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Protein homeostasis, or proteostasis, is required for mito-
chondrial function, but its role in cancer is controversial. Here
we show that transgenic mice expressing the mitochondrial
chaperone TNFR-associated protein 1 (TRAP1) in the prostate
develop epithelial hyperplasia and cellular atypia. When exam-
ined on a Pten�/� background, a common alteration in human
prostate cancer, TRAP1 transgenic mice showed accelerated
incidence of invasive prostatic adenocarcinoma, characterized
by increased cell proliferation and reduced apoptosis, in situ.
Conversely, homozygous deletion of TRAP1 delays prostatic
tumorigenesis in Pten�/� mice without affecting hyperplasia or
prostatic intraepithelial neoplasia. Global profiling of Pten�/�-
TRAP1 transgenic mice by RNA sequencing and reverse phase
protein array reveals modulation of oncogenic networks of cell
proliferation, apoptosis, cell motility, and DNA damage. Mech-
anistically, reconstitution of Pten�/� prostatic epithelial cells
with TRAP1 increases cell proliferation, reduces apoptosis, and
promotes cell invasion without changes in mitochondrial bioen-
ergetics. Therefore, TRAP1 is a driver of prostate cancer in vivo
and an “actionable” therapeutic target.

Mechanisms of protein folding quality control in mitochon-
dria are essential to buffer proteotoxic stress, prevent an
unfolded protein response, and promote cellular adaptation to
an unfavorable environment (1). Mainly relying on chaperone-
directed protein (re)folding (2) or, conversely, proteolytic
removal of misfolded or aggregated molecules (3), heightened
protein homeostasis, or proteostasis, is critical to maintain
mitochondrial function (4).

There is evidence that this pathway is exploited in cancer, as
mitochondria of tumor cells contain higher levels of the
ATPase-directed chaperone heat shock protein 90 (Hsp90) and
its homolog, TNFR-associated protein 1 (TRAP1)2 (5), com-
pared with normal tissues (6). These molecules preserve the
folding of key regulators of oxidative phosphorylation, mem-
brane permeability transition, and redox balance (7). Accord-
ingly, structural requirements of TRAP1 regulation of mito-
chondrial cell death have been elucidated recently (8). In this
context, pharmacologic or genetic interference with Hsp90/
TRAP1-directed protein folding causes collapse of multiple
mitochondrial functions (7, 9) with suppression of tumor cell
proliferation (10, 11), induction of apoptosis (9, 12, 13), and
inhibition of cell invasion (14, 15). These data have prompted a
model in which mitochondrial proteostasis mediated by
Hsp90/TRAP1 is exploited for tumor maintenance (7), includ-
ing prostate cancer (16), and may provide a therapeutic target
(6). Other results, however, have challenged this view and sug-
gested that TRAP1 actually suppresses oxidative phosphoryla-
tion to promote glycolysis (17), blocks cell motility (18), and
may potentially function as a “tumor suppressor,” at least in
certain tumors (18).

To resolve these inconsistencies and understand the role of
mitochondrial protein folding in disease, we have now gener-
ated the first transgenic mouse model with tissue-specific
expression of TRAP1 in the prostate. This experimental setting
mimics the human disease, as TRAP1 is undetectable or present
at low levels in normal prostatic epithelium but becomes abun-
dantly expressed in primary and metastatic prostate cancer
(19).

Results

Generation of TRAP1 Transgenic Mice—To test the role of
TRAP1 on tumor formation in vivo, we generated transgenic
(Tg) mice with prostate-specific expression of TRAP1 (6) under
the control of the Probasin (Pbsn) promoter. Coinciding with
the activity of the Pbsn promoter at sexual maturity, these mice
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expressed Tg TRAP1 mRNA (Fig. 1A) and protein (Fig. 1B) in
isolated prostate tissue extracts. In addition, Myc-tagged Tg
TRAP1 immunoprecipitated from prostate extracts reacted
with an antibody to TRAP1 (Fig. 1C), confirming the identity of
the prostate-expressed Tg protein as TRAP1. TRAP1 Tg mice
were born viable and fertile and showed no overt phenotype
throughout an 18-month observation period. Histologic exam-
ination at 12–15 months of age demonstrated that Tg expres-
sion of TRAP1 resulted in increased hyperplasia (Fig. 2A) and
cytologic atypia of the prostatic epithelium (Fig. 2B) compared
with WT mice. In contrast, prostate inflammation was indistin-
guishable in WT and TRAP1 Tg mice (Fig. 2C). No tumor for-
mation in the prostate was observed in TRAP1 Tg mice or con-
trol littermates throughout an 18-month observation period.

Characterization of Pten�/�-TRAP1 Tg Mice—To study the
effect of TRAP1 on prostate tumorigenesis, we next bred
TRAP1 Tg mice with mice heterozygous for the Pten tumor
suppressor (20), a common molecular abnormality and driver
of prostate cancer in humans (21). Beginning at 6 months of
age, Pten�/�-TRAP1 Tg mice exhibited increased incidence
(p � 0.04) of (micro)invasive prostatic adenocarcinoma com-
pared with Pten�/� mice (Fig. 3, A and B). Tumors in Pten�/�-
TRAP1 Tg mice were observed in all prostatic lobes (Fig. 3A). In
reciprocal experiments, we next crossed heterozygous Pten�/�

mice with TRAP1 knockout mice (22). Loss of TRAP1 in
Pten�/� mice reduced the incidence of prostatic adenocarci-
noma compared with TRAP1�/� mice (Fig. 3C). This effect was
specific for tumor formation, as the incidence of prostate
hyperplasia (Fig. 3D) or prostatic intraepithelial neoplasia (Fig.
3E) was indistinguishable in Pten�/�-TRAP1�/� and Pten�/�-
TRAP1�/� mice. Histologically, early-onset prostate adenocar-
cinomas formed in Pten�/�-TRAP1 Tg mice was associated
with reduced apoptosis, as shown by internucleosomal DNA
fragmentation (Fig. 4, A and B), and increased cell proliferation,
as shown by Ki67 staining (Fig. 4, C and D), compared with
Pten�/� mice.

Global Profiling of TRAP1 Tg Mice—To better understand
the molecular requirements of TRAP1-directed tumorigenesis,
we next profiled prostate samples isolated from various Tg mice
by RNA sequencing and reverse phase protein array (RPPA). Tg
expression of TRAP1 alone did not affect gene expression, as
shown by RNA sequencing (Fig. 5A). Instead, Pten�/�-TRAP1
Tg mice exhibited global transcriptional changes in the pros-

tate with differential up- or down-regulation of 358 genes com-
pared with Pten�/� mice (supplemental Table 1), with 30 genes
being differentially expressed at least 10-fold (Fig. 5A). Similar
results were observed at the protein level by RPPA analysis,
where 47 proteins were found to be significantly up-regulated
in Pten�/�-TRAP1 Tg mice (supplemental Table 2). Regulators
of bioenergetics, cytoprotection, angiogenesis, and cell motility
were among the top 25 proteins that differed by at least 2-fold in
Pten�/�-TRAP1 Tg mice compared with control littermates
(Fig. 5B). In validation studies, prostate samples of Pten�/�-
TRAP1 Tg mice showed increased expression of anti-apoptotic
Bcl2, the stress response chaperone Hsp27, and the metabolic
regulator GAPDH (Fig. 5C). Bioinformatics analysis of com-
bined RNA sequencing and RPPA data confirmed these results
and demonstrated that Tg expression of TRAP1 affected gene
networks of apoptosis resistance, cell motility, angiogenesis,
DNA damage, and cholesterol/androgen biosynthesis (Fig. 5D).

Reconstitution of Pten�/� Prostate Epithelial Cells with
TRAP1—To independently validate the TRAP1 phenotype
observed in vivo, we next reconstituted prostate epithelial cells
with TRAP1 cDNA. Experiments with primary prostate epithe-
lial cells isolated from TRAP1 Tg mice were unsuccessful
because of the loss of Tg expression in culture (Fig. 6A). To
overcome this limitation, we transfected Pten�/� P8 prostate
epithelial cells with a TRAP1 cDNA (Fig. 6B). Consistent with
the results in vivo, TRAP1-P8 transfectants showed improved
cell viability after exposure to the pro-apoptotic stimulant stau-
rosporine compared with control transfectants (Fig. 6B) and
exhibited reduced caspase-3/7 activity in response to the pro-
apoptotic chemotherapeutic agent etoposide (Fig. 6C). Similar
results were obtained with TRAP1 expression in Pten�/� pros-

FIGURE 1. Characterization of TRAP1 transgenic mice. A, total RNA
extracted from prostate samples of WT or TRAP1 Tg mice was amplified with
primers for TRAP1 by RT-PCR. MW, molecular weight. B, prostate extracts iso-
lated from WT or two independent TRAP1 Tg lines were analyzed by Western
blotting (WB). The position of endogenous (Endog) or Tg TRAP1 bands is indi-
cated. Only mouse line 810 expresses Tg TRAP1. C, prostate extracts isolated
from WT or TRAP1 Tg mice were immunoprecipitated (IP) with an antibody to
Myc and analyzed with an antibody to Myc (top) or TRAP1 (bottom) by West-
ern blotting. Asterisk, not specific. For B and C, molecular mass markers (in
kilodaltons) are indicated.

FIGURE 2. Histopathology of TRAP1 Tg mice. A–C, prostate tissue samples
isolated from WT or TRAP1 Tg mice were examined at 12–15 months of age
and histologically scored for hyperplasia (A), atypia of the prostatic epithe-
lium (B), or inflammation (C).
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tate epithelial CapP8 cells (Fig. 6C). In addition, TRAP1-P8
transfectants demonstrated increased cell proliferation (Fig.
6D) and greater invasion across Matrigel-coated Transwell
inserts (Fig. 6E). Instead, and at variance with earlier reports
(17, 18), TRAP1 overexpression in Pten�/� cells did not affect
the ATP/ADP ratio (Fig. 6F), oxygen consumption rates (OCR,
Fig. 6G), or mitochondrial superoxide production (Fig. 6H)
compared with control transfectants. In these experiments,
treatment with the mitochondrial complex I inhibitor rotenone
comparably reduced OCR in control or TRAP1 reconstituted
P8 cells (Fig. 6G), and exposure to the oxidative stimulant H2O2
comparably elevated superoxide production in control or
TRAP1 transfectants (Fig. 6H).

Discussion

In this study, we used genetic manipulations in mice to
identify an important role of TRAP1 as an accelerator of

prostatic tumorigenesis in vivo, cooperating with heterozy-
gous loss of Pten (21) to produce early-onset microinvasive
prostate cancer.

Structurally characterized as a mitochondrion-localized
Hsp90 chaperone (23), TRAP1 is mostly overexpressed in
human cancer compared with normal tissues (6) and has
been implicated in tumor cell proliferation (10, 11), apopto-
sis resistance (9, 12), and metabolic reprogramming (7).
Although TRAP1 knockout mice show reduced incidence of
age-associated pathologies, including spontaneous tumor
formation (22), direct evidence that this pathway is im-
portant for tumor growth in vivo had remained elusive.
Although deletion of other tumor suppressors, for instance
SMAD4 (24) or JNK (25), synergizes with loss of Pten to drive
invasive prostate cancer, a role of mitochondrial regulator(s)
such as TRAP1 in this response has not been explored
previously.

FIGURE 3. Tg expression of TRAP1 accelerates prostate tumorigenesis. A, prostate tissue sections from Pten�/�-TRAP1 Tg mice were analyzed histologically
by H&E staining and light microscopy. The individual diagnoses are indicated. Specific pathologies are indicated with arrows. DP, dorsal prostate; LP, lateral
prostate; AP, anterior prostate; PIN, prostatic intraepithelial neoplasia. B, quantification of prostatic adenocarcinoma (AdCa) in Pten�/� and Pten�/�-TRAP1 Tg
mice (3–9 months of age). The number of animals examined per condition is indicated. p � 0.04. C–E, Pten�/�-TRAP1�/� or Pten�/�-TRAP-1�/� mice were
examined histologically for prostate adenocarcinoma (C), prostate hyperplasia (D), or prostatic intraepithelial neoplasia (E). The number of animals examined
per condition is indicated.
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The oncogenic signal(s) involved in TRAP1 tumorigenesis
remain(s) to be fully elucidated. In addition to heightened cell
proliferation (10, 11) and inhibition of apoptosis (9, 12) in vivo,
TRAP1 Tg mice exhibited extensive transcriptional changes,
resulting in an angiogenic, pro-invasive, and cytoprotective
gene signature. Widespread changes in gene expression were
also observed in TRAP1 knockout mice (22) and cell type-spe-
cific responses after TRAP1 targeting (26). These data antici-
pate a potential role of TRAP1-directed proteostasis in mecha-
nisms of mitochondrion-to-nucleus “retrograde” signaling
(27), typically activated in response to mitochondrial dynamics
(28) or organelle dysfunction (29).

At least in the model of prostate cancer, the results presented
here rule out earlier suggestions that TRAP1 may function as a
tumor suppressor (18) or inhibitor of mitochondrial respiration
(17). Accordingly, TRAP1 reconstitution in Pten�/� P8 pros-
tate epithelial cells did not affect mitochondrial oxygen
consumption, ATP production, or reactive oxygen species gen-
eration (17). Also contrary to earlier results (18), TRAP1 stim-
ulated epithelial cell invasion, reinforcing a role of this pathway
in tumor cell motility and metastatic competence (14).

Altogether, we propose that increased TRAP1 expression in
the prostate (19) maintains mitochondrial “fitness” through
heightened protein folding quality control (4). The ensuing
phenotype of improved bioenergetics (7), ROS buffering (22),
and apoptosis resistance (9) may be ideally poised to cooperate
with other oncogenic signals, for instance, deregulated Akt acti-
vation (30), to accelerate malignant transformation. Con-
versely, this pathway is “druggable” and may offer new thera-
peutic opportunities in advanced prostate cancer (16).

Experimental Procedures

Preparation of a TRAP1 Tg Construct—A human TRAP1
cDNA (CDS CCDS27914 Ensemble Genome Database) was
amplified from a universal cDNA library using primers CAG
GGA TCC ACC ATG GCG CGC GAG CTG (forward) and
CAG CTC GAG GTG TCG CTC CAG GGC CTT (reverse) and
cloned into the pcDNATM6/myc-His plasmid (Invitrogen)
using BamHI/XhoI restriction sites. A rat Pbsn promoter
(�716/�28) identified using the Genomatix database was
amplified from commercially available rat genomic DNA
(Clontech, catalog no. 636404) using primers CAG GGT ACC
ACT TTA TCT TTG GGA TCA AGA CT (forward) and CAG
GGA TCC CTG TAG GTA TCT GGA CCT CAC T (reverse).
Upon reaching sexual maturity, this promoter sequence specif-
ically drives expression of downstream genes to the prostate
(31). The Pbsn insert was cloned into Myc-pcDNA using KpnI/
BamHI restriction sites upstream of the TRAP1 cDNA.

Transgene Preparation and Establishment of Founders—The
Pbsn-TRAP1 transgene construct was digested from the plas-
mid backbone using restriction endonucleases KpnI � SexAI �
SalI, purified with silica columns, and microinjected into fertil-
ized mouse eggs followed by oviduct implantation in pseudo-
pregnant female mice (B6CBAF1/J, a F1 hybrid resulting from a
female C57BL6/J and a male CBA/J), exceptional breeders.
Genotyping was carried out using end point PCR with forward
primer annealing within the Pbsn sequence (Pbsn-TRAP1 Tg,
GCA TCT TGT TCT TAG TCT TTT TCT T) and reverse
primer annealing within the TRAP1 first exon sequence (Pbsn-
TRAP1 Tg, CAC AGA ATT GGT TTT CCT CCC) performed
on genomic DNA (predicted transgene-specific PCR product of
379 bp) isolated from tail snips of the resulting litters. A total of
19 males and 29 females were screened. Of these, one male and
four females were found to carry the transgene. Two founder
mice were selected for colony propagation (male 801 and
female 810). Mating was set with a TRAP1 transgene heterozy-
gous and a WT littermate with generation of a hybrid strain,
B6CBAF2/J. Two of the offspring positive at genotyping and
obtained from the breeding of founders Tg 801 and Tg 810 were
sacrificed at 2 months of age (sexually mature) and examined
for transgene expression in the prostate, and one of the positive
offspring was established for further studies (Tg line 810).

Generation of Pten�/�-TRAP1 Tg Mice—A Pten�/� male
mouse (http://www.ncbi.nlm.nih.gov/pubmed/9990064) was
used in a breeding pair with a TRAP1 Tg female mouse (line
810). Of the resulting offspring, 25% of the animals were used
for further experiments (Pten�/�-TRAP1 Tg male mice consti-
tuted the experimental group, whereas Pten�/� male mice were
used as a control group).

Generation of Pten�/�-Trap1�/� Mice—A Pten�/� male
mouse (20) was used in a breeding pair with a Trap1�/� (22)
female mouse (this strain was obtained by backcrossing
Trap1�/� male mice with C57BL/6J female mice 10 times). The
resulting Pten�/�-Trap1�/� mice were further crossed to
obtain Pten�/�-Trap1�/� (control mice) and Pten�/�-
Trap1�/� (experimental mice). The colony was maintained by
brother � sister mating.

FIGURE 4. Histopathology of TRAP1 transgenic mice. A and B, prostate tis-
sue sections from Pten�/� or Pten�/�-TRAP1 Tg mice at 3 months of age were
analyzed for apoptosis by TUNEL staining (A) with quantification of TUNEL�

cells (B). *, p � 0.03. C and D, the experimental conditions are as in A and B,
except that prostate tissue sections from Pten�/� or Pten�/�-TRAP1 Tg mice
at 6 months of age were analyzed for cell proliferation by Ki67 staining (C),
and the percentage of Ki67� cells at 3 or 6 months (mo) of age was quantified
(D). *, p � 0.02; **, p � 0.005. Data are mean � S.D. Each point corresponds to
an individual measurement from two (B) or four (C and D) independent mice
per genotype.
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Immunohistochemistry—Isolated prostate tissue samples
from the various mouse cohorts were fixed in formalin and
paraffin-embedded. 5-�m sections were deparaffinized with
xylene and rehydrated in a graded series of ethanol and water.
Tissue samples were analyzed using the in situ cell death detec-
tion kit (Roche, catalog no. 11684795910) according to the
instructions of the manufacturer. Coverslips were mounted on

slides with a mounting medium containing DAPI (Antifade
Mounting Medium with DAPI, Vectashield, catalog no. H1200)
and imaged on a fluorescence microscope. The percentage of
TUNEL� cells was calculated using Nikon NIS Elements soft-
ware. For Ki67 staining, epitope retrieval was carried out by
steaming the slides in 10 mM citrate buffer (pH 6) in a pressure
cooker for 10 min on high pressure. After cooling, the slides

FIGURE 5. Profiling of TRAP1 Tg mice. A, RNA sequencing. Shown is a heatmap of 30 genes down-regulated (blue) or up-regulated (red) at least 10-fold in
prostate samples isolated from WT or TRAP1 Tg mice or, alternatively, Pten�/� or Pten�/�-TRAP1 Tg mice, as identified by RNA sequencing. Only genes with
expression of any Pten�/�-TRAP1 Tg sample higher or lower than any sample from other groups are shown. B, RPPA. Shown is a heatmap of 25 proteins
up-regulated at least 2-fold in prostate samples of Pten�/�-TRAP1 Tg compared with Pten�/� mice. C, prostate samples isolated from Pten�/� or Pten�/�-
TRAP1 Tg mice were analyzed by Western blotting. Two mice per condition were examined. Molecular mass markers (in kilodaltons) are indicated. D,
bioinformatics analysis of predicted prostate cancer networks modulated in Pten�/�-TRAP1 Tg mice with the most changed genes and proteins highlighted.
The impact of transgenic expression of TRAP1 on function is predicted based on Ingenuity Pathway Analysis, activation Z score where available, or overall
expression changes of key member genes or directly tested in follow-up experiments.
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were quenched for endogenous peroxidase and blocked for 1 h
in 10% goat serum (Vector Labs, S-1000). Slides were incubated
with a primary antibody to Ki67 (Abcam, catalog no. ab15580)
and diluted 1:100 in 10% goat serum for 16 h at 4 °C. After
washes in PBS, the slides were incubated with HRP-conjugated
secondary antibody (DAKO Envision� system HRP-labeled
anti-rabbit secondary antibody, catalog no. K4002). Slides were
incubated with diaminobenzidine as a chromogen (DAKO Liq-
uid DAB� substrate chromogen system, catalog no. K3467),
counterstained with hematoxylin, and scored by light micros-
copy. The percentage of Ki67-positive cells was calculated
using ImageJ software. Inflammation in the various prostate
tissue samples was graded on a 0 – 4 scoring scale for extent and
distribution of inflammatory cell infiltrates as follows: 0 � not
present; 1 � minimal; 2 � mild, limited in extent and distribu-
tion; 3 � moderate with more extensive involvement of tissue
with multifocal to locally extensive distribution; 4 � marked
with heavy infiltrates with locally extensive to diffuse
distribution.

Western Blotting—Protein lysates from whole cells, whole tis-
sues, or mitochondrial pellets (Thermo Fisher Scientific, cata-
log no. PI89874) were prepared in the presence of radioimmune
precipitation assay buffer (150 mM NaCl, 1.0% Triton X-100,
0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris (pH 8.0)) with
the addition of EDTA-free Halt protease inhibitor (Thermo
Scientific, catalog no. 78447) and phosphatase inhibitor mix-
tures 2 and 3 (Sigma-Aldrich, catalog nos. P5726 and P0044).
Equal amounts of protein lysates were separated by SDS-PAGE,
transferred onto PVDF membranes, and analyzed with anti-
bodies to TRAP1 (BD Biosciences, catalog no. 612344), BCL-2
(Santa Cruz Biotechnology, catalog no. sc-7382), HSP27 (Cell
Signaling Technology, catalog no. 2402), GAPDH (Sigma-Al-
drich, catalog no. G8795), �-actin (Sigma-Aldrich, catalog no.
A5441), and Myc-Tag (Cell Signaling Technology, catalog no.
2278).

RNA Sequencing—Twelve RNA samples extracted from Tg
prostates were first treated with the Invitrogen/Ambion DNA-

free kit (catalog no. AM1906) to remove DNA and run on the
Agilent 2100 Bioanalyzer for quality assessment. The sequenc-
ing libraries were generated using the Lexogen QuantSeq 3�
mRNA sequencing library preparation kit (SKU:015.24) for
Illumina sequencing platform-compatible libraries. In these
experiments, QuantSeq provides an alternative measure of
gene expression to using microarrays. Only one fragment is
produced per endogenous transcript, allowing more accurate
determination of gene expression values. The KAPA real-time
PCR library quantification kit (KK4835) was used to quantify
and assess library quality. All 12 libraries were pooled in equal
molar amounts and run on an Illumina Nextseq500 using the
Mid Output V2 (150 cycles) kit (catalog no. FC-404-2001).
Sequences were for 1 � 75 base pairs.

RPPA—Whole prostate lysates from Pten�/� or Pten�/�-
TRAP1 Tg mice were arrayed on nitrocellulose-coated slides
with three technical replicates done for each duplicate sample.
Spots were visualized by DAB colorimetric assay, and densities
were quantified by Array-Pro analyzer. Linear values were nor-
malized for protein loading before calculation of -fold changes
as described previously (32).

Bioinformatics Analysis—For RPPA analysis, the pairwise
group comparisons were done using two-sample t test applied
to technical replicate average values (three technical replicates
for each of two samples in two groups), and the Benjamini-
Hochberg method was used to correct for multiple testing. Pro-
teins that passed false discovery rate � 15% were considered
significantly differentially expressed. Only the proteins that
were up-regulated in TRAP1 Tg samples were considered. For
RNA sequencing data, raw reads were aligned using the bowtie
2 algorithm (33) against the mm10 genome, and Ensembl tran-
scriptome information was used along with RSEM software
(34) to calculate raw read counts for each gene. Two samples
were removed as technical outliers based on principal compo-
nent analysis. Differential expression analysis was done using
DESeq2 (35). Genes that passed an FDR threshold of �15%
were considered significant. Protein and gene expression data

FIGURE 6. Phenotype of TRAP1 expression in Pten�/� prostate epithelial cells. A, primary prostatic epithelial cells were isolated from TRAP1 Tg mice and
analyzed for TRAP1 expression by quantitative PCR at the indicated passages (P) in culture. B, Pten�/� prostate epithelial P8 cells transfected with vector or
TRAP1 cDNA were incubated in the presence of staurosporine (1 �M) and analyzed for cell death by direct cell counting. C, Pten�/� prostate epithelial CapP8
cells or P8 cells transfected as in B were incubated with etoposide (64 nM) and analyzed for caspase-3/7 activity. D—H, P8 cells transfected as in B were analyzed
for cell proliferation by direct cell counting on days 5 and 7 after transfection (D), cell invasion across Matrigel-coated inserts (E), ATP/ADP ratio (F), OCR in the
presence or absence of the mitochondrial complex I inhibitor rotenone (Rot, 1 �M) (G), or mitochondrial superoxide production (H). *, p � 0.01– 0.04; ***, p �
0.0001. H2O2 was used as a control oxidative stimulus.
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were visualized as expression heatmaps using Microsoft Excel.
Analysis of the gene set for enrichment of biological functions
was done using Qiagen Ingenuity� Pathway Analysis software
(IPA�). Only results with p � 0.005, or with a Z score for pre-
dicted activation state calculated by IPA, or where functions of
all genes changed in the same direction were studied. A manual
literature search was then performed for biological functions of
most changed proteins and genes, and only significantly
enriched functions with key regulators changed at the protein
level (47 proteins) or mRNA level (30 genes with 	10-fold)
were considered. The final function list was used to generate a
model of the most affected processes reflected in the Pten�/�-
TRAP1 Tg mouse phenotype. The effect on each function was
predicted based on either the Ingenuity Pathway Analysis, acti-
vation Z score where available, or the behavior of member
genes or was directly tested in validation experiments.

Cell Culture—Pten�/� P8 or Pten�/� CapP8 murine pros-
tate epithelial cell lines were obtained from the ATCC (catalog
no. ATCC CRL-3031) and cultured in DMEM (ATCC, catalog
no 30-2002) with the addition of 10% fetal bovine serum (Gem-
ini Bio Products, catalog no. 100-106), 100 IU/ml penicillin, 100
�g/ml streptomycin, 25 �g/ml bovine pituitary extract (Sci-
enceCell Research Laboratories, catalog no. 0703), 5 �g/ml
human recombinant insulin (Sigma-Aldrich, catalog no.
I9278), and 6 ng/ml human recombinant epidermal growth fac-
tor (STEMCELL Technologies, catalog no. 02633). Cells (1 �
105/60-cm2 Petri dishes) were transfected with 5 �g of pcDNA
His6-Myc-TRAP1 cDNA or vector and 30 �l of Lipofectamine
transfection reagent (Thermo Fisher Scientific, catalog no.
18324012) in Opti-MEM I reduced serum medium (Thermo
Fisher Scientific, catalog no. 31985070) without antibiotics.
After 5 h, cells were washed twice with PBS and cultured in
complete medium.

For analysis of apoptosis, P8 cells were transfected with vec-
tor or TRAP1 cDNA, treated with the broad-spectrum kinase
inhibitor staurosporine (1 �M), and analyzed for cell viability by
direct cell counting. In other experiments, P8 or CapP8 cells
transfected with vector or TRAP1 cDNA were plated in tripli-
cates (5 � 103) onto 96-well black plates in 100 �l of complete
DMEM without phenol red, exposed to etoposide (64 nM), and
assayed after 5 h for changes in terminal caspase-3/7 activity
using a caspase 3/7 assay kit (eEnzyme, catalog no. CA-C150).
Cell invasion experiments across Matrigel-coated inserts (BD
Biosciences, catalog no. 354483) were carried out using
NIH3T3-conditioned medium in the lower compartment as a
chemoattractant, as described previously (14). Control or
TRAP1 P8 transfectants were examined for ATP/ADP ratio
(BioChain, catalog no. z5030042) and OCRs (Enzo Life Sci-
ences, catalog no. ENZ-51045-K100), as described previously
(7), in the presence or absence of the mitochondrial complex I
inhibitor rotenone (1 �M). Mitochondrial superoxide produc-
tion was quantified by fluorescence staining with MitoSOXTM

Red (5 �M, 10 min). H2O2 was used as a control oxidative stim-
ulus. In some experiments, whole prostates were isolated from
male mice between 8 and 12 weeks of age and digested, and the
resulting epithelial cells were co-cultured with feeder layers as
described previously (36). 5�-Dihydrotestosterone (Sigma-Al-

drich, catalog no. D-073) was added at the indicated concentra-
tions for 24 or 48 h before cell harvesting.

Statistical Analysis—Data were analyzed using two-sided
unpaired t or chi-square tests using a GraphPad software pack-
age (Prism 6.0) for Windows. For all experiments, data are
expressed as mean � S.D. with representation of individual
replicates from at least two or three independent determina-
tions. p �0.05 was considered statistically significant.
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