cases of metastatic prostatic adenocarcinoma to lymph nodes
(A, B) or bone (C–F) were stained with an antibody to TRAP-1 (A, B, D–F) or nonbinding IgG (C). All samples of metastatic prostate cancer were uniformly and
strongly stained for TRAP-1 expression. Magnifications, �100 (A, D); �200 (B, C, E); �400 (F).

Figure 3. Expression of TRAP-1 in genetic
mouse models of prostate cancer. Prostate tissue
sections collected from TRAMP (A, B) or
Ptenpc�/� (C, D) mice were stained with an
antibody to TRAP-1 (A, C) or nonbinding IgG (B,
D). Intense staining is evident in invasive cancer
from a TRAMP mouse prostate (A). Heteroge-
neous TRAP-1 expression in a high-grade PIN
lesion from the prostate of a Ptenpc�/� mouse
(C), with strongly stained cells juxtaposed to
negative or weakly stained cells. Four indepen-
dent cases per model were examined with iden-
tical results. Magnification, �200.
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next transfected BPH-1 cells with control plasmid or
TRAP-1 cDNA (Figure 4B), and examined their sensitivity
to apoptosis. Treatment of control BPH-1 transfectants
with the broad cell death stimulus, STS, which is often
used to induce mitochondrial cell death (Figure 4C), or
the chemotherapeutic agent, taxol (Figure 4D), resulted
in concentration-dependent loss of cell viability by MTT.
In contrast, BPH-1 cells transfected with TRAP-1 were
significantly more resistant to STS- or taxol-induced cell
death (Figure 4, C and D). Consistent with genuine mod-
ulation of apoptosis under these conditions, TRAP-1-ex-
pressing BPH-1 cells exhibited reduced levels of
cleaved, ie, active caspase 3 fragments of 17 and 19 kDa
after STS or taxol treatment, compared with pcDNA trans-
fectants, by Western blotting (Figure 4E).

As a complementary approach, we next silenced
TRAP-1 expression in prostate adenocarcinoma PC3 or
DU145 cells by siRNA. Transfection of these cells with
TRAP-1-directed siRNA significantly suppressed the ex-
pression of endogenous TRAP-1, whereas a control non-
targeting siRNA had no effect on TRAP-1 levels, by West-
ern blotting (Figure 5A). Under these conditions, siRNA
knockdown of TRAP-1 in PC3 (Figure 5B), or DU145
(Figure 5C) cells resulted in increased sensitivity to STS-
induced apoptosis, as compared with control siRNA
transfectants, by MTT.

TRAP-1 Expression Confers Sensitivity to
Mitochondria-Targeted Hsp90 Antagonists

To disable TRAP-1 cytoprotection in prostate cancer, we
next used Gamitrinibs, a new class of combinatorial,
mitochondria-targeted small molecule Hsp90 antago-
nists.16 A 6-hour exposure of androgen-independent
prostate cancer DU145 cells to Gamitrinib-G3 or -G4
resulted in concentration-dependent loss of cell viability,
whereas at this time point Gamitrinib-G2 had partial ac-
tivity, and Gaminitrib-G1 or -TPP had negligible effect on
cell viability, by MTT (Figure 6A, left panel). A more
prolonged, 24 hours exposure of prostate cancer cells to
all Gamitrinib variants resulted in further increased anti-
cancer activity (Figure 6A, right panel). In contrast, un-
conjugated 17-AAG did not decrease prostate cancer
cell viability within the same time intervals (Figure 6A).
Similar results were obtained with androgen-dependent
prostate cancer LNCaP cells, which exhibited compara-
ble sensitivity to all Gamitrinib variants, but not unconju-
gated 17-AAG, after a 6-hour treatment, and complete
loss of cell viability after a 24 hours exposure to the drug
(Figure 6B).

At variance with these results, and consistent with their
low level of endogenous TRAP-1, BPH-1 cells transfected
with pcDNA were largely insensitive to Gamitrinib-in-
duced killing, and only elevated concentrations of Gami-
trinib-G4 �15 �mol/L resulted in partial, 50% reduction in
cell viability (Figure 6C). Conversely, reintroduction of
TRAP-1 in these cells conferred sensitivity to Gamitrinib-
G4-induced apoptosis, quantitatively comparable with
that of androgen-dependent (LNCaP) or -independent
(DU145) prostate cancer cell types, by MTT (Figure 6,
A�C). In these experiments, unconjugated 17-AAG had
no effect on BPH-1 cell viability, in the presence or ab-
sence of TRAP-1 (Figure 6C).

Figure 4. TRAP-1 cytoprotection in non-transformed prostatic epithelium.
A: Androgen-dependent (LNCaP) or -independent (C4-2B, PC3, DU145) prostate
cancer cells or non-transformed prostatic epithelial (BPH-1) cells were analyzed
by Western blotting. B: BPH-1 cells were transfected with control pcDNA or
TRAP-1 cDNA, and analyzed by Western blotting. C�D: Transfected BPH-1 cells
were treated with the indicated increasing concentrations of staurosporine (STS)
(C), or taxol (D), and analyzed for changes in cell viability by MTT. **P� 0.0022;
***P � 0.0001. Mean � SEM were calculated from n � 3. The experiment was
repeated twice with comparable results. E: BPH-1 cells transfected with pcDNA
or TRAP-1 cDNA were exposed to the indicated cell death stimuli, and analyzed
for differential expression of cleaved, ie, active caspase 3 fragments of 17 and 19
kDa, by Western blotting.

Figure 5. TRAP-1 promotes prostate cancer cell
survival. A: PC3 or DU145 cells were transfected
with non-targeting (Control, Ctrl) or TRAP-1-di-
rected siRNA and analyzed after 48 hours by
Western blotting. B–C: siRNA-transfected pros-
tate cancer PC3 (B), or DU145 (C) cells were
treated with increasing concentrations of stauro-
sporine, and analyzed for changes in cell viabil-
ity by MTT. Mean � SEM were calculated from
n � 3. The experiment was repeated twice with
comparable results. **P� 0.0015�0.0036; ***P�
0.0007��0.0001.
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Discussion

In this study, we have shown that a mitochondrial Hsp90
homolog, TRAP-114 is abundantly and differentially ex-
pressed in localized and metastatic prostate cancer in
humans, as well as genetic disease models in rodents. In
contrast, in normal prostate or BPH glands, TRAP-1 was
largely undetectable or minimally expressed. The sharp
differential distribution of TRAP-1 in prostate cancer ver-
sus normal glands is in agreement with an earlier prelim-
inary survey of different tumor types, where TRAP-1 was
also differentially expressed in tumors of breast, lung,
colon and pancreas, as compared with normal matched
tissues. Functionally, TRAP-1 expression in prostate can-
cer conferred resistance to apoptosis, whereas targeting
TRAP-1 with a new class of mitochondria-directed small
molecule Hsp90 inhibitors, ie, Gamitrinibs,16 resulted in
tumor cell death without affecting nontransformed pros-
tatic epithelium.

Most epithelial malignancies, including prostate cancer,
exhibit a higher anti-apoptotic threshold, which contrib-
utes to disease progression.21 However, how this pro-

cess is regulated, especially with respect to mitochon-
drial integrity, has remained largely unknown.9 The data
presented here support a recent model that molecular
chaperones of the Hsp90 family, including TRAP-1, func-
tion as novel regulators of mitochondrial integrity in trans-
formed cells, potentially by opposing the pore-forming
function of cyclophilin D14 in permeability transition.9

Consistent with this view,14 TRAP-1 has been shown to
inhibit mitochondrial apoptosis induced by oxidative
stress,22,23 in a pathway involving an activating phos-
phorylation by the mitochondrial kinase, PINK1.24 The
ability of mitochondrial Hsp90 chaperones to oppose
cyclophilin D activity, especially in response to oxidative
stress,10,11 is probably critical to preserve neuronal sur-
vival,25 and it is possible that disparate malignancies,
including prostate cancer (this study), commandeer this
cytoprotective pathway to globally elevate a mitochon-
drial anti-apoptotic threshold. The resulting survival ad-
vantage for cancer cells would be uniquely suited to
oppose oxidative stress-induced cell damage, which in-
variably accompanies tumor growth, in vivo.

The molecular basis for the sharp differential localiza-
tion of Hsp90 and TRAP-1 to tumor versus normal mito-
chondria remains to be elucidated. One possibility is that
tumor cells exhibit more avid mitochondrial import machin-
ery than normal tissues, resulting in enhanced recruitment
to mitochondria of nuclear-encoded gene products, in-
cluding Hsp90 chaperones. Accordingly, TRAP-1 con-
tains a genuine mitochondrial import sequence impli-
cated in mitochondrial localization,26 and deregulated
Akt signaling as often observed in prostate cancer, has
been associated with increased expression and function
of the Tom70 mitochondrial import receptor in tumor
cells.27 Here, elevated expression of TRAP-1 was ob-
served in early prostatic lesions of Ptenpc�/� mice, sug-
gesting that unbridled Akt activity under these conditions
may contribute to the increased localization of TRAP-1 to
mitochondria, in vivo, temporally preceding full blown
transformation.

In the current study, histologically normal glands in the
central zone and peripheral zone regions collected at
autopsy were completely devoid of TRAP-1 expression,
whereas some of the apparently histologically normal
glands admixed within cancer exhibited negligible or
weak staining for TRAP-1. The basis for these observa-
tions remains to be elucidated, but may reflect the acqui-
sition of TRAP-1 cytoprotection in cytologically normal
cells undergoing early neoplastic transformation. In this
context, elevated levels of TRAP-1 were observed at the
earliest stages of prostate tumorigenesis, and this ex-
pression persisted throughout the entire spectrum of
Gleason grades of prostate cancer. A similar pattern was
observed in prostate cancer metastases to lymph nodes
and bones, altogether supporting the idea that TRAP-1
cytoprotection is exploited at all stages of prostate can-
cer. In clinical samples, TRAP-1 staining was uniformly
present in grade 3 cancers, more heterogeneous in higher-
grade tumors, and again uniformly strong in metastases
to lymph nodes and bone. This suggests that higher
expression of TRAP-1 in subpopulations of high-grade
localized cancers may confer an inherent advantage to

Figure 6. TRAP-1 confers sensitivity to Gamitrinib-induced cell killing. A, B:
Androgen-independent DU145 (A), or androgen-dependent LNCaP (B) pros-
tate cancer cells were treated with the indicated increasing concentrations of
Gamitrinibs or unconjugated 17-AAG, and analyzed for cell viability by MTT
after 6 hours (left panels) or 24 hours (right panels). C: BPH-1 cells were
transfected with control (open symbols) or TRAP-1 (closed symbols) cDNA,
treated with the indicated increasing concentrations of Gamitrinib-G4 (black)
or unconjugated 17-AAG (purple), and analyzed by MTT after 6 hours.
Mean � SEM were calculated from n � 3. The experiment was repeated
twice with comparable results. **P � 0.0084; ***P � 0.0001.
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further establish distant metastatic sites, as well as resis-
tance to mainstay therapy, ie, taxol (this study).28 Inter-
estingly, atrophic benign glands often exhibited in-
creased TRAP-1 expression, which tended to localize to
basal cells. These glands were not associated with
inflammatory infiltrates characteristic of proliferative in-
flammatory atrophy, a proposed preneoplastic lesion.29 It is
currently believed that the basal compartment of pros-
tatic acini contains cells with progenitor/stem cell-like
properties,30 and expression of TRAP-1 in this cellular com-
partment may reflect an enhanced cell survival mechanism
potentially contributing to tissue regeneration.

Despite a better understanding of the molecular patho-
genesis of prostate cancer,4 the therapeutic options for
patients with advanced and metastatic disease remain
limited, providing only small gains in overall survival.4

Here, disabling TRAP-1 cytoprotection with a novel class
of mitochondria-directed Hsp90 inhibitors, ie, Gami-
trinibs16 resulted in rapid and complete killing of andro-
gen-dependent or -independent prostate cancer cell
types, without affecting nontransformed prostatic epithe-
lium. Mechanistically, Gamitrinibs activate cyclophilin D-
dependent mitochondrial permeability transition in the
tumor cells, resulting in loss of mitochondrial inner mem-
brane potential, rupture of the outer membrane, and dis-
charge of apoptogenic proteins, ie, cytochrome c, in the
cytosol.16 Such direct mitochondriotoxic activity of Gami-
trinibs is different from conventional chemotherapy or
unconjugated Hsp90 inhibitors, which indirectly induce
mitochondrial dysfunction,15 and are thus susceptible to
compensatory survival mechanisms. The elevated de-
gree of selectivity of Gamitrinibs for prostate cancer cells,
compared with non-transformed prostatic epithelium, ie,
BPH-1 cells, bodes well for the further clinical develop-
ment of these agents for use in humans. In addition to the
differential quantitative expression in tumor versus nor-
mal mitochondria,16 it is also possible that the ATPase
activity of TRAP-1 is qualitatively increased in trans-
formed cells compared with normal tissues, thus similar
to the paradigm of Hsp90,31 and further contributing to
the potential tumor selectivity of Gamitrinibs.

In summary, we identified TRAP-1 as a novel marker of
localized and metastatic prostate cancer, but not normal
glands, required for prostate cancer cell viability, in vivo.
Taken together with the preliminary safety of Gamitrinibs
in preclinical studies,16 these data suggest that targeting
mitochondrial TRAP-1 may provide a novel therapeutic
approach for patients with advanced and metastatic
prostate cancer.4
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