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INTRODUCTION. The present research project is designed to reach a complete preclinical characterization (formulation
studies, pharmacokinetics analysis, toxicology profile and identification and validation of suitable biomarkers) of Gamitrinib (GA
mitochondrial matrix inhibitor), a first-in-class, mitochondrial-targeted small molecule inhibitor of Heat Shock Protein-90
(Hsp90) chaperones. Extensive preliminary data in support of the application have demonstrated that Gamitrinib has a unique
mechanism of action, penetrating the mitochondria and selectively inhibiting the ATPase activity of a pool of Hsp90 and Hsp90-
homolog TRAP-1 (TNFR-Associated Protein-1, TRAP-1) chaperones localized within the mitochondrial matrix and inner
membrane. In turn, this causes catastrophic loss of protein folding quality control selectively within mitochondria, collapse of
tumor bioenergetics, massive activation of apoptosis and potent single-agent and combination cytotoxic anticancer activity, in
vivo. As Hsp90 chaperones are selectively enriched in tumor mitochondria, as opposed to normal tissues, Gamitrinib has shown
good tolerability in preclinical xenograft and genetic tumor models, in vivo. The overarching goal of the proposal is to complete
all of the preclinical characterization of Gamitrinib in order to support filing of an Investigational New Drug (IND) Application
with the US Food and Drug Administration (FDA). This will fulfill key regulatory requirements in anticipation of the clinical
testing of Gamitrinib in patients with advanced, castrate-resistant and metastatic prostate cancer.

KEYWORDS. Mitochondria, oxidative phosphorylation, Hsp90, metabolomics, advanced prostate cancer, Gamitrinib

ACCOMPLISHMENTS.
¢ What were the major goals of the project?

Consistent with the original SOW of the application, studies proposed for the past budget cycle focused on the

characterization of an effective formulation of Gamitrinib (i), suitability of Gamitrinib detection in dog plasma in

anticipation of pharmacokinetics studies (ii), and initial, non-GLP 7-day repeated dose studies of Gamitrinib toxicity in rats

(iii). In parallel, we continued our in-depth characterization of Gamitrinib unique anticancer activity, with respect to

mechanism of action, suitability for combination regimens with other targeted agents and modulation of tumor cell

migration and invasion for potential anti-metastatic strategies (iv).

e What was accomplished under these goals?

1. Major activities.
Studies reported in the 2015 quarterly report for this award demonstrated that a formulation of DMSO-PBS (75%-
25%) provided optimal solubilization of Gamitrinib, stability of the solution over a 2-week interval at 4°C and the
strongest anticancer activity against prostate cancer cell types. Other FDA-approved formulations were tested in these
experiments, but none generated better results compared to the DMSO-PBS formulation. Based on these results, initial
experiments were carried out during the past budget period to establish the suitability of Gamitrinib detection in dog
plasma in anticipation of a complete pharmacokinetics profile. These studies utilized plasma samples collected from
Beagle dogs spiked with increasing concentrations of Gamitrinib formulated in the DMSO-PBS formulation followed
by tandem mass spectrometry. Second, we carried out 7-day repeated dose toxicity study of Gamitrinib formulated in
the DMSO-PBS formulation administered daily i.v. to Sprague rats. Third, a new series of mechanistic experiments
was carried out during the last budget cycle to further advance the preclinical characterization of Gamitrinib,
specifically focused on novel combination.

2. Specific objectives.
The specific objectives of these experiments were as follows. (1) Establish the feasibility of Gamitrinib detection in
samples of Beagle dog plasma using tandem mass spectrometry. These studies were carried out as a feasibility step
in anticipation of the full pharmacokinetics profile of Gamitrinib that is planned in the next budget cycle of the present
application. (2) Test the toxicity profile of Gamitrinib formulated in a DMSO-PBS formulation in a 7-day
repeated dose study in Sprague rats. All of the anticancer efficacy studies of Gamitrinib in rodents were carried out
using a Cremophore formulation, which cannot be utilized in dogs for the risk of life-threatening anaphylactic
reactions. The non-GLP studies carried out in the previous budget cycle examined the safety and suitability of a
DMSO-based formulation of Gamitrinib in a 7-day repeated dose study in rats. (3) Continue the preclinical
characterization of Gamitrinib, and test its suitability in novel combination strategies with other molecularly-
targeted drugs currently in the clinic, and as a potential inhibitor of prostate cancer metastasis. Preliminary
studies demonstrated that combination approaches of Gamitrinib with other anticancer drugs is feasible and may
deliver more potent, synergistic anticancer activity in preclinical models. The studies carried out in the last budget
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cycle followed up on this concept and utilized an unbiased high-throughput drug screen to identify novel combinations

of Gamitrinib plus approved anticancer agents. Additional studies further examined the ability of Gamitrinib to

suppress the bioenergetics requirements of prostate cancer migration and invasion, and potentially function as a first-
in-class anti-metastatic agent.

Significant Results.

(1) Feasibility of detection of Gamitrinib formulated in 75%DMSO0-25% PBS in dog plasma by mass spectrometry.
These studies were carried out to determine the feasibility of Gamitrinib detection in Beagle dog plasma.
Gamitrinib was formulated in a 75% DMSO-25% PBS formulation and added (spiked) to samples (50 pl) of
Beagle dog plasma (K, EDTA, Matrix) over a range of concentrations between 20-20,000 ng/ml. A d15-labeled
variant of Gamitrinib was synthesized for these experiments and used as an internal standard. Gamitrinib detection
was carried out using a validated liquid chromatography-tandem mass spectrometry (LC-MS/MS) method. The
endpoints for these experiments included the following parameters: Injection Matrix Integrity (IMI, 9 d stability at
4°C); Short-Term Matrix Stability (STMS, 24 h stability at 22°C —room temperature), Freeze-Thaw Matrix
Stability (FTMS, 3 repeated cycles of freezing and thawing at -80°C), and Long-Term Matrix Stability (LTMS, 42
days stability at -80°C). The results of these experiments collectively demonstrated that detection of Gamitrinib in
dog plasma is feasible, highly accurate and reproducible over increasing time intervals of storage of the primary
samples. The results of the calibration standard of Gamitrinib in dog plasma is presented in Table 1.

Table 1. Calibration Standard Results and Statistics of Gamitrinib in Dog Plasma

Concentration (ng/mL)

Watson
Run ID 20.0 40.0 80.0 200 600 1600 4000 10000 16000 20000
01 20.3 395 79.0 190 557 2080° 3933 9977 17288 21411
02 19.9 41.1 76.1 201 605 2050° 4178 9757 15288 20692
03 20.1 41.3 75.4 190 597 2051° 4056 10257 16355 20292
04 20.0 40.4 775 203 609 2042° 4220 10109 15404 19192
05 20.4 39.2 77.6 190 621 1924° 4036 9879 16381 20477
Mean 20.2 40.3 77.1 195 598 a 4084 9996 16143 20413
S.D. 0.215 0.943 1.42 6.78 245 a 115 195 820 803
% CV 11 2.3 1.8 3.5 4.1 a 2.8 1.9 5.1 3.9
% Bias 0.8 0.8 -3.6 -2.6 -0.3 a 2.1 0.0 0.9 2.1
n 5 5 5 5 5 a 5 5 5 5

a Not applicable, result not included in the statistical calculations.
b Outside of acceptance criteria; result not included in the statistical calculations.

As shown in Table 2, the detection of Gamitrinib in dog plasma remained stable during short-term storage of the
samples (24 h at room temperature) (Table 2).

Table 2 Short-term Matrix Stability at Ambient Room Temperature for 24 Hours
Theoretical Measured
concentration concentration Relative error Average cv
(ng/mL) (ng/mL) (%) relative error (%) (%)
56.1 -6.5
58.0 -3.3
54.6 9.1
60.0 56.3 62 -7.1 2.5
54.3 -9.5
55.1 -8.1
15423 2.8
15016 0.1
14785 -1.4
15000 15412 27 11 1.7
15263 1.8
15067 0.4
In addition, as shown in Table 3, Gamitrinib detection in dog plasma was stable after a 9-day storage at 4°C
(Table 3). All other parameters investigated in this study concurred to demonstrate the feasibility and
reproducibility of Gamitrinib detection in dog plasma using LC/MS methods.
Table 3 Injection Medium Integrity at Approximately 4°C for 9 Days
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Measured Measured

Theoretical concentration concentration
concentration fresh Relative error after storage Relative error
(ng/mL) (ng/mL) (%) (ng/mL) (%)
60.1 0.2 61.5 2.5
59.1 -1.4 59.1 -1.5
60.0 58.0 -3.3 61.0 1.6
62.0 3.4 59.1 -1.5
1361 -2.8 1395 -0.4
1345 -4.0 1362 -2.7
1400 1448 3.4 1407 0.5
1389 -0.8 1437 2.7
15100 0.7 15017 0.1
13211 -11.9 13457 -10.3
15000 15560 3.7 15577 38
15857 5.7 15185 1.2
(2) Preliminary toxicity of Gamitrinib in rats. A second series of experiments investigated the suitability of the

Gamitrinib formulation in DMSO-PBS for IND-directed toxicology studies in rats. For these experiments, non-
GLP grade Gamitrinib was formulated in the DMSO-PBS formulation as above and injected i.v. into Sprague rats
in a 7-day repeated dose study. The concentrations of Gamitrinib used for these studies were 0 (Group 1 -DMSO-
PBS formulation), 10 mg/kg/daily (Group 2) and 20 mg/kg daily (Group 3). Both male (6 animals) and female (6
animals) rats were used in each of the treatment group. The results of these experiments were as follows:

(1) Repeated administration of Gamitrinib in the DMSO-based formulation is feasible.

(2) The dose of Gamitrinib in Group 2 animals (10 mg/kg/daily/i.v.) generated one unexplained animal death on
day 1 (after one dose) and one animal death on day 5 (after 5 doses).

(3) The dose of Gamitrinib in Group 3 animals generated three unexplained animal deaths on day 5 (after 5 doses)
and one additional animal death on day 6 (after 6 doses).

(4) At necropsy, the cause of animal deaths in both Groups was not determined.

(5) There was a 5% decrease in overall body weight in Group 2 animals and a 12% decrease in Group 3 animals
after 7 day repeated dosing of Gamitrinib (Figure 1).

(6) Despite the unexplained animal deaths in both groups, bone marrow function parameters in Group 2 and
Group 3 animals examined at the end of the 7-repeated doses was comparable to those in control Group 1 animals
(Figure 2).

(7) Despite the unexplained animal deaths in both groups, clinico-chemistry parameters of liver and kidney
function in Group 2 and Group 3 animals examined at the end of the 7-day repeated doses was comparable to
those of Group 1 animals (Figure 3)

(7) Conclusion: The formulation of Gamitrinib in high concentrations of DMSO (75%) produces toxicity in rats,
independently of the dose administered. A toxic effect of the formulation is consistent with extensive evidence in
the literature indicating that DMSO-based formulations are not well tolerated in rats and cannot be used in dogs.

Figure 1. Effect of Gamitrinib administration on animal body weight after 7 repeated administrations. Group 1 —
Formulation (BLACK); Group 2 -10 mg.kg/daily i.v. (PURPLE); Group 3 -20 mg/kg/daily/i.v. (ORANGE).
Right, summary of body weight changes. M, males; F, females.



Figure 2. Effect of Gamitrinib administration on hematologic parameters and bone marrow function after 7
repeated administrations. Group 1 —Formulation (BLACK); Group 2 -10 mg.kg/daily i.v. (PURPLE); Group 3 -20
mg/kg/daily/i.v. (ORANGE). M, males; F, females.

Figure 3. Effect of Gamitrinib administration on hematologic parameters and bone marrow function after 7 repeated
administrations. Group 1 —Formulation (BLACK); Group 2 -10 mg.kg/daily i.v. (PURPLE); Group 3 -20
mg/kg/daily/i.v. (ORANGE). M, males; F, females

Based on these preliminary results, future studies will examine a novel Gamitrinib formulation as a micellar
emulsion. This formulation is based on the Lipoid S-100 emulsificant and reduces the concentration of DMSO in the
formulation from 75% to 2.5%. Preliminary experiments carried out during the last budget cycle have demonstrated
that Gamitrinib formulated in the Lipoid S-100 emulsion retains full anticancer activity against prostate cancer cell
types, indistinguishably from the original DMSO-PBS formulation. Toxicity experiments including new repeated dose
studies will be carried out during the next budget cycle using the new emulsion-based formulation of Gamitrinib.

(3) Characterization of the anticancer activity of Gamitrinib. Supported by the present award, additional mechanistic
studies were carried out during the last budget cycle to further characterize the anticancer activity of Gamitrinib.
These studies identified three novel aspects of Gamitrinib that enhances its spectrum of activity and first-in-class
potential as a unique anticancer agent in humans.

First, using an unbiased high-throughput drug screen, we demonstrated that the combination of Gamitrinib plus small
molecule inhibitors of the PI3K/Akt/mTOR pathway currently in the clinic produced strong and synergistic tumor cell
killing. In contrast, none of the other targeted agents examined in the screen was effective in synergizing with
Gamitrinib. Mechanistically, the combination of Gamitrinib plus PI3K inhibitors induced massive activation of
mitochondrial apoptosis, prevented adaptive pathways of increased tumor cells survival and resulted in strong
inhibition of tumor growth in vivo (Ghosh JC, Siegelin MD, Vaira V, Faversani A, Tavecchio M, Chae YC, Lisanti S,
Rampini P, Giroda M, Caino MC, Seo JH, Kossenkov AV, Michalek RD, Schultz DC, Bosari S, Languino LR, and
Altieri DC (2015) Adaptive mitochondrial reprogramming and resistance to PI3K therapy JNCI 107 pii: dju502. doi:
10.1093/jnci/dju502 2015).

Second, we discovered that in response to stress stimuli typically found in the tumor microenvironment, including
hypoxia and exposure to molecular therapy, prostate cancer cells reposition energetically active mitochondria to the
cortical cytoskeleton. Juxtaposed to cellular protrusions implicated in cell movements, these cortical mitochondria
provide a concentrated, regional energy source to fuel membrane lamellipodia dynamics, turnover of focal adhesion
complexes, and increased tumor cell migration and invasion. Conversely, treatment of tumor cells with non-toxic
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concentrations of Gamitrinib that do not induce tumor cell killing suppressed oxidative phosphorylation, prevented the
repositioning of mitochondria to the cortical cytoskeleton and potently inhibited tumor cell migration and invasion
(Caino MC, Ghosh JC, Chae YC, Vaira V, Rivadeneira DB, Faversani A, Rampini P, Kossenkov AV, Aird KM,
Zhang R, Webster MR, Weeraratna AT, Bosari S, Languino LR, and Altieri DC (2015) PI3K therapy reprograms
mitochondrial trafficking to fuel tumor cell invasion. Proc Natl Acad Sci USA 112:8638-8643. PMCID:
PMC4507184).

Third, we elucidated the biochemical requirements of mitochondrial trafficking to the cortical cytoskeleton as a
regional source of energy for increased tumor cell migration and invasion. In these studies, we identified a novel role
of the mitochondrial pool of the apoptosis regulator, survivin that helped maintain the folding and stability of oxidative
phosphorylation Complex Il subunit, SDHB in cooperation with mitochondrial Hsp90s. Accordingly, genetic or
pharmacologic inhibition of mitochondrial survivin or targeting mitochondrial Hsp90s with Gamitrinib resulted in
inhibition of mitochondrial trafficking to the cortical cytoskeleton, suppression of tumor cell migration and invasion
and ablation of metastatic dissemination in a model of liver metastasis in vivo (Rivadeneira DB, Caino MC, Seo JH,
Angelin A, Wallace DC, Languino LR, and Altieri DC (2015) Survivin promotes oxidative phosphorylation,
subcellular mitochondrial repositioning, and tumor cell invasion. Sci Signal 8(389):ra80. PMCID: PMC4539531).

The conclusions from these mechanistic studies are as follows: (1) We identified and validated a novel, rational
combination strategy of Gamitrinib plus small molecule inhibitors of the PI3BK/Akt/mTOR pathway that abolishes
adaptive mechanisms of tumor compensation and delivers potent and synergistic anticancer activity, in vivo. (2) We
characterized a novel mechanism of metastatic competency based on subcellular trafficking of mitochondria and
generation of an efficient, regional energy source to fuel the machinery of tumor cell motility. (3) We validated the
role of Gamitrinib as a potent suppressor of mitochondrial bioenergetics, including oxidative phosphorylation. The
ability of Gamitrinib to inhibit membrane dynamics and tumor cell motility validates its indication in advanced disease
settings, potentially as a novel anti-metastatic strategy.

4. Other Achievements.
Initial characterization of a novel, non-DMSO formulation of Gamitrinib based on Lipoid S-100 emulsification and
formation of a micellar suspension with retained anticancer activity.

* What opportunities for training and professional development has the project provided?
The present application is not designed to provide a training and professional development environment. Nothing to report.

*  How were the results disseminated to communities of interest?
The mechanistic studies on the further characterization of Gamitrinib anticancer activity, including synergistic combination
therapies with small molecule inhibitors of PI3K/Akt/mTOR (i), identification of regional mitochondrial bioenergetics as a
novel mechanism to fuel membrane dynamics of cell motility and increased tumor cell invasion (ii), and the biochemical
role of the survivin-mitochondrial Hsp90 complex in supporting oxidative phosphorylation and increased tumor cell
invasion (iii) were published in the premiere, peer-reviewed literature (JNCI 107 pii: dju502. doi: 10.1093/jnci/dju502
2015; Proc Natl Acad Sci USA 112:8638; Sci Signal 8(389):ra80). In addition, the Pl on the present application presented
some of these experimental results at the 2015 Banbury Conference on Mitochondria and Cancer (Cold Spring Harbor
Laboratory, September 1-4, 2015).

* What do you plan to do during the next reporting period to accomplish the goals?
Studies will be carried out during the next budget cycle to accomplish the goals in specific aim 2 of the original SOW.
Specifically, we will first test the novel, non-DMSO Lipoid S-100 emulsion formulation of Gamitrinib in a non-GLP
repeated dose study in Sprague rats with evaluation of animal survival and functional parameters of liver, kidney and bone
marrow function. Second, we will use this emulsion formulation of Gamitrinib in Lipoid S-100 to reach a comprehensive
pharmacokinetics profile in rats. Third, we will continue our mechanistic studies on the role of regional mitochondrial
bioenergetics as a mechanism to support tumor cell motility and metastasis, and further validate the role of Gamitrinib as a
potential anti-metastatic agent, alone or in combination with other molecularly-targeted agents.

4. IMPACT
* What was the impact on the development of the principal disciplines of the project?

The studies summarized above had considerable impact on the principal disciplines of the project. First, we validated a
highly reproducible and reliable tandem mass spectrometry method to detect a broad range of Gamitrinib concentrations
spiked in dog plasma. Several parameters examined in these studies demonstrated that detection of Gamitrinib in plasma is
feasible, reproducible and stable over long-term storage of the plasma samples. Second, these results emphasized the
importance of optimal formulation development of Gamitrinib for IND-directed toxicity studies. Previous efficacy data of
Gamitrinib in rodents utilized a Cremophore-based formulation, which unsuitable for the present studies, especially in dogs
due to acute onset of life-threatening allergic reactions. To address this limitation, we carried out additional formulation
development studies during the past budget cycle, and identified a 75% DMSO-25% PBS formulation as the best solvent
for Gamitrinib. Although Gamitrinib solubilization was achieved also with other FDA-approved solvents, the high DMSO
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formulation was the most effective to enable the production of highly concentrated drug stock solutions for use in animals.
However, the results of the non-GLP repeated dose study in rats presented here demonstrated that Gamitrinib formulated in
high concentrations of DMSO resulted in unexplained acute animal death, in the absence of obvious defects in tissue and
organ function and with only a 5% decrease in overall animal weight (Group 2). In consultation with the Gamitrinib
development team, we have concluded that the acute toxicity observed was independent of dose and likely due to the high
concentration of DMSO (75%) in which Gamitrinib was formulated. This conclusion led to the additional studies carried
out in the previous funding cycle that identified a low-DMSO (2.5%) emulsion formulation of Gamitrinib that utilizes
Lipoid S-100 emulsificant as a base constitutent. In this emulsion, Gamitrinib retained solubility at high concentrations (10
mg/kg) and anticancer activity comparable to the high DMSO formulation.

e What was the impact on other disciplines?
The results summarized above had significant impact for other disciplines, in particular for establishing a novel role of
mitochondrial bioenergetics in fueling the process of metastasis in prostate cancer. In this context, the role of mitochondria
in cancer has been controversial in the literature, as most tumors rewire their energy requirements to utilize glycolysis at
the expense of mitochondrial oxidative phosphorylation (the so-called “Warburg effect”). Surprisingly, however, the basic
question of how tumors that rely on an inefficient glycolytic metabolism support highly energy-intensive processes of cell
migration, invasion and metastasis has not been answered. Our results identify a novel concept of metastatic competency,
in which energetically active mitochondria reposition to the cortical cytoskeleton in physical proximity to subcellular sites
of high energy demands. In turn, these cortical mitochondria provide a concentrated, regional energy source to power
membrane dynamics of cell motility, lamellipodia dynamics and increased tumor cell migration and invasion. Consistent
with the ability of Gamitrinib to inhibit mitochondrial respiration characterized in previous studies, results obtained in the
previous budget cycle demonstrated that non-toxic concentrations of Gamitrinib suppressed mitochondrial oxidative
phosphorylation, prevented mitochondrial repositioning to the cortical cytoskeleton and abolished tumor cell migration and
invasion. These results introduce a novel concept of spatiotemporal mitochondrial bioenergetics as an indispensable
requirement for tumor cell migration and invasion and therapeutic target in advanced disease, and validate the potential
utility of Gamitrinib for novel anti-metastatic approaches.

e What was the impact on technology transfer?
Based on the novel results summarized above, a new US patent application was filed during the last budget cycle that
focused on the contribution of subcellular mitochondrial bioenergetics in supporting metastatic competency, and the role of
Gamitrinib as a potential, first-in-class anti-metastatic agent for advanced prostate cancer.

* What was the impact on society beyond science and technology?
These studies may open new, concrete prospect for the management of patients with advanced prostate cancer. Although
early-stage prostate cancer is successfully managed and these patients are offered a range of options, more advanced
disease settings carry significant morbidity and mortality due to disease dissemination to bones and visceral organs, with
limited, if any, meaningful therapeutic options. The identification of a novel mechanism of spatiotemporal mitochondrial
bioenergetics that supports metastasis, and the characterization of Gamitrinib as an inhibitor of this process, suggests a
novel therapeutic strategy of cutting off energy supplies of tumor cell motility as a novels, first-in-class approach to anti-
metastatic therapies in advanced cancer patients.

5. CHANGES/PROBLEMS.
e Changes in approach and reasons for change.

As detailed above, the initial formulation of Gamitrinib in high concentration of DMSO (75%) was found to be unsuitable
for the further preclinical development of this agent in rats. Accordingly, the approach will be changed in the next budget
cycle, and new non-GLP repeated dose studies are being currently planned that involve the novel emulsion formulation of
Gamitrinib with the Lipoid S-100 micellar emulsificant. Preliminary experiments carried out in the past budget cycle have
demonstrated that this new emulsion formulation of Gamitrinib is stable, allows the generation of high stock drug
concentrations, and preserves anticancer activity against prostate cancer cell types, comparably to the high-DMSO
formulation. In this context, the Lipoid S-100 emulsion of Gamitrinib lowers the DMSO concentration in the formulation
from 75% to 2.5%, thus eliminating potential DMSO-related acute toxicity in rats observed in the previous budget cycle.

e Actual or anticipated problems or delays and actions or plans to resolve them.
We do not anticipate problems or delays in testing the new emulsion formulation of Gamitrinib with Lipod S-100
emulsificant in a new non-GLP repeated dose study in Sprague rats. Similar to the past budget cycle, these studies will be
completed with a full toxicology profile in the various treatment groups, monitoring of animal weight throughout treatment
duration, and analysis of liver, kidney and bone marrow function.

e Changes that had a significant impact on expenditures.
None reported

« Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select agents.
None reported
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Publications, conference papers, and presentations

Journal Publications

1. Ghosh JC, Siegelin MD, Vaira V, Faversani A, Tavecchio M, Chae YC, Lisanti S, Rampini P, Giroda M, Caino MC,
Seo JH, Kossenkov AV, Michalek RD, Schultz DC, Bosari S, Languino LR, and Altieri DC (2015) Adaptive
mitochondrial reprogramming and resistance to PI3K therapy JNCI 107 pii: dju502. doi: 10.1093/jnci/dju502 2015.
PMID: 25650317. PMCID In Progress.

2. Trerotola M, Ganguly KK, Fazli L, Lu H, Dutta A, Liu Q, De Angelis T, Robio N, Gleave ME, Zoubeidi A, Altieri
DC, and Languino LR (2015) Trop-2 is up-regulated in aggressive prostate cancer and interacts with o531 integrin.
Oncotarget 6:14318-1428. PMCID PMC4546469.

3. Caino MC, Ghosh JC, Chae YC, Vaira V, Rivadeneira DB, Faversani A, Rampini P, Kossenkov AV, Aird KM, Zhang
R, Webster MR, Weeraratna AT, Bosari S, Languino LR, and Altieri DC (2015) PI3K therapy reprograms
mitochondrial trafficking to fuel tumor cell invasion. Proc Natl Acad Sci USA 112:8638-8643. PMCID:
PMC4507184.

4. Rivadeneira DB, Caino MC, Seo JH, Angelin A, Wallace DC, Languino LR, and Altieri DC (2015) Survivin promotes
oxidative phosphorylation, subcellular mitochondrial repositioning, and tumor cell invasion. Sci Signal 8(389):ra80.
PMCID: PMC4539531.

Books or other non-periodical, one-time publications
Not applicable

Other publications, conference papers, and presentations
Invited speaker, 2015 Banbury Conference Mitochondria and Cancer, September 1-4, Cold Spring Harbor Laboratory,
New York. Title of presentation: Regulators of Mitochondrial Metabolism and Cancer Therapy.

Websites or other Internet sites.
Not applicable

Technologies or techniques.

Time-lapse videomicroscopy of mitochondrial trafficking to the cortical cytoskeleton; stroboscopic imaging and
quantification of membrane lamellipodia dynamics; high-throughput drug screen of the combination of Gamitrinib plus
small molecule inhibitors of PI3K/Akt/mTOR pathway,

Inventions, patent applications, and/or licenses.

A new US provisional patent application has been filed based on the observations reported in the past budget cycle that
tumor cells exposed to stress stimuli typically found in the tumor microenvironment, including molecular therapy,
reposition their mitochondria to the cortical cytoskeleton, where they fuel membrane dynamics of cell motility, turnover of
focal adhesions complexes, and increased tumor cell migration and invasion (named inventors, Altieri, DC and Caino MC).
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Abstract

Background: Small molecule inhibitors of phosphatidylinositol-3 kinase (PI3K) have been developed as molecular therapy
for cancer, but their efficacy in the clinic is modest, hampered by resistance mechanisms.

Methods: We studied the effect of PI3K therapy in patient-derived tumor organotypic cultures (from five patient samples),
three glioblastoma (GBM) tumor cell lines, and an intracranial model of glioblastoma in immunocompromised mice (n = 4-5
mice per group). Mechanisms of therapy-induced tumor reprogramming were investigated in a global metabolomics
screening, analysis of mitochondrial bioenergetics and cell death, and modulation of protein phosphorylation. A high-
throughput drug screening was used to identify novel preclinical combination therapies with PI3K inhibitors, and
combination synergy experiments were performed. All statistical methods were two-sided.

Results: PI3K therapy induces global metabolic reprogramming in tumors and promotes the recruitment of an active pool
of the Ser/Thr kinase, Akt2 to mitochondria. In turn, mitochondrial Akt2 phosphorylates Ser31 in cyclophilin D (CypD),

a regulator of organelle functions. Akt2-phosphorylated CypD supports mitochondrial bioenergetics and opposes tumor
cell death, conferring resistance to PI3K therapy. The combination of a small-molecule antagonist of CypD protein folding
currently in preclinical development, Gamitrinib, plus PI3K inhibitors (PI3Ki) reverses this adaptive response, produces
synergistic anticancer activity by inducing mitochondrial apoptosis, and extends animal survival in a GBM model (vehicle:
median survival = 28.5 days; Gamitrinib+PI3Ki: median survival = 40 days, P = .003), compared with single-agent treatment
(PI3Ki: median survival = 32 days, P = .02; Gamitrinib: median survival = 35 days, P = .008 by two-sided unpaired t test).

Conclusions: Small-molecule PI3K antagonists promote drug resistance by repurposing mitochondrial functions in
bioenergetics and cell survival. Novel combination therapies that target mitochondrial adaptation can dramatically improve
on the efficacy of PI3K therapy in the clinic.
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The phosphatidylinositol-3 kinase (PI3K) pathway (1) is a uni-
versal signaling node that integrates environmental cues of
cellular growth with downstream networks of cell prolifera-
tion, survival, and bioenergetics (2). Exploited in virtually every
human cancer, in some cases through the acquisition of acti-
vating mutations (3), PI3K signaling and its effectors Akt and
mammalian target of rapamycin (MTOR) (4) are validated thera-
peutic targets, and several small molecule antagonists of this
pathway have entered clinical testing (5).

However, the response to PI3K therapy in the clinic has been
inferior to expectations, with modest single-agent activity, statis-
tically significant toxicity, and short-lived patient benefits (6). The
basis for this treatment resistance is unknown (7), and strategies
to guide patient selection or incorporate PI3K therapy in more
effective combination regimens have remained elusive (8). In this
context, there is evidence that small-molecule inhibitors of PI3K/
Akt/MTOR activate a broad transcriptional and signaling program
in tumors, culminating with a paradoxical (re)activation of Akt in
treated patients (9-11). How (and whether) this process contrib-
utes to drug resistance has not been clearly elucidated, but it is
possible that it provides a general adaptive response to “environ-
mental stress” imposed by molecular therapy (12). In this context,
mechanisms of adaptation are important drivers of tumor diver-
sity and treatment failure (13), hinging on a tight control of the
protein-folding environment (14) by molecular chaperones of the
Heat Shock Protein-90 (Hsp90) family (15).

In this study, we hypothesized that clinical resistance to
small molecule PI3K antagonists depends on reprogramming
of metabolic and survival networks in tumor cells and that this
adaptive response may be exploited for novel drug combination
strategies in the clinic.

Methods

Patients

Fresh, patient-derived and treatment-naive tissues obtained
from surgical resections of colon adenocarcinoma (one case),
infiltrating ductal breast adenocarcinoma (four cases), non-
small cell lung adenocarcinoma (three cases), and grade IV glio-
blastoma (GBM) (five cases) were used in this study. Informed
consent was obtained from all patients, and the study was
approved by an Institutional Review Board at the Fondazione
IRCCS Ca’ Granda hospital (Milan, Italy). The clinicopathological
characteristics of the patient series used in this study are pre-
sented in Supplementary Table 1 (available online).

Organotypic cultures

Short-term organotypic cultures from primary patient samples
were established as described (16). Cultures were supplemented
with vehicle (DMSO, 2.5 pL), pan-PI3K inhibitor LY294002 (50
or 100 pM) or PX-886 (2.5, 5, or 10 uM), mitochondrial-targeted
Hsp90 inhibitor, Gamitrinib (10 or 25 uM) (17), or the combination
of PX-886 plus Gamitrinib (each used at 10 pM). At the end of
the experiment, one tissue slice per condition was formalin fixed
and paraffin embedded and was further processed for morpho-
logical and immunohistochemical analysis. An additional tissue
slice was embedded in optimal cutting temperature, and snap-
frozen for molecular or immunofluorescence studies.

Statistical Methods

Data were analyzed using the two-sided unpaired t tests using
a GraphPad software package (Prism 4.0) for Windows. Data

are expressed as mean = SD of replicates from a representative
experiment out of at least two independent determinations. A P
value of less than or equal to .05 was considered as statistically
significant.

All other methods are described in detail in the
Supplementary Methods (available online).

Results

PI3K Therapy and Mitochondrial Metabolism

To study how PI3K therapy affects tumor behavior, we first profiled
the metabolome (18) of GBM LN229 cells in response to PX-866,
a small-molecule antagonist of all PI3K subunits, currently in
clinical trials (6). PI3K inhibition induced extensive defects in
tumor mitochondrial metabolism. These included impaired oxi-
dative phosphorylation (19), with reduced levels of pyruvate,
a-ketoglutarate, succinate, fumarate, and malate (Figure 1A;
Supplementary Figure 1A and Supplementary Table 2, avail-
able online), and defective arginine metabolism, with decreased
expression of polyamines, agmatine, spermidine, putres-
cine, and 5-deoxy-5-(methylthio)adenosine (MTA) (Figure 1B;
Supplementary Figure 1B and Supplementary Table 2, available
online). Conversely, PI3K therapy resulted in higher levels of carni-
tine conjugates required for mitochondrial fatty acid p-oxidation
(Figure 1C; Supplementary Figure 1C and Supplementary Table 2,
available online), and elevation of long-chain fatty acids (Figure 1C;
Supplementary Figure 1D and Supplementary Table 2, available
online). Consistent with these findings, LN229 or prostate adeno-
carcinoma PC3 cells exposed to PI3K inhibitors, including PX-866,
AZD6482, or GDC0941 (6), exhibited defects in glycolysis, with
reduced glucose utilization (Figure 1D) and lactate production
(Figure 1E), and inhibition of oxygen consumption (Figure 1F), a
marker of oxidative phosphorylation (19). As a result of these bio-
energetics defects, PI3K therapy considerably reduced adenosine
triphosphate (ATP) production in tumor cells (Figure 1G).

Despite these bioenergetics defects, PI3K therapy did
not appreciably kill tumor cells (Supplementary Figure 2A,
available online) and only caused reduced cell proliferation
(Supplementary Figure 2B, available online) because of G1 cell
cycle arrest (Supplementary Figure 2, C and D, available online).
These cytostatic effects were transient, as the long-term colony-
forming ability of tumor cells treated with PI3K inhibitors was
unaffected compared with control cultures (Supplementary
Figure 2E, available online).

Akt Regulation During PI3K Therapy

We next searched for potential mediator(s) of resistance to PI3K
therapy in cancer, and we focused on Akt, which becomes para-
doxically reactivated under these conditions (9,10,20). A 48-hour
exposure of organotypic cultures of GBM (16) (Figure 2A,
Supplementary Figure 3A, available online) to PI3K inhibitors,
PX-866, or LY294002 induced strong (re)phosphorylation of Akt
(10,20) (vehicle vs PX-866 2.5 pM, P = .03; vehicle vs PX-866 5 1M,
P = .005; vehicle vs PX-866 10 pM, P = .04 by two-sided unpaired
t test) (Figure 2B) (vehicle vs LY294002 50 pM, P = .002; vehi-
cle vs LY294002 100 uM, P < .001 by two-sided unpaired t test)
(Supplementary Figure 3B, available online) and higher levels
of phosphorylated MTOR (vehicle vs LY294002 50 pM, P < .001;
vehicle vs LY294002 100 pM, P < 0.001 by two-sided unpaired t
test) (Supplementary Figure 3B, available online). PI3K inhi-
bition also induced increased Ser473 phosphorylated Akt in
organotypic cultures of breast adenocarcinoma (Supplementary



Figure 3C, available online) (vehicle vs LY294002 50 puM, P < .001;
vehicle vs LY294002 100 pM, P = .007 by two-sided unpaired t
test) (Supplementary Figure 3D, available online), or colon
adenocarcinoma (Supplementary Figure 3E, available online)
(vehicle vs LY294002 50 pM, P = .02, by two-sided unpaired t
test) (Supplementary Figure 3F, available online). Other molec-
ular therapies, including inhibition of cytosolic Hsp90 with
17-allylamino-demethoxygeldanamycin (17-AAG), had no effect
on Akt or MTOR phosphorylation (Figure 2B).
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As an alternative experimental approach, we next silenced
the expression of PI3K p110a subunit by small interfering RNA
(siRNA), and looked at changes in signaling pathways. Similar
to the results obtained with pharmacologic inhibition, PI3K
knockdown in PC3 cells resulted in increased phosphorylation
of Akt2 (see below), MTOR and its downstream effector, S6K
(Supplementary Figure 3G, available online). This response was
also associated with increased phosphorylation, ie, activation of
ERK1/2 (Supplementary Figure 3G, available online), in agreement

Figure 1. PI3K therapy and mitochondrial metabolic reprogramming. A-C) LN229 cells treated with PX-866 (10 pM for 48 hours) were analyzed in a global metabolomics
screening (n = 5). Changes in expression levels of metabolites implicated in oxidative phosphorylation (A), polyamine metabolism (B), and fatty acid -oxidation (C)
are shown. Red, upregulation; blue, downregulation. D-G) LN229 or PC3 cells were treated with vehicle or PI3K inhibitors, PX-866 (10 uM), AZD6482 (10 pM), or GDC0942
(2 pM) and analyzed after 48 hours for changes in glucose utilization (D), lactate generation (E), oxygen consumption (F), or ATP production (G). Mean + SD of at least
two independent determinations. MTA = 5’-deoxy-5'-(methylthio)adenosine; Veh = vehicle.

Figure 2. PI3K therapy and regulation of Akt signaling. A) Glioblastoma (GBM) organotypic cultures treated with vehicle or PX-866 (10 uM for 48 hours) were analyzed
by immunofluorescence microscopy. DNA was counterstained with DAPI. Scale bar = 100 pm. B) The percentage of pAkt* cells or a pMTOR immunohistochemical score
was quantified in GBM organotypic cultures (PX-866, 2.5, 5, 10 uM, 17-AAG, 20 nM). None = untreated. Mean + SD of at least three independent determinations. *P = .03-
.04; P =.005 by two-sided unpaired t test. C) The various tumor cell lines were treated with the indicated increasing concentrations of PX-866 and analyzed by western
blotting. D) LN229 cells were treated with the indicated increasing concentrations of PX-866 and cytosol or mitochondrial fractions were analyzed by western blotting.
E) LN229 cells were treated with vehicle or LY294002 (LY, 50 uM for 48 hours), fractionated in cytosol or mitochondrial extracts, and analyzed by western blotting. For
(D) and (E), Cox-IV and p-tubulin were used as mitochondrial or cytosolic markers, respectively. F) Cytosol or mitochondrial fractions from prostate tissues of wild-type
(Pten**) or Pten**” mice (three mice per condition) were analyzed by western blotting. * = nonspecific. VDAC was a mitochondrial marker. G) LN229 cells were incubated
in normoxia or hypoxia (H, 0.5% O,) conditions for 24 to 48 hours, fractionated in cytosol or mitochondrial extracts and analyzed by western blotting. HK-II was used
as a control for a hypoxia-regulated mitochondrial-associated protein. Cyto = cytosol; GBM = glioblastoma; Mito = mitochondrial; N = normoxia; NSE = neuron-specific
enolase; pAkt = Ser473-phosphorylated Akt; TCE = total cell extracts; Veh = vehicle.
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with previous observations (20). Consistent with these findings,
PI3K therapy-induced Akt phosphorylation was observed in
genetically heterogeneous tumor cell lines (Figure 2C), regardless
of the presence of oncogenic “driver” mutation(s), for instance
BRAF V600E melanoma cells (Supplementary Figure 3H, avail-
able online) and in response to structurally diverse PI3K antago-
nists currently in the clinic, including AZD6482, GDC0942, and
BKM120 (Supplementary Figure 3I, available online). Both high
(10 pM) and low (0.8 pM) concentrations of PX-866 induced Akt
phosphorylation in tumor cells within 24 hours of treatment
(Supplementary Figure 3], available online).

In addition to Akt activation in cytosol (10,20), PI3K inhibitors
induced the phosphorylation of a pool of Akt in mitochondria
of tumor cells (Figure 2, D and E) (21). This involved the MTORC2
phosphorylation site on Akt (Ser473), whereas the PDK1 phospho-
rylation site (Thr308) was unaffected (Figure 2D). Mitochondrial
Akt comprised predominantly the Akt2 isoform, whereas Aktl
was expressed at low levels in mitochondria (Supplementary
Figure 4A, available online) (22). Accordingly, PI3K therapy with
PX-866 resulted in robust and concentration-dependent iso-
form-specific phosphorylation of Akt2 on Ser474 in cytosol and
mitochondrial extracts of treated tumor cells (Supplementary
Figure 4B, available online), as well as primary GBM organotypic
cultures (Supplementary Figure 4C, available online). In terms
of submitochondrial localization, Akt2 predominantly accumu-
lated in the organelle inner and outer membranes, and inter-
membrane space (Supplementary Figure 4D, available online),
largely protected from proteinase K-dependent proteolysis of
the outer membrane (Supplementary Figure 4E, available online).
Akt is a known client protein for Hsp90 (15), and accordingly pre-
treatment of tumor cells with 17-AAG abolished the accumula-
tion of phosphorylated Akt in cytosol, as well as mitochondria in
response to PX-866 (Supplementary Figure 4F, available online).
Mitochondrial Akt2 was broadly expressed in normal and tumor
cell lines (Supplementary Figure 4G, available online) and in all
normal mouse tissues examined (Supplementary Figure 4H,
available online).

We next looked for other pathophysiological conditions that
may activate mitochondrial Akt, independently of PI3K therapy.
First, mice with prostate-specific deletion of Pten, an antagonist
of the Akt pathway often deleted in tumors (23), showed con-
stitutively high levels of Ser473-phosphorylated Akt in mito-
chondria (Figure 2F). Second, exposure of tumor cells to stress
conditions, including hypoxia (Figure 2G) or glucose starva-
tion induced by the nonmetabolizable analog, 2-deoxyglucose
(2-DG), increased Akt recruitment to mitochondria and its phos-
phorylation on Ser473 (Figure 2G and Supplementary Figure 41,
available online). In contrast, ER (thapsigargin) or oxidative
(H,0,) stress had no effect on Akt localization to mitochondria
(Supplementary Figure 41, available online).

Modulation of CypD Phosphorylation

We next searched public databases of mitochondria-localized
proteins for the presence of potential Akt consensus phospho-
rylation site(s). We found that Cyclophilin D (CypD), a mito-
chondrial regulator of apoptosis (24) and bioenergetics (25),
contained two potential Akt phosphorylation sites on Ser31 and
Ser123 (Supplementary Figure 5A, available online). In immuno-
precipitation (Figure 3A) and pull-down experiments (Figure 3B;
Supplementary Figure 5B, available online), CypD formed a com-
plex with Akt in tumor mitochondria. In addition, recombinant,
active Aktl (Supplementary Figure 5C, available online) or Akt2
(Supplementary Figure 5D) readily phosphorylated recombinant

CypD, as well as its known substrate GSK3f in kinase assays. We
next carried out mutagenesis studies to identify the Akt phos-
phorylation site(s) on CypD (Supplementary Figure 5A, available
online). In kinase assays, recombinant Akt2 phosphorylated
wild-type (WT) CypD or a CypD Ser123—Ala mutant (Figure 3C).
In contrast, Akt2 phosphorylation of CypD Ser31—Ala mutant
or a CypD Ser31/Ser123—Ala double mutant was abolished, and
vehicle had no effect on CypD phosphorylation (Figure 3C).

To assess the status of CypD phosphorylation in vivo, we
next reconstituted CypD’ mouse embryonic fibroblasts (MEFs)
(Supplementary Figure SE, available online) or LN229 cells with
stable knockdown of CypD with WT or mutant CypD cDNAs
(Supplementary Figure SF, available online). Treatment with PX-866
did not affect the levels of endogenous or overexpressed CypD in
reconstituted cells (Supplementary Figure 5F, available online).
Under these conditions, WT CypD immunoprecipitated from
reconstituted LN229 cells reacted with an antibody to phosphoryl-
ated Ser (Figure 3D). In contrast, immune complexes containing
CypD Ser31—Ala mutant did not react with phosphorylated Ser,
and immune precipitates with nonbinding IgG were ineffective
(Figure 3D). Similarly, WT CypD immunoprecipitated from recon-
stituted LN229 cells after treatment with PX-866 showed increased
reactivity with an antibody to pSer, compared with control trans-
fectants (Figure 3E). In contrast, pSer reactivity of CypD Ser31—Ala
mutant was abolished in PX-866-treated cells, and exposure to
vehicle did not affect CypD phosphorylation (Figure 3E).

Mitochondrial Tumor Reprogramming

We next studied how CypD phosphorylation by Akt affected mito-
chondrial functions. First, transfection of WT CypD in CypD” MEFs
restored CypD peptidyl prolyl cis, trans isomerase (PPIase) activity
to the levels of CypD** MEFs (Figure 3F). In contrast, expression of
a CypD Ser31—Ala mutant failed to restore PPlase activity in CypD
- MEFs (Figure 3F). As control, reconstitution of CypD”- MEFs with
a PPlase-defective CypD His168—GIn mutant was also ineffective
(Figure 3F). CypD PPIlase activity is important for mitochondrial bio-
energetics (25), as well as permeability transition-regulated apop-
tosis (24). Accordingly, expression of CypD Ser31—Ala mutant in
CypD-depleted LN229 cells induced loss of the first enzyme of the
glycolytic cascade, hexokinase-II (HK-II) (25), from the mitochon-
drial outer membrane (Figure 3G), resulting in decreased HK-II
activity (WT CypD vs S31A CypD, P = .001 by two-sided unpaired
t test) (Figure 3H), compared with WT CypD transfectants. The
localization of HK-I was not affected (Figure 3G). Consistent with
these data, tumor cells expressing CypD Ser31—Ala mutant exhib-
ited defective mitochondrial bioenergetics, with reduced glucose
utilization (WT CypD vs S31A CypD, P = .04 by two-sided unpaired
t test) (Supplementary Figure 6A, available online), impaired oxy-
gen consumption (WT CypD vs S31A CypD, P = .001 by two-sided
unpaired t test) (Supplementary Figure 6B, available online), and
decreased ATP production (WT CypD vs S31A CypD, P = .004 by
two-sided unpaired t test) (Supplementary Figure 6C, available
online), thus mimicking the bioenergetics defects induced by PI3K
therapy (Figure 1).

When analyzed for markers of mitochondrial permeability
transition (24), reconstitution of CypD-depleted LN229 cells with
CypD Ser31—Ala mutant resulted in loss of organelle membrane
potential (Supplementary Figure 6D, available online), reactivity
for Annexin V (Supplementary Figure 6E, available online), and
discharge of cytochrome c in the cytosol, compared with control
transfectants (Supplementary Figure 6F, available online). As a
result, expression of CypD Ser31—Ala mutant in CypD-depleted
LN229 cells (WT CypD vs S31A CypD, P < .001 by two-sided
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Figure 3. CypD phosphorylation. A) Mitochondrial extracts from LN229 cells were immunoprecipitated (IP) with IgG or an antibody to CypD, and pellets were analyzed
by Western blotting. B) Recombinant GST-CypD or GST was incubated with mitochondrial extracts of LN229 cells, and bound proteins were analyzed by western blot-
ting. C) The indicated recombinant proteins were incubated with recombinant active Akt2 or vehicle in a kinase assay, and radioactive proteins were visualized by
autoradiography. GSK3p was a control Akt substrate. D) LN229 cells with stable CypD knockdown were reconstituted with the indicated CypD cDNAs, immunoprecipi-
tated with IgG or an antibody to CypD, and pellets were analyzed with an antibody to phosphorylated Ser (pSer) by western blotting. E) LN229 cells with stable shRNA
knockdown of CypD were transfected with the indicated FLAG-tagged CypD cDNAs, treated with vehicle or PX-866, and immunoprecipitated with anti-FLAG-M2 gel
followed by western blotting with anti-pSer antibody. The position of full-length or mature CypD band is shown. F) CypD** or CypD”- mouse embryonic fibroblasts
(MEFs) were transfected with wild-type or CypD mutant cDNAs and analyzed for peptidyl prolyl cis,trans isomerase (PPlase) activity. PPlase-defective CypD H168Q
mutant was used as a control. Mean + SD. G and H) LN229 cells with stable CypD knockdown were transfected with the indicated CypD cDNAs, and isolated mitochon-
drial extracts were analyzed by western blotting (G) or HK-II activity (H). Mean + SD of replicates from a representative experiment out of at least two independent
determinations.”P = .001 by two-sided unpaired t test. I and J) LN229 cells with stable shRNA knockdown (KD) of CypD (I) or CypD’- MEFs (J) were transfected with the
indicated CypD cDNAs and analyzed for cell viability by a 3-(4,5 dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) assay. Mean = SD of replicates from a
representative experiment out of at least two independent determinations. **P < .001 by two-sided unpaired t test. CB = Coomassie blue staining; IgG, = Ig light chain;

IP = immunoprecipitated; MW = molecular weight markers; PPlase = peptidyl prolyl cis,trans isomerase; Veh = vehicle; WT = wild-type.

unpaired t test) (Figure 31I) or CypD” MEFs (WT CypD vs S31A CypD,
P <.001 by two-sided unpaired t test) (Figure 3]) reduced cell viabil-
ity, whereas expression of WT CypD had no effect (Figure 3,1 and

).

Mitochondrial Adaptation and PI3K Therapy

Many mitochondrial functions in tumors, including those mediated
by CypD (18), depend on protein folding quality control maintained
by mitochondrial-localized Hsp90 chaperones (26). Therefore, we
asked whether this requirement provided new therapeutic oppor-
tunities, and we carried out a high-throughput drug screening of
a small-molecule antagonist of mitochondrial Hsp90s, Gamitrinib
(17), in combination with various molecular therapies (Figure 4A).
In these experiments, Gamitrinib potently enhanced the antican-
cer activity of all structurally unrelated PI3K/Akt/MTOR pathway
antagonists present in the screening (Figure 4, A and B). In con-
trast, other molecular therapies were not affected (Figure 4A). The
combination of Gamitrinib plus PI3K inhibitor killed tumor cells via
induction of mitochondrial apoptosis (24), with membrane depo-
larization (Figure 4C), increased Annexin V labeling (Figure 4D),
and cleavage of effector caspase-3 and -7 and their substrate, poly-
ADP ribose polymerase (PARP) (Supplementary Figure 7A, available
online). Bliss independence analysis demonstrated that the combi-
nation of Gamitrinib plus PI3K inhibitor had synergistic anticancer
activity (Supplementary Figure 7B, available online) and was asso-
ciated with loss of antiapoptotic molecules implicated in tumor
cell survival, including Bcl-2, XIAP, and survivin (Supplementary
Figure 7C, available online).

To validate these observations independently of pharma-
cologic inhibitors, we next transfected tumor cells with a PI3K
A-p85 dominant negative mutant that interferes with PI3K sign-
aling (Supplementary Figure 7D, available online). Expression of
this mutant in GBM cell types reduced Akt phosphorylation on

Ser473, but caused only modest activation of effector caspases
(Supplementary Figure 7D, available online). In contrast, the
combination of PI3K A-p85 mutant plus noncytotoxic concentra-
tions of Gamitrinib increased caspase activation (Supplementary
Figure 7D, available online), and enhanced tumor cell killing,
compared with each treatment alone (Supplementary Figure 7E,
available online). When analyzed in a preclinical model of
intracranial GBM in mice, the combination of Gamitrinib plus a
PI3K antagonist (NVP-BEZ235) inhibited tumor growth as deter-
mined by bioluminescence imaging (vehicle vs BEZ235, P = .08;
vehicle vs Gamitrinib, P = .01; vehicle vs BEZ235+Gamitrinib,
P = .001; Gamitrinib vs BEZ235+Gamitrinib, P = .04; BEZ235 vs
BEZ235+Gamitrinib, P = .02, all by two-sided unpaired t test)
(Figure 5, A and B; Supplementary Figure 8A, available online) and
extended animal survival (vehicle: median survival = 28.5 days;
Gamitrinib+BEZ235: median survival = 40 days, P = .003 by log-
rank Mantel-Cox test), compared with single-agent treatment
(BEZ235: median survival = 32 days, P = .02; Gamitrinib: median
survival = 35 days, P =.008 by log-rank Mantel-Cox test) (Figure 5C).
Histologic analysis of GBMs harvested from mice receiving the
combination treatment showed extensive inhibition of cell pro-
liferation (Supplementary Figure 8B, available online) and apop-
tosis (Supplementary Figure 8C, available online), compared with
tumors in groups receiving each agent alone.

Synergistic Enhancement of PI3K Therapy

We next analyzed the impact of this novel combination on ther-
apy adaptive signaling induced by PI3K therapy (9-11). When
combined with Gamitrinib, PX-866 no longer promoted the
reactivation of Akt (Ser473) (PX 10 pM vs PX 10 uM+Gam, P = .01
by two-sided unpaired t test), or the phosphorylation of MTOR
(PX 10 puM vs PX 10 pM+Gam, P = .007 by two-sided unpaired t
test) in breast cancer organotypic cultures (Figure 5, D and E;
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Figure 4. Mitochondrial adaptation and sensitivity to PI3K therapy. A) LN229 cells were incubated with the indicated small molecule targeted anticancer agents plus
vehicle (DMSO) or a noncytotoxic concentration of Gamitrinib (Gam, 1 pM) and analyzed for cell viability after 18 hours. The heatmap represents compounds with
statistically significant (P < .05) increased inhibitory effect in the presence of Gamitrinib. P = P value (Wilcoxon test); avg = average difference between inhibition shown
in Gamitrinib vs DMSO across all concentration points. 2 = results from the combination of targeted compounds plus 2 pM Gamitrinib vs DMSO (only a subset of com-
pounds were tested). B) LN229 cells were incubated with increasing concentrations of small molecule inhibitors of PI3K (GSK458, BKM120, BEZ235, GDC0941, AZD6482)
or Akt (MK2206) in the presence of vehicle or Gamitrinib (Gam, 1 pM) and analyzed for inhibition of cell viability by MTT after 18 hours. Mean + SD of two independent
experiments. C and D) GBM U251 cells were treated with NVP-BEZ235 (BEZ, 0.5 pM) or LY294002 (LY, 50 uM), alone or in combination with Gamitrinib (0.5 pM or 5 pM,
respectively), and analyzed for changes in mitochondrial membrane potential by JC1 staining (C) or Annexin V labeling (D) by multiparametric flow cytometry. The

percentage of cells in each quadrant is indicated. Conc. = concentration; Veh = vehicle.

Supplementary Figure 8D, available online). When analyzed
in a Reverse Phase Protein Array (RPPA) screening in different
tumor cell types, the addition of Gamitrinib reversed many of
the adaptive transcriptional and signaling responses induced
by PI3K therapy (9-11), affecting Akt/MTOR (4EBP1, S6, RICTOR)
and growth factor receptor (EGFR, ErbB2, ErbB3, NRG) signal-
ing, effectors of cell invasion (Snail, Tyro3, Src, PAI1), cell cycle
control (CDKN1A, MAPK8, MAPK14), and endogenous tumor
suppression (PRKAA1) (Figure SF; Supplementary Figure 8E,
available online).

Discussion

In this study, we have shown that PI3K therapy currently in the
clinic is a powerful driver of tumor adaptation, reprogramming
mitochondrial functions in bioenergetics and apoptosis to pro-
mote cell survival and treatment resistance. This pathway is
centered on a pool of Akt2 recruited to mitochondria, and its
phosphorylation of the mitochondrial regulator, CypD, on Ser31.
Conversely, the combination of PI3K therapy with an antagonist
of CypD protein folding currently in preclinical development,

Gamitrinib, reverses this adaptive response and delivers potent,
synergistic anticancer activity in vivo.

Despite their ability to target a fundamental cancer node (2),
small-molecule inhibitors of PI3K/Akt/MTOR have shown modest
efficacy in the clinic (6). The data presented here identify the par-
adoxical reactivation of Akt in response to PI3K therapy (9-11,20),
as a pivotal effector of drug resistance to these regimens (8).
Centered on the recruitment of Akt2 to mitochondria, this path-
way differs from other mechanisms of drug resistance mediated
by intratumor heterogeneity (27), acquisition of new mutations
(28), or crosstalk within the tumor microenvironment (29).

Once in mitochondria, Akt2 associated with the organelle reg-
ulator CypD (30) and phosphorylated CypD on Ser31 to preserve
its PPlase activity, maintain energy production, and antagonize
apoptosis (24). There is prior evidence that post-translational
modifications, for instance acetylation (31), affect CypD activity.
Here, Ser31 is positioned at the NH, terminus of the mature form
of CypD and becomes readily phosphorylated by Akt in vitro and
in vivo. However, the complete Akt consensus phosphorylation
site for Ser31 extends into the mitochondrial-import sequence,
and it is possible that a fraction of CypD is phosphorylated on
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Figure 5. Mitochondrial reprogramming and efficacy of PI3K therapy. A and B) Nude mice injected with U87-Luc glioblastoma (GBM) cells in the right cerebral striatum
were treated as indicated, and tumor growth was assessed by bioluminescence imaging 28 days after injection (A) and quantified (B). **P = .001; *P = .01-.04 by two-sided
unpaired t test. C) Overall survival of mice carrying intracranial GBMs in the various treatment groups. The statistical analysis by log-rank Mantel-Cox test among
groups is as follows: Vehicle vs BEZ, P = .02 (42 = 4.82); Vehicle vs Gam, P = .008 (x? = 6.94); Vehicle vs Gam+BEZ, P = .003 (x? = 8.35); BEZ vs Gam+BEZ, P = .008 (x? = 7.01); Gam
vs Gam+BEZ, P = .003 (x? = 4.29). See also Supplementary Table 3 (available online) for the numbers of mice at risk in each group at various time points. D and E) Breast
adenocarcinoma organotypic cultures treated with PX-866 (10 nM) alone (left) or in combination with Gamitrinib (10 pM, right) were analyzed by immunohistochem-
istry and fluorescence microscopy (D), and pAkt- or pMTOR-expressing cells were quantified (E). Cytokeratin was an epithelial marker. DNA was counterstained with
DAPI. Scale bar = 100 pm. Mean =+ SD of individual replicates. *P = .01; **P = .007 by two-sided unpaired t test. F) Heatmap of proteins statistically significantly different in
expression and/or phosphorylation in PC3 cells treated with vehicle (DMSO), PX-866 alone (PX) or PX-866 in combination with Gamitrinib (PX-Gam), as determined by
Reverse Phase Protein Arrays. Fold indicates protein expression/phosphorylation signal in a sample vs average DMSO. A-C), internal replicates (n = 3). CK = cytokeratin;

HE = hematoxylin & eosin staining; pAkt = Ser473-phosphorylated Akt; PX = PX-866 alone; Veh = vehicle.

Ser31 during mitochondrial trafficking. Akt plays a central role
in tumor bioenergetics (32), influencing aerobic glycolysis (33),
as well as oxidative phosphorylation (34). An antiapoptotic role
of Akt2 phosphorylation of CypD is also consistent with a physi-
cal assembly of CypD in a mitochondrial permeability transition
pore (24) that regulates stress-associated cell death (30).

The functions of CypD in bioenergetics (25) and apopto-
sis (24) require protein folding quality control maintained by
mitochondrial-localized Hsp90s (26). Accordingly, the combina-
tion of a small-molecule inhibitor of mitochondrial-localized
Hsp90s currently in preclinical development, Gamitrinib (17),
converted a transient, cytostatic effect of PI3K antagonists into
potent, synergistic anticancer activity in vivo. The idea of target-
ing mitochondrial integrity for cancer therapy (19) has recently
gained attention (35), and regulators of Bcl-2 proteins (36), oxi-
dative phosphorylation (37), and redox mechanisms (38) have
progressed through (pre)clinical development. Gamitrinib is an
attractive candidate for this approach given its ability to simul-
taneously disable multiple pathways of mitochondrial homeo-
stasis in bioenergetics, gene expression, and redox balance
selectively in tumors (18).

In addition, the combination with Gamitrinib reversed
adaptive tumor reprogramming induced by PI3K therapy, with
respect to Akt (re)activation, growth factor receptor signaling,
cell proliferation, and endogenous tumor suppression. Small-
molecule inhibitors of PI3K (10,20), Akt (11), or MTOR (9) have

been shown to activate a broad gene expression program in
tumor cells, potentially as a compensatory response via dere-
pression of FOXO-dependent transcription. Our RPPA screen-
ing suggests that mitochondrial reprogramming maintained by
organelle Hsp90s is important for this response, potentially via
mitochondria-to-nuclei “retrograde” signaling (39). Accordingly,
mitochondria-derived “retrograde” mediators that affect nuclear
gene expression have been identified in model systems (40),
and CypD contributes to retrograde signaling via activation of
STAT3-dependent cell migration and invasion (41).

One limitation of our study is that the increased efficacy of
PI3K therapy when combined with Gamitrinib was limited to
mechanistic and preclinical readouts and not patient data. In
addition, Gamitrinib—or other agents with comparable activ-
ity or specificity—is not yet available for clinical testing, as it
is currently completing late stages for preclinical and safety
evaluation.

In summary, Akt2-directed repurposing of mitochondrial
functions provides a novel adaptive mechanism of tumor resist-
ance to PI3K therapy. This pathway likely limits the activity of
these agents in the clinic (8), but may confer a unique “addic-
tion” of tumor cells to mitochondrial adaptation In this context,
the combination of small-molecule PI3K antagonists plus inhib-
itors of mitochondrial homeostasis (17,26), like Gamitrinib, may
eliminate mitochondrial adaptation and dramatically improve
on the efficacy of PI3K therapy in the clinic.
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ABSTRACT

In this study, we show that the transmembrane glycoprotein Trop-2 is up-
regulated in human prostate cancer (PCa) with extracapsular extension (stages
pT3/pT4) as compared to organ-confined (stage pT2) PCa. Consistent with this
evidence, Trop-2 expression is found to be increased in metastatic prostate tumors
of Transgenic Adenocarcinoma of Mouse Prostate mice and to strongly correlate with
a5B1 integrin levels. Using PCa cells, we show that Trop-2 specifically associates with
the a5 integrin subunit, as binding to a3 is not observed, and that Trop-2 displaces
focal adhesion kinase from focal contacts. In support of the role of Trop-2 as a
promoter of PCa metastatic phenotype, we observe high expression of this molecule
in exosomes purified from Trop-2-positive PCa cells. These vesicles are then found
to promote migration of Trop-2-negative PCa cells on fibronectin, an a581 integrin/
focal adhesion kinase substrate, thus suggesting that the biological function of Trop-
2 may be propagated to recipient cells. In summary, our findings show that Trop-2
promotes an a5B1 integrin-dependent pro-metastatic signaling pathway in PCa cells
and that the altered expression of Trop-2 may be utilized for early identification of
capsule-invading PCa.

INTRODUCTION disease by radical prostatectomy are reduced, resulting in
lower overall survival rates for patients with metastatic

The molecular mechanisms underlying the early disease. Widely accepted tumor staging criteria establish

phases of tumor invasion are not completely understood,
although it is largely believed that acquisition of enhanced
capacity to migrate through the extracellular matrix
(ECM) is a critical step for the onset of the metastatic
cascade. When diagnosed at a non-invasive stage, prostate
cancer (PCa) is generally curable by surgical removal of
the prostate gland. However, when PCa cells acquire the
ability to break through the external capsule and invade
the surrounding tissues, the chances to eradicate the

that stage pT2 identifies PCa still confined within the
prostatic gland, whereas stages pT3/pT4 refer to PCa that
has spread through the capsule and has eventually invaded
adjacent structures [1, 2]. Traditional disease monitoring
approaches, including circulating prostate specific antigen
(PSA) levels or Gleason scoring, do not discriminate
between stage pT2 and stages pT3/pT4 [1, 2], thus
hampering a central tenet for cancer patient stratification
[3]. Therefore, developing molecular biomarkers that
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Table 1: Correlation of Trop-2 expression with pT3/pT4 in extracapsular invasive human
prostate cancer
Score FI\T : 104) ?I\Ti/%‘l i
n (% of N) n (% of N)
Trop-2 IHC Score 0.0002
<15 73 (70.2) 8 (18.2)
>1.5 31 (29.8) 36 (81.8)
Gleason Score 0.0940
6-7 72 (69.2) 24 (54.6)
8-10 32(30.8) 20 (45.4)
Expression of Trop-2 was evaluated by IHC using 148 PCa specimens as described in Methods. Samples were categorized
in groups based on Trop-2 expression measured using IHC (< 1.5 and > 1.5) or Gleason (6-7 and 8-10) scores. P, P value
was determined as described in the Methods section.

could identify specific stages of PCa progression remains
an urgent, unmet medical need.

Previous studies have reported that the expression
profile of many integrins, receptors for ECM substrates,
becomes aberrant during cancer progression [4, 5]. In
particular, the a581 integrin heterodimer plays a pivotal
role in development and progression of several types
of carcinomas, including PCa [6, 7], and its expression
correlates with reduced disease-free survival in several
malignancies [7-9]. The o5B1 integrin is implicated in
cell proliferation and growth [10]. A function-blocking
antibody against a5B1 integrin significantly reduces
tumor burden and metastasis in ovarian cancer models
[7]. Additional studies demonstrate that the a5B1 integrin
directly supports cell migration/invasion and metastasis
[11, 12].

Metastatic dissemination is also promoted by
exosomes, vesicles of endosomal origin, which are
believed to generate a suitable microenvironment in the
pre-metastatic niche [13, 14] by mediating horizontal
transfer of genetic material [15] as well as of signaling
molecules [14].

The epithelial transmembrane glycoprotein Trop-
2 functions as a key regulator of Bl integrin activities
by inducing cell detachment from ECM substrates
and promoting motility of PCa cells [16, 17]. Trop-
2 overexpression has been consistently linked to poor
prognosis in many human cancers [18-21], suggesting a
potential role of this molecule in metastatic dissemination.
Specifically, we have previously shown that Trop-2
inhibits localization of B1 integrins in focal adhesions
(FAs) and induces hyperphosphorylation of focal adhesion
kinase (FAK), deregulating cell-ECM interactions [17].

Altogether, the experimental findings presented here
show that Trop-2 is a novel marker of capsule-invasive
PCa, is found in PCa cell exosomes and may function as

mediator of PCa cell motility and metastasis.

RESULTS

Trop-2 expression is increased in stages pT3/pT4
of human PCa

Our previous findings demonstrate a role of Trop-
2 as an anti-adhesive and pro-migratory regulator in PCa
[16, 17]. Here, we hypothesized that up-regulation of
Trop-2 promotes escape of PCa cells from the primary
tumor microenvironment and accelerates the onset
of the metastatic cascade. Hence, we performed an
immunofluorescence (IF) analysis of human PCa tissues;
as depicted in Figure 1A, an abundant distribution of
Trop-2 is found in membrane rims of the transformed
cell population, whereas no reactivity is detected in the
stromal compartment. We next analyzed Trop-2 expression
levels in human PCa tissues by immunohistochemistry
(IHC) using a Tissue Microarray (TMA) containing 104
cores from stage pT2 (organ-confined) and 44 cores from
stages pT3/pT4 (PCa with extracapsular extension) cancer
specimens collected from radical prostatectomies (Table
1). An example of Trop-2 expression in stages pT3 and
pT2 of PCa is shown in Figure 1B. The expression of
Trop-2 in these specimens was evaluated as low (IHC
score <1.5) or high (IHC score >1.5) and is reported
in Table 1. In these experiments, we observe strong
expression of Trop-2 in 29.8% of pT2 stage and 81.8% in
pT3/pT4 stage samples (Fisher’s exact test P = 0.0002).
We analyzed in parallel the frequency of cases with high
Gleason score (8-10) in stage pT2 and stages pT3/pT4 and
found that the differences are not statistically significant
(Fisher’s exact test P = 0.0940). Our results show that
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Trop-2 expression correlates with the stages pT3/pT4 in
extracapsular invasive human PCa.

Trop-2 is up-regulated in prostate tumors of
metastatic Transgenic Adenocarcinoma of Mouse
Prostate (TRAMP) mice and forms a complex
with the a5p1 integrin in PCa cells

Although mouse models of spontaneous PCa
progression to metastasis are limited [22], the TRAMP
model is known to develop aggressive and metastatic
PCa [23]. We observe Trop-2 expression in metastatic
prostate tumors of TRAMP mice using IF staining of
prostate tumor tissue sections (Figure 2A). Macroscopic
organ dissection of TRAMP mice (n = 69) was performed
and primary tumors as well as metastases were analyzed.
Figure 2B shows a representative normal genito-urinary
(GU) (top left panel) and a primary tumor (bottom left
panel), and also metastases in lung (top right panel) and
liver (bottom right panel). Hematoxylin and Eosin (H&E)
analysis of non-metastatic (top left panel) and metastatic
(bottom left panel) primary tumors is shown in Figure 2C.
Analysis of lung (Figure 2C, top right panel) and liver
(Figure 2C, bottom right panel) metastases are also shown.

We next analyzed the expression levels of Trop-
2 and of a5, B1, B5, and av integrin subunits in this
experimental model, and compared metastatic (n = 4)
with non-metastatic primary tumors (n = 4). As shown
in Figure 3A, Trop-2 is highly expressed in metastatic
tumor samples, but it is undetectable or expressed at low
levels in non-metastatic tumors. Similarly, both a5 and 1
integrin subunits are strongly up-regulated in metastatic
prostate tumors as compared with non-metastatic tumors.
These changes are found to be specific, as 5, another
integrin subunit, does not show appreciable variations in
expression between metastatic and non-metastatic tumors.
The av integrin subunit, which does not associate with
Trop-2 in PCa cells [16], was also preferentially expressed
in metastatic tumors, suggesting the existence of additional
regulatory mechanisms of this integrin subunit in PCa.

Since Trop-2 inhibits B1 integrin-mediated PCa cell
adhesion to fibronectin (FN) [17] and induces migratory
phenotypes on this ECM ligand [16], we tested the ability
of Trop-2 to interact with a5B1. Co-immunoprecipitation
experiments performed using PC3 human PCa cells
demonstrate that Trop-2 specifically associates with the
a5 integrin subunit (Figure 3B). In contrast, another B1-
associated subunit, a3, does not interact with Trop-2
(Figure 3C). These results provide a biochemical basis for

Figure 1: Trop-2 localization and expression in PCa. A. Localization of Trop-2 as investigated by IF staining and confocal
microscopy in human PCa (pT3 stage, Gleason Score 9). B. Representative IHC staining for Trop-2 using specimens from patients at pT3
(left) and pT2 (middle) stages of PCa is shown. A non-immune IgG was used as negative control on a stage pT3 section (right). Bars, 100

um.
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the ability of Trop-2 to specifically regulate a.5B1 integrin
functions.

Trop-2 displaces focal adhesion kinase from focal
contacts

Recent findings from our group have shown that
Trop-2 inhibits accumulation of a5B1 integrin at FA
sites [16], and promotes FAK activation [17]. To test this
model, we stably silenced the expression of Trop-2 in
PCa cells and looked at the dynamics of FAK subcellular
distribution. As shown in Figure 4 (right panel), the
average number of FAK-containing FA sites is found to be

178.60 = 0.53 per cell in PC3/Trop-2 shRNA cells (FAK-
containing FAs, n = 5,358/30 cells) as compared with
30.57 £ 0.4 per cell in PC3/control shRNA (Ctr.shRNA)
cells (FAK-containing FAs, n = 917/30 cells). Conversely,
the average number of vinculin-containing FAs is 107.87
+ 0.50 per cell in PC3/Trop-2 shRNA cells (FAs, n =
3,236/30 cells) as compared with 110.53 + 0.43 per cell in
PC3/Ctr.shRNA cells (FA, n = 3,316/30 cells), confirming
the specificity of the observed response (Figure 4).

Figure 2: Analysis of Trop-2 expression in metastatic PCa from TRAMP mice. A. IF analysis of Trop-2 expression in
metastatic prostate tumors from TRAMP mice (top). Cell nuclei were counterstained with DAPI. A non-immune goat IgG was used as a
negative control Ab (bottom). B. Representative images of a dissected normal genito-urinary (GU) system (top left), primary prostate tumor
(bottom left), and lung (top right) and liver (bottom right) macroscopic metastases. Seminal vesicles (black arrow); metastases (yellow
arrowheads). C. H&E staining of non-metastatic (top left), metastatic primary prostate tumors (bottom left), and of metastases in lungs (top

right) and liver (bottom right).
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Figure 3: Correlation of Trop-2 and a5f1 integrin expression in murine PCa. A. Analysis of a5, B1 (top), av and B5 (bottom)
integrin subunits, as well as of Trop-2 (bottom) expression by IB using protein lysates from non-metastatic (left) and metastatic (right)
prostate tumors collected from TRAMP mice. ERK1, control of protein loading. B. Protein lysates of PC3 cells endogenously expressing
Trop-2 were immunoprecipitated using an Ab targeting Trop-2; a non-immune mouse IgG was used as a negative control Ab (Neg. Ctr.).
The immunoprecipitates were then separated by SDS-PAGE and analyzed by IB for detection of the a5 integrin subunit and Trop-2. C.
Protein lysates of PC3 cells were immunoprecipitated using Abs targeting 1 integrins or Trop-2; a non-immune mouse IgG was used as a
negative control Ab (Neg. Ctr.). The immunoprecipitates were then analyzed by IB for detection of the o3 integrin subunit.

Figure 4: Trop-2-dependent modulation of FAK localization. Localization of vinculin and FAK in PC3/Ctr.shRNA and PC3/
Trop-2 shRNA cells seeded on FN was analyzed by IF (left). Vinculin (Vin)- and FAK-containing FAs were counted, and the average
numbers per cell are shown in the bar graph (right). Error bars, SEM. **, Student’s t-test P < 0.001.
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Trop-2 is recruited in PCa exosomes that stimulate
cell migration on FN

Release of exosomes from cancer cells has been
shown to efficiently contribute to induction of metastatic
dissemination by favoring intercellular communication
[14, 24]. We hypothesized that Trop-2 may be recruited
to these cellular compartments, where 1 integrins are
also found [24-26]. Therefore, we isolated exosomes
from PC3 culture supernatants and investigated by
immunoblotting (IB) whether Trop-2 is recruited in these
organelles as described in previous proteomic studies
[27, 28]. Exosome preparations were characterized by
IB analysis of exosomal markers: CD63, CD81 (Figure
5B); as control, IB analysis of Calnexin was performed to

exclude contamination of endoplasmic membranes (Figure
5A). Our results show specific recruitment of Trop-2 in
exosomes (Figure 5A). To investigate whether exosomal
Trop-2 might affect cell migration on FN, we incubated
Trop-2-negative cells, PC3™r2 or LNCaP cells, with or
without exosomes purified from PC3 cells which either
express Trop-2 (Parental, Ctr.shRNA) or lack Trop-2
(Trop-2 shRNA). After confirming down-regulation of
Trop-2 in exosomes, characterized by IB analysis of the
exosomal marker CD63 (Figure 5B), we next performed
migration assays FN as substrate. We show that 24 h
treatment with Trop-2 containing exosomes increases
cell migration on FN of both cell lines (Figure 5C). These
findings suggest that a functional Trop-2/a5B1 integrin
complex may accumulate in exosomes and stimulate
migration of recipient cells.

Figure 5: PC3 exosome uptake by PCa cells enhances cell migration on FN in a Trop-2-dependent manner. A. Analysis
of Trop-2 levels in purified PC3 exosomal lysates separated by SDS-PAGE in non-reducing conditions and immunoblotted using an Ab to
Trop-2; CD63 and CD81 were used as positive exosomal markers while calnexin (CANX) was used as a negative marker for exosomes.
Exo, exosomes; TCL, total cell lysates. B. 1B analysis of Trop-2 expression in exosomes secreted by PC3 cells (Ctr.shRNA and Trop-2
shRNA) using an Ab to Trop-2; CD63 was used as positive exosomal markers while calnexin (CANX) was used as a negative marker for
exosomes. Exo, exosomes; TCL, total cell lysates. C. Migration assays of PC3™"2 (left) or LNCaP (right) cells either untreated or treated
with 10 pg/ml of PC3 exosomes (Exo) in which Trop-2 is expressed (Parental and Ctr.shRNA) or down-regulated (Trop-2 shRNA). Left,

y? test ; right, Student’s t-test. *, P < 0.05.
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DISCUSSION

In this study, we demonstrate for the first time that
Trop-2, an anti-adhesive and pro-migratory transmembrane
protein, is up-regulated in human PCa with extracapsular
extension (stages pT3/pT4) as compared to organ-
confined (stage pT2) PCa, suggesting that this molecule
plays a crucial role during cancer progression toward a
metastatic phenotype. Mechanistically, we show that Trop-
2 specifically binds the a5B1 integrin heterodimer and
induces rearrangement of FA sites through displacement
of FAK, thus perturbing the integrin signaling axis which
is a major regulator of FA [29]. We finally find Trop-2
expression in exosomes secreted from PCa cells and
demonstrate that Trop-2-containing exosomes stimulate
migration of recipient Trop-2-negative cells on the a5p31
integrin substrate, FN.

The correlation between Trop-2 and disease
progression suggests that this molecule is a novel
biomarker of aggressive disease. During development,
Trop-2 is expressed in the trophoblast, an actively
invasive tissue at the interface between fetal and
maternal circulation [30], whereas expression of this
molecule in the adult is confined to a restricted number
of tissues [21]. This pathway becomes exploited in
malignancy, where Trop-2 is overexpressed in several
human carcinomas, promotes accelerated tumor growth
[21, 31], and correlates with unfavorable prognosis [18-
20]. Our findings reinforce a role of this pathway in the
progression from organ-confined to disseminated cancer
and this phenotype appears to be more insightful than
Gleason scores in the histopathological analysis of stages
pT2 and pT3/pT4. It remains to be investigated whether
Trop-2 overexpression may be predictive of biochemical
recurrence after prostatectomy as Gleason scores are poor
predictors of recurrence [32].

We find that the up-regulation of Trop-2 in metastatic
tumors from TRAMP mice correlates with expression
of Bl integrins (Figure 3A). While the mechanisms of
Trop-2 up-regulation during disease progression are
not known, we hypothesize that f1 integrins and Trop-
2 expression may be co-regulated. Specifically, since
previous studies from our group have shown that Insulin-
like Growth Factor-1 Receptor (IGF-IR) plays a critical
role in regulating Bl integrin expression and since the
absolute levels of IGF-IR increase during PCa progression
in TRAMP tumors [33-35], we propose that IGF-IR may
be an upstream regulator of Trop-2/B1 integrin levels in
metastasis-prone tumor types.

The proposed mechanism of metastatic
dissemination, as suggested here, requires also up-
regulation of the a5 integrin subunit expression and
appears specific since it does not affect the a3 integrin
subunit. The acquisition of invasive potential by
transformed cells has been linked to loss of E-cadherin-
dependent cell-cell contacts, epithelial-to-mesenchymal

transition [36] and consequent up-regulation of a5 [7].
Consistently, we observe that a5 is overexpressed in
metastatic versus non-metastatic PCa using TRAMP mice
as a model of disease progression. This may involve,
in addition to the previously reported ability of a5B1 to
promote epithelial-to-mesenchymal transition during
cancer progression [7], a direct role in leading PCa
invasion through recognition sequences in FN for the
a5 subunit [37]. Our previous findings that the reduced
adhesive phenotype induced by Trop-2 results in a higher
rate of cell migration on FN [16] are consistent with a
model of Trop-2 modulation of a5B1 integrin signaling
and selective displacement of FAK from FAs, that does not
require changes in FAK expression as previously reported
by our group [17].

We finally describe a novel mechanism involving
accumulation of the Trop-2/pl1 complex in secreted
exosomes and demonstrate that exosomes containing
Trop-2 impact neighboring tumor cells by enhancing their
ability to migrate. These data suggest that therapeutics
which interfere with the production, transfer or uptake
of Trop-2-containing exosomes may attenuate tumor
progression and metastasis.

Although more work is needed to fully elucidate the
pro-invasive signaling pathways mediated by Trop-2 in
PCa cells, the data presented here suggest that modulation
of the Trop-2/a5B1 complex may provide new insights in
the functional stratification of PCa patients with higher
metastatic propensity and, therefore, in need of more
aggressive treatments.

MATERIALS AND METHODS

Cells and culture conditions

Cell lines and transfectants, as well as culture
conditions have been described previously [16, 17].
Authentication of the cell lines was provided with their
purchase from American Type Culture Collection. PC3/
Ctr.shRNA and PC3/Trop-2 shRNA cells were generated
as described previously [16, 21].

Mice

TRAMP mice, expressing SV40 large T antigen into
the prostatic epithelium, were generated and characterized
as described [23]. 23-54 week-old metastatic and non-
metastatic TRAMP mice were used to isolate tumor
samples and perform IB analysis. Distant sites were:
liver and lungs. All mice were maintained under specific
pathogen-free conditions. Care and handling of animals
was in compliance with IACUC experimental protocols.
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Reagents and antibodies

The T16 mouse monoclonal antibody (mAb)
against Trop-2 (gift of Dr. S. Alberti) and the TS2/16
mADbD against B1 integrin (HB-243, ATCC) were used for
IP. The following Abs were used for IB: mAbs against 1
integrin subunit (610468, BD Transduction Laboratories),
CD63 (Ab8219, Abcam), CD81 (Ab23505, Abcam); goat
polyclonal Abs (pAbs) against human and murine Trop-2
(AF650 and AF1122, R&D Biosystems); rabbit antisera
against a3 and av integrin subunits; rabbit pAbs against
a5 integrin subunit (sc-10729, Santa Cruz Biotechnology),
BS integrin subunit (AB1926, Millipore), Calnexin (sc-
11397, Santa Cruz Biotechnology) and ERK1/2 (sc-93,
Santa Cruz Biotechnology). The goat pAb against human
Trop-2 (AF650, R&D Biosystems), a mAb to Vinculin
(MAB1624, Millipore) and a mAb to FAK (05-537,
Millipore) were used for IF. A goat pAb against human
Trop-2 (R&D Biosystems) was used for IHC. Non-
immune goat 1gG (SantaCruz), non-immune rabbit 1gG
(Sigma) and non-immune mouse IgG (Pierce) were used
as negative control Abs. FN purification from human
plasma has been previously described [17].

Immunohistochemical analysis

TMAS were constructed at the Vancouver Prostate
Cancer Centre (Vancouver, Canada) from 74 men with
newly diagnosed, previously untreated, clinically localized
high-risk PCa, who underwent radical prostatectomy at
the same Center. Ethical approval was obtained from the
Institutional Ethical Review Board.

Specimens were identified for benign and cancerous
sites and marked in donor paraffin blocks using matching
H&E-stained reference slides. The TMAS were constructed
using a manual tissue microarrayer (Beecher Instruments,
Silver Spring, MD, USA). Each marked block for benign
and cancerous sites was sampled two times with a core
diameter of 0.6 mm arrayed in a rectangular pattern with 1
mm between the center of each core, creating a duplicate
TMA layout with a total of 148 cores. The TMA paraffin
block was sectioned into 5-um sections and mounted on
positively charged slides.

IHC staining was conducted using a goat pAb to
Trop-2 (AF650, R&D Biosystems, dilution 1:25) by a
Ventana autostainer model Discover XTTM (Ventana
Medical System, Tuscan, AZ, USA) with an enzyme-
labelled biotin-streptavidin system and solvent-resistant
3,3’-diaminobenzidine Map kit. The slides were scanned
on a BLISS system (Bacus Laboratory, North Lombard,
IL, USA) and scored from 0 to +3 by a pathologist (L.F.)
based on the staining intensity and the proportion of cells
stained. Normal goat IgG was used as negative control Ab.
All comparisons of staining intensities were made at 200X
magnifications.

Immunofluorescence and confocal microscopy

Antigen retrieval was performed on rehydrated
formalin-fixed paraffin-embedded sections from human
or TRAMP mice PCa samples by incubation in 10 mM
Sodium Citrate Buffer (pH 6.0) at 95°C for 23 min. The
sections were blocked for 1 h at room temperature with
PBS / 5% BSA. Staining was performed by incubation
of tissue samples with primary Abs (1:100) for 1 h at
room temperature, followed by incubation with Alexa
Fluor 633-Donkey anti goat (1:250) for 20 min at room
temperature. Nuclei were counterstained using DAPI.
After three washes, coverslips were mounted on the
sections using Pro-Long anti-fade reagent (Invitrogen),
and slides were analyzed on an inverted confocal
microscope (LSM510, Carl Zeiss). Immunofluorescence
analysis of PC3 cells using Alexa Fluor 488 goat anti-
mouse (1:250) for 60 min at room temperature was
performed as described [16].

Generation of tumor lysates

Tumor lysates were prepared by homogenizing the
tissues on ice using the following lysis buffer: 100 mM
Tris-HCI (pH 7.4), 150 mM NacCl, 5% SDS, 0.1% Triton
X-100, 1 mM benzamidine, 10 pg/mL Soybean Trypsin
Inhibitor, 10 pg/mL leupeptin, 1 mM PMSF, 1 pg/mL
pepstatin A, and 1 uM calpain inhibitor. The lysates were
boiled for 5 min and centrifuged at 13,000 rpm for 20
min. Supernatants were collected and protein content was
determined using the DC Protein Assay Kit (Bio-Rad).
The protein samples (50 pg per lane) were separated by
SDS-PAGE and transferred onto PVDF membranes for IB.

Isolation and immunoblotting analysis of PCa
exosomes

Exosomes were isolated from PCa cells as
described [24, 38]. Purified exosomes were lysed with
radioimmunoprecipitation assay buffer (10 mM Tris-HCI
at pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1%
Triton X-100, and 1% sodium deoxycholate) supplemented
with protease inhibitors. The protein samples (10 pg per
lane) were separated by SDS-PAGE under non-reducing
conditions and transferred onto PVVDF membranes for IB.

Immunoprecipitation

To collect nuclear and cytoplasmic fractions, cells
were washed with cold PBS and lysed by scraping in
20 mM Tris—=HCI (pH 7.4), 150 mM NaCl, 1mM CaCl,,
1mM MgCl,, 1% NP-40, 1 mM benzamidine, 10 ug/
ml leupeptin, 1 mM PMSF, 1 pg/ml pepstatin A, 1 pM
calpain inhibitor, ImM Na,VO,, 1 mM Na,O.P,. The
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cells were subjected to 3 cycles of sonication (15 sec
each) on ice. After 15 min incubation on ice, lysates were
centrifuged at 12,0009 for 10 min, and supernatants were
collected and pre-cleared by two consecutive incubations
with protein G-Sepharose at 4°C for 45 min. Binding
to specific Abs was performed by incubation at 4°C for
3 h, followed by incubation with protein G-Sepharose
at 4°C for 1 h. After six washes with lysis buffer,
immunocomplexes were eluted with 100 mM glycine pH
2.5, followed by pH neutralization using Tris to a final
concentration of 50 mM. The immunocomplexes were
then separated by SDS-PAGE, transferred onto PVDF
membrane, and subjected to analysis by IB.

Exosome treatment and migration assay

Cell treatment with exosomes was performed as
previously described [24]. Briefly, LNCaP and PC3T"%
cells were serum starved for 18 h, then treated for 24 h
with 20 pg/ml of exosomes obtained from PC3 cells. The
cells treated with PC3-derived exosomes were trypsinized,
extensively washed with PBS and subsequently plated to
perform the migration assay. Cell migration assays on
FN has been performed as previously described using
Millicell inserts (Millipore) with 8 (for LNCaP) or 12
pum (for PC3™"2) pores [16]. Briefly, chambers were
coated on both top and bottom layers with FN (10 pg/
mL) or 1% BSA overnight at 4°C. After cell detachment
and trypsin inactivation, cells were seeded on coated
transwell chambers at 37°C for 6 h. After fixation with
3.7% paraformaldehyde (PFA), cells attached on both
layers of the porous filter were stained with 1 pg/mL
4’ 6-diamidino-2-phenylindole (DAPI) and pictures of
nuclei were acquired by fluorescence microscopy. Then,
cells on the top layer were removed using a cotton swab,
and pictures of nuclei from cells migrated to the bottom
layer were acquired. For each group of PC3™"2 cells
treated with or without exosomes, the ratio between
number of cells migrated onto the bottom layer and total
(top + bottom) number of cells attached on the filter was
calculated. For LNCaP cells, only the total number of cells
attached on the bottom layer was calculated.

Statistical analysis

For patients’ samples, Fisher’s exact test was used to
examine the association between dichotomized biomarkers
(Trop-2) and PCa stage (Gleason score). For FA analysis,
t-test was used to evaluate the average numbers of FA per
cell between PC3/Ctr.shRNA and PC3/Trop-2 shRNA
cells. For migration assays y? tests and t-test were used
to compare the migration between treatments. Stata 12.0
(StatCORP LP, College Station, TX, USA was used
for data analysis P < 0.05 was considered as statistical
significance.
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Molecular therapies are hallmarks of “personalized” medicine, but
how tumors adapt to these agents is not well-understood. Here
we show that small-molecule inhibitors of phosphatidylinositol
3-kinase (PI3K) currently in the clinic induce global transcriptional
reprogramming in tumors, with activation of growth factor recep-
tors, (re)phosphorylation of Akt and mammalian target of rapa-
mycin (mTOR), and increased tumor cell motility and invasion. This
response involves redistribution of energetically active mitochon-
dria to the cortical cytoskeleton, where they support membrane
dynamics, turnover of focal adhesion complexes, and random cell
motility. Blocking oxidative phosphorylation prevents adaptive mito-
chondrial trafficking, impairs membrane dynamics, and suppresses
tumor cell invasion. Therefore, “spatiotemporal” mitochondrial respi-
ration adaptively induced by PI3K therapy fuels tumor cell invasion,
and may provide an important antimetastatic target.

mitochondria | molecular therapy | cytoskeleton | PI3K | cell invasion

he phosphatidylinositol 3-kinase (PI3K) is a universal tumor

driver (1) that integrates growth factor signaling with down-
stream circuitries of cell proliferation, metabolism, and survival
(2). Exploited in nearly every human tumor, including through
acquisition of activating mutations (3), PI3K signaling is an im-
portant therapeutic target, and several small-molecule antago-
nists of this pathway have entered clinical testing (4). However,
the patient response to these agents has been inferior to ex-
pectations (5), dampened by drug resistance (6) and potentially
other mechanisms of adaptation by the tumor (7).

In this context, there is evidence that therapeutic targeting of
PI3K promotes tumor adaptation, paradoxically reactivating
protein kinase B (PKB/Akt) in treated cells (8) and reprogram-
ming mitochondrial functions in bioenergetics and apoptosis re-
sistance (9). How these changes affect tumor traits, however, is
unclear. Against the backdrop of a ubiquitous “Warburg effect”
(10), where tumors switch from cellular respiration to aerobic
glycolysis, a role of mitochondria in cancer has not been clearly
defined (11) and at times has been proposed as that of a tumor
suppressor (12).

In this study, we examined the impact of mitochondrial re-
programming induced by PI3K therapy on mechanisms of
tumor progression.

Results

PI3K Therapy Reactivates Akt and Mammalian Target of Rapamycin
Signaling. Treatment of patient-derived glioblastoma (GBM)
organotypic cultures (13) with PX-866, an irreversible pan-PI3K
antagonist currently in the clinic (4), caused transcriptional up-
regulation of multiple growth factor receptor pathways (Fig. 14).
This was associated with widespread phosphorylation, namely
activation of the GBM kinome in primary organotypic cultures

8638-8643 | PNAS | July 14,2015 | vol. 112 | no. 28

(Fig. 1B and Table S1) as well as GBM LN229 cells (Fig. S14).
Consistent with previous observations (8), structurally diverse
small-molecule PI3K antagonists induced robust (re)phosphor-
ylation of Aktl (S473) and Akt2 (S474) in tumor cells (Fig. 1C
and Fig. S1B), as well as phosphorylation of downstream mam-
malian target of rapamycin (mTOR) and its effectors, 70S6K and
4EBP1 (Fig. 1D and Fig. S1C). Similar results were obtained in
primary 3D GBM neurospheres, where PI3K therapy strongly
induced Akt (Fig. 1E) and mTOR (Fig. 1F) phosphorylation. By
transcriptome analysis, PI3K antagonists up-regulated two main
gene networks of protection from apoptosis (9) and increased
cell motility (Fig. 1G) in treated tumors.

Increased Tumor Cell Motility Mediated by PI3K Therapy. Consistent
with these data, PI3K inhibitors vigorously stimulated tumor cell
invasion across Matrigel-coated Transwell inserts (Fig. 24 and B
and Fig. S1 D and E) and in 3D tumor spheroids (Fig. 2.4 and
B). Tumor cell proliferation was not significantly affected (Fig.
S1F) (9). In addition, PI3K therapy dose-dependently increased
the number and size of 3D GBM neurospheres (Fig. 2C and Fig.
S1 G and H).

Significance

Despite the promise of personalized cancer medicine, most
molecular therapies produce only modest and short-lived pa-
tient gains. In addition to drug resistance, it is also possible that
tumors adaptively reprogram their signaling pathways to
evade therapy-induced “stress” and, in the process, acquire
more aggressive disease traits. We show here that small-molecule
inhibitors of PI3K, a cancer node and important therapeutic target,
induce transcriptional and signaling reprogramming in tumors.
This involves the trafficking of energetically active mitochondria
to subcellular sites of cell motility, where they provide a po-
tent, “regional” energy source to support tumor cell invasion.
Although this response may paradoxically increase the risk
of metastasis during PI3K therapy, targeting mitochondrial
reprogramming is feasible, and could provide a novel thera-
peutic strategy.
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Fig. 1. PI3K therapy-induced tumor transcriptional reprogramming. (A) Heat map of changes in kinome functions in patient-derived GBM organotypic
cultures treated with vehicle or PX-866 (10 uM for 48 h). N, number of genes; %, percentage of genes changed for any given function. (B) Extracts from GBM
organotypic cultures treated with vehicle (Veh) or PX-866 (10 pM for 48 h) were incubated with a human phospho-RTK array followed by enhanced
chemiluminescence detection. The position and identity of phosphorylated proteins are indicated. M, markers. (C and D) PC3 cells were treated with vehicle or
the indicated PI3K inhibitors for 48 h and analyzed for changes in Akt (C) or mTOR (D) activation by Western blotting. p, phosphorylated. (E and F) Primary
GBM spheroids treated with vehicle or 10 pM PX-866 for 48 h were imaged by phase-contrast and fluorescence microscopy for phosphorylated Akt (Ser473)
(E) or mTOR (Ser2448) (F). DNA was counterstained with DAPI. Nestin is a GBM marker. (G) Heat map of changes in kinome pathways in GBM organotypic
cultures treated with vehicle or PX-866 (10 uM) for 48 h. N, number of changed genes; Z, z score of the estimated function state: positive (red) indicates overall

function is likely increased; negative (blue) indicates it is decreased.

To understand the basis of this cell invasion response, we next
quantified the dynamics of membrane lamellipodia, which are
required for cell motility, by single-cell stroboscopic microscopy
(SACED, Fig. S24) (14, 15). PI3K antagonists strongly stimu-
lated lamellipodia dynamics (Fig. S2B), increasing the size (Fig.
2D, Top and Fig. S2C) and time of persistence (Fig. 2D, Bottom
and Fig. S2D) of membrane ruffles compared with control cul-
tures. Ruffle frequency was not affected (Fig. S2E). In addition,
PI3K therapy changed the topography of membrane ruffles in
tumor cells, with appearance of dynamic ruffles at lagging areas
of the plasma membrane (Fig. 2E and Movie S1), potentially
associated with random cell motility (16). These lateral ruffles
were larger and persisted for a longer time in response to PI3K
therapy compared with untreated cells (Fig. 2F), where mem-
brane ruffles were instead polarized at the leading edge of
migration (Fig. 2E). Consistent with these findings, PI3K an-
tagonists strongly stimulated 2D tumor chemotaxis (Fig. S34),
extending the radius of cell migration (Fig. S3B) and promoting
random, as opposed to directional, cell movements (Fig. 2G).
Tumor cell movement in response to PI3K therapy proceeded
at faster speed (Fig. S3C) and for longer distances (Fig. S3D)
compared with untreated cultures.

Mitochondrial Repositioning to the Cortical Cytoskeleton Supports
Adaptive Tumor Cell Invasion. When analyzed by fluorescence
microscopy, PI3K therapy induced profound changes in the mor-
phology and distribution of mitochondria. Whereas untreated cells
exhibited mitochondria that were polarized and mostly clustered
around the nucleus (Fig. S4 A and B), PI3K inhibitors caused the
appearance of elongated mitochondria (Fig. S44) that “infiltrated”
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the cortical cytoskeleton of tumor cells, localizing in proximity of
membrane protrusions implicated in cell motility (Fig. 3 4A-C and
Fig. S4B). This was a general response of heterogeneous tumor
cell types, as lung adenocarcinoma A549 or glioblastoma LN229
cells comparably repositioned mitochondria to the cortical cyto-
skeleton in response to PI3K therapy (Fig. 3D and Fig. S4C).
Mitochondria are highly dynamic organelles, regulated by cycles
of fusion and fission (17). Small interfering RNA (siRNA) knock-
down of effectors of mitochondrial fusion, mitofusin (MFN)1 or
MFN2 (Fig. S4D), did not affect cell viability (Fig. S4E) or ATP
production (Fig. S4F) in tumor cells. Under these conditions,
MEFNT1 silencing suppressed mitochondrial trafficking to the cor-
tical cytoskeleton (Fig. 3E and Fig. S4 G and H) as well as tumor
cell invasion (Fig. 3F) induced by PI3K therapy. The combination
of MFN2 knockdown plus PI3K inhibition induced extensive
loss of cell viability (MFN1 siRNA+PX-866, 2.7 + 0.05 x 10°
cells; MFN2 siRNA+PX-866, 0.16 + 0.13 x 10° cells; P =
0.0047), thus preventing additional studies of mitochondrial reloc-
alization or tumor cell invasion.

Requirements of Mitochondrial Regulation of Tumor Cell Invasion. A
prerequisite of cell movements is the timely assembly/disassembly
of focal adhesion (FA) complexes (14), and a role of mitochon-
drial trafficking in this process was next investigated. Mitochon-
dria repositioned to the cortical cytoskeleton in response to PI3K
antagonists colocalized with phosphorylated (Y925) focal adhe-
sion kinase (FAK) (Fig. 3G and Fig. S54). This was associated
with increased FAK phosphorylation (Y925) compared with
control cultures (Fig. S5B), suggesting deregulation of FA dy-
namics (18). By time-lapse video microscopy (Fig. S5C), PI3K
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Fig. 2. PI3K therapy induces adaptive tumor cell motility and invasion. (A) Tumor cells treated with vehicle or 10 pM PX-866 for 48 h were analyzed for
invasion across Matrigel-coated Transwell inserts (Top) or in 3D spheroids (Bottom). Red, invasive edge; green, core. Representative images. Magnification,
10x. (B) PC3 (Top) or LN229 (Bottom) cells were treated with the indicated increasing concentrations of PX-866 and quantified for invasion across Matrigel
(Top) or in 3D spheroids (Bottom). The distance between the core and edge of 3D spheroids was determined. Mean + SEM of replicates from a representative
experiment. *P = 0.02; ***P < 0.0001. (C) Patient-derived GBM spheroids were treated with vehicle or PX-866 (0-10 uM) for 48 h and analyzed by phase-
contrast (Top) or fluorescence microscopy (Bottom). The vital dye PKH26 was used to counterstain live GBM neurospheres. (Scale bar, 20 pm.) (D) Membrane
ruffling was quantified in PC3 cells treated with vehicle or PI3K inhibitors for 48 h by SACED microscopy. Average values from at least 330 ruffles per
treatment are shown for ruffle size (Top) and time of ruffle persistence (Bottom). Mean + SEM (n = 15). ***P < 0.0001. (E) Representative stroboscopic images
from time-lapse video microscopy of PC3 cells treated with vehicle or PI3K inhibitors. Four SACED regions corresponding to the top (1), right (2), bottom (3),
and left (4) of each cell are shown. The ruffling activity (broken yellow lines) is restricted to one main region (1) on the vehicle cell but is distributed equally
between three regions (1-3) on cells treated with PI3K inhibitors. See also Movie S1. (F) PC3 cells were treated with vehicle or PI3K inhibitors, and membrane
dynamics at lagging areas were quantified. Ruffle size (Left) or time of ruffle persistence (Right) from at least 205 individual lagging ruffles are shown. Mean
+ SEM (n = 15). **P = 0.0047; ***P < 0.0001. (G) PC3 cells were treated with vehicle or PX-866 for 48 h and quantified for directional versus random cell
migration by time-lapse video microscopy (8 h). Rose plots show the distribution of cells migrating along each position interval (range interval 10°, internal
angle 60°). Arrows indicate the direction of chemotactic gradient.

therapy profoundly affected FA dynamics (Fig. 3H and Movie S2),  concentrations of Gamitrinib abolished the trafficking of mito-
increasing both the assembly and decay of FA complexes (Fig.  chondria to pFAK-containing FA complexes in response to PI3K
S5D) and their turnover rate (Fig. SS5E). In contrast, PI3K in-  antagonists (Fig. 4 F and G) and preserved a polarized and
hibitilon reduch the number of stable FA complexes (Fig. SSF)- perinuclear mitochondrial distribution (Fig. S84). Consistent

Mitochondria are a primary source of reactive oxygen species  yith these findings, Gamitrinib abolished the increase in tumor
(ROS), and these moieties have been implicated in tumor cell 11 i vasion (Fig. 4H) and the expansion of primary GBM

motility. PI3K antagonists increased the production of mito- . . .
chondrial superoxide in tumor cells compared with untreated neurospheres (Fig. .58 B and C) medlgted by PI3K antaanlsts.
cultures (Fig. S6 4 and B), and this response was abolished by a To validate these findings, we next silenced the expression of

mitochondrial-targeted ROS scavenger, mitoTEMPO (Fig. S6C). ~ TRAP-1 (Fig. S8D), a mitochondrial Hsp90-like chaperone tar-
In contrast, ROS scavenging with mitoTEMPO did not affect ~ geted by Gamitrinib and implicated in complex II stability (19).
mitochondrial repositioning to the cortical cytoskeleton (Fig. 44 ~ TRAP-1 silencing in vehicle-treated cells did not affect mito-
and Fig. S6 D and E) or tumor cell invasion (Fig. 4B) mediated by ~ chondrial localization (Fig. S8, Left). In contrast, knockdown of
PI3K inhibitors. Increasing concentrations of the pan-antioxidant TRAP-1 abolished mitochondrial trafficking to the cortical cy-
N-acetyl cysteine (NAC) had no effect on PI3K therapy-mediated  toskeleton in the presence of PI3K antagonists, increasing the
tumor cell invasion (Fig. S6F). The increase in basal cell motility in - fraction of polarized and perinuclear organelles in these cells
Fhe.p'resence of an.tioxidants.may reﬂept relea§e Qf ROS-regulated (Fig. SSE, Right). Finally, treatment with small-molecule in-
inhibitory mechanisms of mitochondrial trafficking. hibitors of mitochondrial complex I (Rotenone), complex III

Role of Bioenergetics in Mitochondrial Trafficking and Tumor Cell (Antimycin A), or compl(?x V (Oligomycin) or a ml.tochondrlal
Invasion. Next, we asked whether mitochondrial bioenergetics ~ uncoupler (carbonyl cyanide m-chlorophenyl hydrazine; CCCP)
was important for this pathway, and generated LN229 cells devoid  inhibited mitochondrial repositioning to the cortical cytoskeleton
of oxidative phosphorylation (p0 cells). Chemoattractant stimula-  (Fig. S8F) and tumor cell invasion (Fig. 4/) in the presence of
tion of respiration-competent LN229 cells induced repositioning ~ PI3K therapy.

of mitochondria to the cortical cytoskeleton (Fig. S74) that To begin elucidating the signaling requirements of adaptive
colocalized with paxillin” FA complexes (Fig. S7B). In contrast,  mitochondrial trafficking and tumor cell invasion, we next tar-
respiration-deficient LN229 p0 cells failed to reposition mito- geted the PI3K-Akt-mTOR axis, which becomes reactivated in
chondria to the cortical cytoskeleton (Fig. 4C). This absence of response to PI3K therapy (8, 9). Knockdown of Akl or Akt2

mitochondria proximal to FA complexes (Fig. 4D) was associated (Fi . . .
. . . . g. S94), mTOR (Fig. S9B), or FAK (Fig. S9C) independently
with loss of FA dynamics (Fig. S7 C and D and Movie $3) and prevented the repositioning of mitochondria to the cortical cy-

suppression of tumor cell invasion across Matrigel-containing in- . .
seftlz (Fig, 4E and Fig. STE). £ & toskeleton (Fig. 4 J and K and Fig. S9D) and suppressed tumor

As an independent approach, we treated tumor cells with cell invasion (Fig. 4L and Fig. S9G) induced by PI3K antago-
Gamitrinib, a mitochondrial-targeted small-molecule Hsp90  nists. In contrast, knockdown of these molecules in the absence
inhibitor that induces misfolding and degradation of the oxida- of PI3K inhibition had no effect on mitochondrial trafficking
tive phosphorylation complex II subunit SDHB (19). Nontoxic  (Fig. S9E) or organelle morphology (Fig. S9F).
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Fig.3. Mitochondria fuel focal adhesion dynamics. (A) PC3 cells treated with vehicle or PI3K inhibitors for 48 h were stained with MitoTracker Red, phalloidin
Alexa488, and DAPI, and full cell stacks were used to generate 3D max projection images that were scored for mitochondrial morphology (polarized, per-
inuclear, infiltrating). (B) Representative confocal 3D max projection images of PC3 cells treated with vehicle or the indicated PI3K inhibitors and stained as in
A. (Bottom) Models for quantification of mitochondrial trafficking. Mito, mitochondria. White lines indicate the distance from nuclei to the cell border.
Yellow lines indicate the length of mitochondrial infiltration into membrane lamellipodia. Magnification, 63x. (C) PC3 cells treated with vehicle or the in-
dicated PI3K inhibitors were labeled as in A and quantified for mitochondrial infiltration into lamellipodia. At least 18 cells were analyzed at two independent
lamellipodia, and data were normalized to total lamellipodia length. Mean + SEM (n = 36). ***P < 0.0001. (D) Lung adenocarcinoma A549 or glioblastoma
LN229 cells were labeled as in A and scored for mitochondrial infiltration into membrane lamellipodia by fluorescence microscopy. Mean + SEM. **P = 0.0056;
***P < 0.0001. (E) PC3 cells were transfected with control (Ctrl) or MFN1-directed siRNA, labeled as in A, and quantified for mitochondrial infiltration in the
cortical cytoskeleton in the presence of vehicle or PX-866. Mean + SEM. ***P < 0.0001. (F) PC3 cells transfected with control or MFN1-directed siRNA were
treated with vehicle or PX-866 and analyzed for Matrigel invasion after 48 h. Mean + SEM. ***P = 0.0002. (G) PC3 cells treated with vehicle or PI3K inhibitors
for 48 h were replated onto fibronectin-coated slides for 5 h and labeled with an antibody to phosphorylated FAK (pY925) Alexa488, MitoTracker Red, and
DAPI. Representative 1-um extended-focus confocal images with localization of mitochondria near FA complexes are shown. Magnification, 63x. (Scale bar,
10 pm.) (H) PC3 cells expressing Talin-GFP to label FA were treated as indicated and quantified for decay, formation, and stability of FA complexes per cell over

78 min; n = 631. See also Movie S2.

Discussion

In this study, we have shown that small-molecule PI3K inhibitors
currently in the clinic induce global reprogramming of tran-
scriptional and signaling pathways in tumor cells, paradoxically
resulting in increased tumor cell motility and invasion. Mecha-
nistically, this involves the trafficking of energetically active mi-
tochondria to the cortical cytoskeleton of tumor cells, where they
support membrane lamellipodia dynamics, turnover of FA com-
plexes, and random cell migration and invasion. Conversely, in-
terference with this spatiotemporal control of mitochondrial bio-
energetics abolishes tumor cell invasion.

Although associated with important tumor traits, including
“stemness” (20), malignant regrowth (21), and drug resistance
(22), a general role of mitochondria in cancer has been difficult
to determine (11). Whether these organelles play a role in tumor
cell invasion and, therefore, metastatic competency has been
equally controversial, with evidence that mitochondrial respira-
tion is important (23), not important (24), or must be dysfunc-
tional (25) to affect cell movements. Here disabling cellular
respiration with depletion of mitochondrial DNA (26) or tar-
geting an oxidative phosphorylation complex(es) (19) prevented

Caino et al.

mitochondrial trafficking to the cortical cytoskeleton, abolished
membrane dynamics of cell motility, and suppressed cell in-
vasion. Conversely, scavenging of mitochondrial ROS, which are
increased in response to PI3K therapy, did not affect organelle
dynamics and tumor cell invasion. Together, these data suggest
that oxidative phosphorylation contributes to cancer metabo-
lism and provides a “regional” and potent ATP source to fuel
highly energy-demanding processes of cell movements and in-
vasion (27).

This “spatiotemporal” model of mitochondrial bioenergetics is
reminiscent of the accumulation of mitochondria at subcellular
sites of energy-intensive processes in neurons (28), including
synapses, active growth cones, and branches (29). Whether the
cytoskeletal machinery that transports mitochondria along the
microtubule network in neurons (30) is also exploited in cancer
(this study) is currently unknown. However, there is evidence
that comparable mechanisms of organelle dynamics (31) support
mitochondrial redistribution in lymphocytes (32) and may con-
tribute to directional migration of tumor cells (33). Consistent
with this model (31), interference with the mitochondrial fu-
sion machinery, namely mitofusins, suppressed mitochondrial
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Fig. 4. Control of tumor cell invasion by spatiotemporal mitochondrial bioenergetics. (A) PC3 cells were labeled with MitoTracker Red, phalloidin Alexa488,
and DAPI, treated with PX-866, and analyzed for mitochondrial infiltration into the peripheral cytoskeleton in the presence of vehicle or the mitochondrial-
targeted ROS scavenger mitoTEMPO (mT; 50 pM). (B) PC3 cells were incubated with the indicated agents alone or in combination (PX-866+mT) and analyzed
for tumor cell invasion across Matrigel. Mean + SEM. P (ANOVA) < 0.0001. (C and D) Mitochondrial (mt)DNA-depleted LN229 (p0) cells were stimulated with
NIH 3T3 conditioned media for 2 h, labeled with MitoTracker Red, DAPI, and either phalloidin Alexa488 (C) or an antibody to FA-associated paxillin (D), and
analyzed by fluorescence microscopy. Representative pseudocolored images are shown. Magnification, 60x. (E) WT or p0 LN229 cells were analyzed for
invasion across Matrigel-coated Transwell inserts. Representative images of invasive cells stained with DAPI are shown. Magnification, 20x. (F) PC3 cells
treated with vehicle or PI3K inhibitors in combination with the mitochondrial-targeted small-molecule Hsp90 inhibitor Gamitrinib (Gam) were labeled with
anti-pY925-FAK Alexa488 followed by fluorescence microscopy. Representative 1-um extended-focus confocal images are shown. Magnification, 63x. (Scale
bar, 10 um.) (G) PC3 cells treated with vehicle or PI3K inhibitors with or without Gamitrinib (1 uM) were labeled with MitoTracker Red, phalloidin Alexa488,
and DAPI and quantified after 48 h for mitochondrial infiltration into lamellipodia by fluorescence microscopy; n = 48. Mean + SEM. **P = 0.0044; ***P <
0.0009. (H) PC3 cells were treated with vehicle or PX-866 (5 pM) with or without Gamitrinib and quantified for invasion across Matrigel. Mean + SEM of
replicates (n = 2). ***P < 0.0001. ns, not significant. (/) PC3 cells were incubated with vehicle or PX-866 alone or in combination with the various mitochondrial
respiratory chain inhibitors and analyzed for Matrigel invasion. Ant A, Antimycin A; Oligo, Oligomycin; Roten, Rotenone. Mean + SEM. **P = 0.006. (J) PC3
cells transfected with control siRNA or siRNA to Akt1/2, mTOR, or FAK were labeled as in C, treated with PX-866, and quantified for mitochondrial infiltration
into lamellipodia; n = 44. Mean + SEM. ***P < 0.0001. (K) siRNA-transfected PC3 cells labeled as in C were treated with PX-866 (5 uM) and analyzed for
mitochondrial morphology (polarized, perinuclear, infiltrating) by fluorescence microscopy; n = 21. (L) PC3 cells transfected with the indicated siRNAs were
quantified for invasion across Matrigel in the presence of vehicle or PX-866. Mean + SEM (n = 4). ***P < 0.0001.

repositioning to the cortical cytoskeleton and tumor cell invasion ~ outcomes, disabling mitochondrial adaptation is feasible (19) and
mediated by PI3K therapy. may provide a viable strategy to increase the anticancer efficacy of
In addition to oxidative phosphorylation, Akt/mTOR signaling ~ PI3K antagonists in the clinic.

was identified here as a key regulator of mitochondrial traffick-

ing and tumor cell invasion. This is consistent with a pivotal role ~ Methods

of PI3K in directional cell movements (34), supporting chemo- Two-Dimensional Chemotaxis. Cells were treated with PI3K inhibitors for 48 h
taxis at the leading edge of migration (35) and Racl activation and seeded in 2D chemotaxis chambers (Ibidi) in 10% (vol/vol) FBS medium.
(36). A third signaling requirement of this pathway involved After a 6-h attachment, cells were washed and the reservoirs were filled with
FAK activity (18), which has also been implicated in cytoskeletal 0.1% BSA/RPMI, followed by gradient setup by addition of NIH 3T3 condi-
dynamics (37) ’ tioned medium. Video microscopy was performed over 8 h, with a time-lapse

. « . ' .. interval of 10 min. At least 30 cells were tracked using the WimTaxis module
Desplte h.ope.:s.for personahzed medicine (4)’ small-m.ole- (Wimasis), and the tracking data were exported into Chemotaxis and Mi-
cule PI3K inhibitors have produced modest and short-lived gration Tool v2.0 (lbidi) for graphing and statistical testing. Experiments
patient responses in the clinic (5). Our data suggest that these  were repeated twice (n = 3).
agents potently activate global adaptive mechanisms in tumors
(7), unexpectedly centered on mitochondrial reprogramming in ~ FA Dynamics. Cells growing in high-optical-quality 96-well p-plates (Ibidi)
cell survival/bioenergetics (9) and subcellular trafficking (this were transduced with Talin-GFP BacMam virus (50 particles per cell) for
study). In this context, the increased tumor cell motility and 1§ h and imaged.with a 4.0>< objgctive on a Nikon TI?390 inverted tirqe—lapse:
invasion stimulated by PI3K inhibitors may create an “escape” microscope equ.lpped with a video system containing an Evolution QEi
mechanism for tumor cells to elude therapy-induced environ- ~ €™Mer and a time-lapse video cassette recorder. The atmosphere was
mental stress, reminiscent of the heightened metastatic pro- equilibrated to 37 °C and 5% CO, in an incubation chamber. Time-lapse

. iated with oth £ bl diti £ I X fluorescence microscopy was carried out for the indicated times at 1 min per
pensity associated with other unfavorable conditions of hypoxia frame. Sequences were aligned in Image-Pro Plus 7 (Media Cybernetics) and

(3.8)’ aCid(?SiS (39), and antiangiogenic therapy (40, 41) Although imported into ImageJ (NIH) for further analysis. The initial and final frames
this adaptive response to PI3K therapy may paradoxically promote  were duplicated and assembled as composite images. FA complexes were
more aggressive tumor traits and further compromise clinical  manually counted and classified according to presence in some or all of the
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time frames: decaying, newly formed, stable sliding (FA moves to a different
position over time), and stable mature (merged areas). The rate of decay and
assembly of FA complexes was calculated for each cell as the number of FA
complexes changing per h. At least 400 FA complexes from 10 cells were
analyzed from 5 independent time lapses per condition.

Tumor Cell Invasion. Experiments were carried out essentially as described
(42). Briefly, 8-um PET Transwell migration chambers (Corning) were coated
with 150 pL 80 pg/mL Matrigel (Becton Dickinson). Tumor cells were seeded
in duplicates onto the coated Transwell filters at a density of 1.25 x 10° cells
per well in media containing 2% (vol/vol) FCS (FCIll; HyClone), and media
containing 20% (vol/vol) FCS were placed in the lower chamber as chemo-
attractant. Cells were allowed to invade and adhere to the bottom of the
plate, stained in 0.5% crystal violet/methanol for 10 min, rinsed in tap water,
and analyzed by bright-field microscopy. Digital images were batch-impor-
ted into Imagel, thresholded, and analyzed with the Analyze Particles
function. For analysis of tumor cell invasion in 3D spheroids, tissue culture-
treated 96-well plates were coated with 50 uL 1% Difco Agar Noble
(Becton Dickinson). LN229 cells were seeded at 5,000 cells per well and
allowed to form spheroids over 72 h. Spheroids were harvested, treated
with PX-866 (0-10 pM), and placed in a collagen plug containing Eagle’s
minimum essential medium (EMEM), FBS, L-glutamine, sodium bicarbon-
ate, and collagen type | (Gibco; 1.5 mg/mL). The collagen plug was allowed
to set and 1 mL DMEM with 5% (vol/vol) FBS was added to the top of the
plug. Cell invasion was analyzed every 24 h and quantified using Image-Pro
Plus 7, as described (42).
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Patient Samples. For studies using human samples, informed consent was
obtained from all patients enrolled, and the study was approved by an In-
stitutional Review Board of the Fondazione IRCCS Ca’ Granda. The clinico-
pathological features of GBM patients used in this study are summarized in
Table S1.

Statistical Analysis. Data were analyzed using either two-sided unpaired t test
(for two-group comparisons) or one-way ANOVA test with Dunnett’s mul-
tiple comparison posttest (for more than two-group comparisons) using a
GraphPad software package (Prism 6.0) for Windows. Data are expressed as
mean + SD or mean + SEM of multiple independent experiments. A P value
of <0.05 was considered statistically significant.

ACKNOWLEDGMENTS. We thank James Hayden and Frederick Keeney of
the Wistar Imaging Facility for outstanding help with time-lapse imaging.

This work was supported by National Institutes of Health Grants PO1
CA140043 (to D.C.A. and L.R.L.), RO1 CA78810 and CA190027 (to D.C.A)),
F32 CA177018 (to M.C.C.), and RO1 CA089720 (to L.R.L.), the Office of the
Assistant Secretary of Defense for Health Affairs through the Prostate
Cancer Research Program under Award W81XWH-13-1-0193 (to D.C.A.), and
aJoint Grant in Molecular Medicine 2013 from Fondazione IRCCS Ca’ Granda
and Istituto Nazionale Genetica Molecolare (to V.V.). Support for the core
facilities used in this study was provided by Cancer Center Support Grant
CA010815 to The Wistar Institute.

25. Porporato PE, et al. (2014) A mitochondrial switch promotes tumor metastasis. Cell
Reports 8(3):754-766.

26. Olgun A, Akman S (2007) Mitochondrial DNA-deficient models and aging. Ann N Y
Acad Sci 1100:241-245.

27. De Bock K, et al. (2013) Role of PFKFB3-driven glycolysis in vessel sprouting. Cell
154(3):651-663.

28. Lee CW, Peng HB (2006) Mitochondrial clustering at the vertebrate neuromuscular
junction during presynaptic differentiation. J Neurobiol 66(6):522-536.

29. Saxton WM, Hollenbeck PJ (2012) The axonal transport of mitochondria. J Cell Sci
125(Pt 9):2095-2104.

30. Birsa N, Norkett R, Higgs N, Lopez-Domenech G, Kittler JT (2013) Mitochondrial
trafficking in neurons and the role of the Miro family of GTPase proteins. Biochem
Soc Trans 41(6):1525-1531.

. Zhao J, et al. (2013) Mitochondrial dynamics regulates migration and invasion of
breast cancer cells. Oncogene 32(40):4814-4824.

32. Morlino G, et al. (2014) Miro-1 links mitochondria and microtubule dynein motors to

control lymphocyte migration and polarity. Mol Cell Biol 34(8):1412-1426.

33. Desai SP, Bhatia SN, Toner M, Irimia D (2013) Mitochondrial localization and the
persistent migration of epithelial cancer cells. Biophys J 104(9):2077-2088.

34. Kolsch V, Charest PG, Firtel RA (2008) The regulation of cell motility and chemotaxis
by phospholipid signaling. J Cell Sci 121(Pt 5):551-559.

35. Weiger MC, et al. (2009) Spontaneous phosphoinositide 3-kinase signaling dynamics
drive spreading and random migration of fibroblasts. J Cell Sci 122(Pt 3):313-323.

36. Kraynov VS, et al. (2000) Localized Rac activation dynamics visualized in living cells.
Science 290(5490):333-337.

37. Fabry B, Klemm AH, Kienle S, Schaffer TE, Goldmann WH (2011) Focal adhesion kinase
stabilizes the cytoskeleton. Biophys J 101(9):2131-2138.

38. Pennacchietti S, et al. (2003) Hypoxia promotes invasive growth by transcriptional
activation of the met protooncogene. Cancer Cell 3(4):347-361.

39. Gatenby RA, Gillies RJ (2004) Why do cancers have high aerobic glycolysis? Nat Rev
Cancer 4(11):891-899.

40. Ebos JM, et al. (2009) Accelerated metastasis after short-term treatment with a potent
inhibitor of tumor angiogenesis. Cancer Cell 15(3):232-239.

41. Paez-Ribes M, et al. (2009) Antiangiogenic therapy elicits malignant progression of
tumors to increased local invasion and distant metastasis. Cancer Cell 15(3):220-231.

42. Caino MC, et al. (2013) Metabolic stress regulates cytoskeletal dynamics and metas-
tasis of cancer cells. J Clin Invest 123(7):2907-2920.

43. Kang BH, et al. (2009) Combinatorial drug design targeting multiple cancer signaling
networks controlled by mitochondrial Hsp90. J Clin Invest 119(3):454-464.

44. Ortensi B, et al. (2012) Rai is a new regulator of neural progenitor migration and
glioblastoma invasion. Stem Cells 30(5):817-832.

45. Vaira V, et al. (2012) miR-296 regulation of a cell polarity-cell plasticity module con-
trols tumor progression. Oncogene 31(1):27-38.

46. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-
time quantitative PCR and the 2-AACT method. Methods 25(4):402-408.

47. Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: A practical and
powerful approach to multiple testing. J R Stat Soc Series B Stat Methodol 57(1):
289-300.

48. Louis DN, et al. (2007) The 2007 WHO classification of tumors of the central nervous
system. Acta Neurophatol 114(2):97-109.

3

PNAS | July 14,2015 | vol. 112 | no.28 | 8643

CELL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500722112/-/DCSupplemental/pnas.201500722SI.pdf?targetid=nameddest=ST1

RESEARCH ARTICLE

CANCER

Survivin promotes oxidative phosphorylation,
subcellular mitochondrial repositioning,

and tumor cell invasion
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Survivin promotes cell division and suppresses apoptosis in many human cancers, and increased abun-
dance correlates with metastasis and poor prognosis. We showed that a pool of survivin that localized to
the mitochondria of certain tumor cell lines enhanced the stability of oxidative phosphorylation complex I,
which promoted cellular respiration. Survivin also supported the subcellular trafficking of mitochondria to
the cortical cytoskeleton of tumor cells, which was associated with increased membrane ruffling, increased
focal adhesion complex turnover, and increased tumor cell migration and invasion in cultured cells, and
enhanced metastatic dissemination in vivo. Therefore, we found that mitochondrial respiration enhanced
by survivin contributes to cancer metabolism, and relocalized mitochondria may provide a “regional”

energy source to fuel tumor cell invasion and metastasis.

INTRODUCTION

The inhibitor of apoptosis (IAP) family member survivin functions in
multiple mechanisms, including chromosomal segregation, microtubule
dynamics, apoptosis resistance, and cellular stress responses (/). The
transcription of the gene encoding survivin is greater in tumors than in
normal tissues, and the presence of survivin in cancer has been linked to
metastatic disease (2), but the underlying mechanism(s) has not been
clearly defined. In tumors, a pool of survivin localizes to the mitochondria
(3), where it promotes resistance to apoptosis (4) and influences organelle
bioenergetics (), thus acting as a potential cancer driver.

Although indispensable for normal tissue and organ bioenergetics, the
role of mitochondria in cancer has been debated (6). Most tumors rewire
their energy sources toward aerobic glycolysis at the expense of mitochon-
drial respiration (7), the so-called Warburg effect (8), a process that is im-
portant for disease progression (9). Further, mutations in oxidative
phosphorylation genes produce “oncometabolites” (/0) or stabilize onco-
genes, such as HIF1a (1), suggesting that mitochondrial respiration may
have limited roles in cancer bioenergetics (/2), and, at least in some cases,
actually function as a “tumor suppressor” (13).

Conversely, there is evidence that oxidative phosphorylation remains an
important source of ATP (adenosine 5'-triphosphate) for many tumors (/4)
and may affect important cancer traits, such as “stemness” (/5), tumor re-
population after oncogene ablation (/6), and resistance to therapy (/7).
Whether there are cancer-specific regulators of mitochondrial respiration
is presently unknown, but protein folding quality control within the unique
anatomy of mitochondria (/8) is required to buffer the risk of proteotoxic
stress (19), and provides a key requirement for oxidative phosphorylation in
tumors (20). Mechanistically, this involves the chaperone activity of heat
shock protein 90 (Hsp90) family proteins, which accumulate in tumor
mitochondria compared to normal tissues (27), and maintain the stability
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and folding of multiple bioenergetics effectors, including succinate de-
hydrogenase (SDH), an iron- and sulfur-containing subunit of oxidative
phosphorylation Complex II (22). Here, we explored a link between
mitochondrial survivin, tumor metabolic reprogramming, and metastatic
competency.

RESULTS

Survivin-mediated regulation of tumor bioenergetics

‘We began this study by examining the distribution of mitochondrial survivin
in androgen-independent prostate cancer PC3 cells (3). Analysis of sub-
mitochondrial fractions revealed that survivin localized to the inner mem-
brane and matrix, but not to outer membrane or intermembrane space
(fig. S1A). With this topography, survivin colocalized with effectors of
mitochondrial protein folding, including the AAA+ matrix protease CLPP
and the molecular chaperones Hsp90 and TRAP-1 [tumor necrosis factor
receptor (TNFR)-associated protein 1] (fig. S1A) (23).

Transfection of PC3 cells with a previously characterized small
interfering RNA (siRNA) directed against survivin (24) efficiently depleted
the mitochondrial pool of survivin (fig. S1B). In addition, treatment of PC3
cells with YM155, a small-molecule survivin “suppressant” currently in
clinical trials (2), also abrogated the mitochondrial pool of survivin (fig. S1C).
At the low concentrations of YM155 used and short incubation times,
survivin targeting did not affect mitochondrial membrane potential (fig.
S1D), nuclear morphology (fig. S1E), or cell cycle transitions (fig. S1F), and
only modestly reduced cell proliferation (fig. S1G).

To determine whether mitochondrial survivin affected bioenergetics,
we next profiled the metabolome of PC3 cells transfected with control or
survivin-directed siRNA. Survivin silencing induced defective mitochondrial
bioenergetics, with increased concentrations of various oxidative phospho-
rylation metabolites, including succinate and pyruvate, and a trend of
increased o-ketoglutarate concentrations, associated with a substantial de-
pletion of glutamine (Fig. 1, A and B, and table S1), suggestive of compen-
satory glutaminolysis. Although increased succinate has been linked to a
tumorigenic, “pseudohypoxic” state (6), survivin knockdown did not affect
HIF1a protein abundance (fig. S1H), which mediates transcriptional re-
sponses to hypoxia (/7). Consistent with impaired mitochondrial
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S2A). Targeting survivin with YM155 comparably
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Impaired bioenergetics in survivin-targeted PC3 cells
correlated with reduced production of ATP, compared
to control cultures (Fig. 2D). Silencing of survivin
with an independent, previously characterized siRNA
sequence (24) (fig. S2C) also inhibited ATP produc-
tion (Fig. 2E).

To examine the specificity of these findings, we
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targeted survivin increased ATP production in breast
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rat insulinoma INS-1 cells (fig. S2H) that lack mito-
chondrial survivin (3). Furthermore, reconstitution
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encoding mitochondrial-targeted survivin (3) (pAd-
mt-SVV) stimulated O, consumption (Fig. 2G). In
contrast, PC3 cells transfected with nontargeting

Fig. 1. Survivin targeting impairs mitochondrial metabolism. (A to F) Global metabolomics screening of
PC3 cells transfected with control or survivin-directed (SVV) siRNA (n = 5 biological replicates; see
also table S1). Changes in the concentrations of metabolites implicated in oxidative phosphorylation
(A and B), fatty acid B oxidation (C and D), or glutathione metabolism (E and F) are shown. For the
heat map (D), red indicates increased concentration, and green indicates decreased concentration.
Only significant changes (P< 0.05) are shown. For box plots (B and F), relative metabolite abundance
is represented. The limit of upper and lower quartiles, median values (straight line), and maximum
and minimum distribution are shown. Cross, mean value; circle, extreme data point; Ctrl, control.

bioenergetics, survivin-silenced cells accumulated certain species of long-
chain fatty acids (Fig. 1C and table S1), with increased concentrations
of several carnitine-conjugated lipids involved in fatty acid import
into mitochondria, and reduced concentrations of the ketone body
3-hydroxybutyrate (Fig. 1D and table S1). In addition, survivin depletion
in PC3 cells decreased the concentrations of homocysteine, cystathionine,
and glycine, all of which are implicated in redox mechanisms (Fig. 1, E
and F, and table S1); reduced isoleucine and leucine, which are involved
in the metabolism of branched-chain amino acids (fig. S11 and table S1);
and reduced aspartate, ornithine, and putrescine concentrations and a

www.SCIENCESIGNALING.org

siRNA and reconstituted with pAd-mt-survivin or
pAd-mt-GFP [pAd-mitochondrial-targeted green
fluorescent protein (GFP)] had comparable O,
consumption (Fig. 2G). Accordingly, recombinant
survivin accumulated to a greater extent in mitochon-
drial fractions compared to cytosol of PC3 cells (fig.
S2I). Functionally, accumulation of mitochondrial
survivin in MCF-7 or INS-1 cells did not change cell
cycle transitions as assessed by propidium iodide stain-
ing (fig. S2J) or cell proliferation as assessed by
BrdU (5-bromo-2’-deoxyuridine) incorporation (fig.
S2,K and L).

Consistent with impaired mitochondrial bioenergetics, siRNA (Fig. 2H)
or YM155 (Fig. 2I) targeting of survivin induced hallmarks of cellular star-
vation, including increased phosphorylation of the energy sensor AMP
(adenosine 5’-monophosphate)-activated kinase (AMPK), induction of au-
tophagy as assessed by microtubule-associated light chain 3 (LC3) conver-
sion (Fig. 2H), and the appearance of punctate GFP-LC3 fluorescence
corresponding to autophagosome formation (Fig. 2J). The response to
YM155 was accompanied by decreased mammalian target of rapamycin
(mTOR) signaling, as indicated by reduced phosphorylation of the
downstream effectors 4EBP1 and p70S6 kinase (Fig. 2K).
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Fig. 2. Survivin regulation of mitochondrial bioenergetics. (A) Prostate cancer cell lines PC3 or
DU145 or glioblastoma LN229 cells transfected with control (Ctrl) or survivin (SVV)-directed siRNA
were analyzed for oxygen (O,) consumption. RFU, relative fluorescence units. The results of two
independent experiments are shown. (B) siRNA-silenced cells as in (A) were analyzed for O, con-
sumption rates (OCR) under basal conditions or in response to oligomycin (O), FCCP (F), or anti-
mycin (A). Arrows indicate time of drug addition. Extramitochondrial respiration after addition of
antimycin was subtracted as background. The profiles of two independent experiments (Expt.)
are shown. (C) PCS3 cells were treated with vehicle (Veh) or small-molecule survivin suppressant
YM155 and analyzed for O, consumption. Two independent experiments (Expt.) are shown. (D) PC3
cells transfected with the indicated siRNA or treated with vehicle (Veh) or YM155 were analyzed for
ATP production. Graph shows means + SEM from three independent experiments. ***P < 0.0001;
**P = 0.0011. (E) PC3 cells transfected with control siRNA (Ctrl) or a second independent siRNA to
survivin (SVV2) were analyzed for ATP production. Two independent experiments (Expt.) are shown. (F)
PC3 cells transfected with control (Ctrl) or survivin-directed siRNA were reconstituted with
vector or mitochondrial-targeted survivin cDNA and analyzed for ATP production. Graph shows
means + SEM from three independent experiments. ***P < 0.0001. (G) PC3 cells were transfected with
control siRNA (Ctrl) or survivin-directed siRNA, reconstituted with pAd-mt-GFP or pAd-mt-SVV, and
analyzed for O, consumption. Two independent experiments (Expt.) are shown. (H and I) PC3 cells
transfected with control or survivin-directed siRNA (H) or treated with vehicle or YM155 (l) were ana-
lyzed by Western blotting. d, days; p, phosphorylated. Blots are representative of two independent
experiments. (J) PC3 cells transfected with control (Ctrl) or survivin (SVV)-directed siRNA plus GFP-
LC3 were analyzed by fluorescence microscopy. Right: The number of GFP-LC3 puncta (autopha-
gosomes) per cell was quantified (n = 50 cells imaged per transfection condition in two independent
experiments). Scale bar, 10 um. (K) PC3 cells treated with vehicle (Veh), rapamycin (Rap), or YM155
were analyzed by Western blotting after 24 hours. p, phosphorylated. Blots are representative of two
independent experiments.
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Survivin-mediated regulation of
mitochondrial oxidative
phosphorylation complex I

We next examined the role of survivin on the
function of individual oxidative phosphoryl-
ation complexes. High-resolution respirom-
etry of permeabilized PC3 cells showed that
targeting survivin with YM155 inhibited
the activities of complex II (Fig. 3A) and
complex I (fig. S3A), but not that of complex
1II (fig. S3B). Similarly, immunocaptured
complex II from PC3 cells silenced for en-
dogenous survivin by siRNA (Fig. 3B)
showed reduced SDH activity (Fig. 3C),
whereas citrate synthase or complex I activ-
ity was not affected (fig. S3C).

Next, we asked how survivin affected
mitochondrial complex II activity. PC3 cells
exposed to YM155 exhibited time-dependent
degradation of complex Il-associated pro-
teins, but not of other mitochondrial phospho-
rylation complexes (Fig. 3D), a response that
involved the SDHB and SDHC subunits of
complex II, but not the SDHA subunit (Fig.
3E). Conversely, transfection of mitochondrial-
targeted survivin in survivin-silenced PC3
cells was sufficient to increase the abun-
dance of SDHB and SDHC subunits, but
not that of SDHA subunit (Fig. 3F). To de-
termine whether changes in SDH abun-
dance reflected protein (mis)folding, we
next quantified the amount of complex II
proteins that remained insoluble over a
broad range of detergent concentrations.
Survivin silencing in PC3 cells increased
the amount of detergent-insoluble complex
1I proteins, compared to control transfec-
tants (fig. S3D), suggestive of protein
misfolding. Complex V abundance was
also modestly reduced, whereas the abun-
dance of complex I, III, or IV was not
affected (fig. S3D). In terms of individual
subunits, loss of survivin increased the deter-
gent insolubility of SDHB and SDHC, but
not that of SDHA (Fig. 3G and fig. S3D).

Complex II-SDHB protein folding re-
quires the mitochondrial chaperone Hsp90
and its homolog TRAP-1 (22). In co-
immunoprecipitation experiments from
mitochondrial extracts, survivin formed a
complex with TRAP-1 (Fig. 3H). Similarly,
recombinant survivin bound to glutathione
S-transferase (GST)-TRAP-1, but not to
GST, in pull-down experiments in vitro, in-
dicating that this interaction was direct (Fig.
3I). Survivin immune complexes also con-
tained the complex II subunits SDHA and
SDHB (Fig. 3J). Silencing of TRAP-1 by
siRNA (Fig. 3K) or inhibiting its chaperone
activity with the mitochondrial-targeted
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Fig. 3. Survivin regulation of mitochondrial complex II. (A) PC3 cells treated with vehicle (Veh) or YM155 were
permeabilized with digitonin and analyzed for complex Il activity in the presence of succinate and rotenone.
Oligo, oligomycin. Graphs shows means + SEM from three independent experiments. **P < 0.01. (B) PC3
cells transfected with control (Ctrl) or survivin (SVV)—-directed siRNA were analyzed by Western blotting. Blots
are representative of two independent experiments. (C) Mitochondrial complex Il was immunoprecipitated
from siRNA-transfected PC3 cells as in (B) and analyzed for enzymatic activity. Right: Quantification. Graph
shows means + SEM from three independent experiments. *P = 0.037. (D) Mitochondria from PC3 cells
treated with vehicle (Veh) or YM155 were analyzed by Western blotting. The position of oxidative phospho-
rylation complex subunits is indicated. d, days. Blots are representative of two independent experi-
ments. (E and F) PC3 cells treated with vehicle (Veh) or YM155 (E), or MCF-7 cells transfected with vector
or mitochondrial-targeted survivin (mt-SVV) cDNA (F) were analyzed by Western blotting. In (F), the position of
endogenous (SVV) or transfected (HA) survivin is indicated. Blots in (E) and (F) are representative of two
independent experiments. (G) PC3 cells were transfected with the indicated siRNAs, and proteins remaining
insoluble at increasing detergent concentrations (CHAPS) were analyzed by Western blotting. The extra
band in the SDHC lane corresponds to nonspecific reactivity with a molecular weight marker. Blots are rep-
resentative of two independent experiments. (H) Mitochondrial extracts from PC3 cells were immunoprecipi-
tated (IP) with immunoglobulin G (IgG) or an antibody to survivin, and pellets were analyzed by Western
blotting. Blots are representative of two independent experiments. (I) Aliquots of GST-TRAP-1 (top) or GST
(bottom) were incubated with recombinant survivin (SVV), and bound proteins were analyzed by Western
blotting. The molar ratio of survivin to TRAP-1 was 0, 0.1, 0.5, and 1. Blots are representative of two inde-
pendent experiments. (J) PC3 mitochondrial extracts were immunoprecipitated (IP) with IgG or an antibody
to survivin, and pellets were analyzed by Western blotting. Blots are representative of two independent
experiments. (Kand L) PC3 cells were transfected with control (Ctrl) or TRAP-1—directed siRNA (K), or treated
with mitochondrial-targeted small-molecule Hsp90 inhibitor, gamitrinib (Gam) (L), and extracts were analyzed
after 48 hours (K) or at the indicated time intervals (L) by Western blotting. Blots are representative of two
independent experiments for (K) and (L). (M and N) PC3 cells were treated with vehicle (Veh) or gamitrinib
(Gam), then cycloheximide, and analyzed by Western blotting (M), with quantification of survivin half-life
by densitometry (N). The quantification from two independent experiments (Expt.) is shown.

PC3 cells (Fig. 3L). In contrast, recombinant
survivin did not affect TRAP-1 ATPase activ-
ity in vitro (fig. S3F).

Association between
survivin-mediated regulation of
bioenergetics and subcellular
mitochondrial trafficking

Next, we asked whether survivin-directed
bioenergetics affected tumor cell behavior.
We found that chemotactic stimuli changed
the morphology of mitochondria in PC3
cells, with the appearance of elongated or-
ganelles that infiltrated regions of the cortical
cytoskeleton, close to membrane protrusions
that participate in cell motility (Fig. 4A and
fig. S4A). In contrast, YM155 inhibited the
subcellular trafficking of mitochondria (Fig.
4A and fig. S4A) and depleted the number
of mitochondria associated with the cortical
cytoskeleton after chemoattractant stimulation
(Fig. 4C) without affecting total mitochondrial
content (Fig. 4D). Reciprocally, transfec-
tion of MCF-7 cells with mitochondrial-
targeted survivin cDNA (complementary
DNA) increased the localization of elongated
mitochondria to paxillin-positive regions of
the cortical cytoskeleton (Fig. 4, E and F)
corresponding to focal adhesion complexes
(25), compared to control transfectants.

Next, we looked at the requirements of
mitochondrial trafficking to the cortical cy-
toskeleton in PC3 cells. Dissipation of
mitochondrial membrane potential with
carbonyl cyanide m-chlorophenylhydra-
zone (CCCP; Fig. 4G), inhibition of com-
plex II activity with the small-molecule
SDHB antagonist thenoyltrifluoroacetone
(TTFA) (22) (Fig. 4H), or induction of SDHB
degradation by gamitrinib (22) (Fig. 41) sup-
pressed mitochondrial trafficking to the cor-
tical cytoskeleton (Fig. 4, G and H). These
responses were associated with a reduction
in mitochondrial content (Fig. 4K), poten-
tially reflecting organelle fragmentation
(fig. S4B). At the concentrations used,
TTFA did not affect PC3 cell proliferation
(fig. S4C).

Regulation of membrane
dynamics by

cortical mitochondria

We reasoned that redistribution of mitochon-
dria to the cortical cytoskeleton near focal

small-molecule ATPase (adenosine triphosphatase) antagonist gamitrinib (20)
(Fig. 3L) induced time-dependent degradation of mitochondrial survivin. Accord-
ingly, gamitrinib treatment shortened the half-life of mitochondrial survivin from
>4.5 hours to about 2.4 hours (Fig. 3, M and N), suggesting that survivin is a
“client protein” of TRAP-1 in mitochondria. Consistent with chaperone-
dependent SDHB folding (22), gamitrinib decreased SDHB abundance in

www.SCIENCESIGNALING.org

adhesion complexes (Fig. 4, E and F) could fuel the energy-intensive
process of tumor cell movements. Consistent with this possibility, target-
ing survivin with YM155 or inhibiting SDHB with TTFA in PC3 cells
suppressed membrane lamellipodia dynamics (Fig. 5, A and B, and fig.
S5A), which are required, but not sufficient, for cell motility (25).
Single-cell stroboscopic microscopy demonstrated that either treatment
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Fig. 4. Survivin-mediated regulation of subcellular mitochondrial trafficking. (A)
PC3 cells were treated with vehicle (Veh) or YM155, labeled for mitochon-
dria (MitoTracker, red), focal adhesion (FA) complexes (paxillin, green), and DNA
[4' 6-diamidino-2-phenylindole (DAPI), blue], and analyzed by confocal microsco-
py. Twenty cells per treatment condition imaged in two independent experiments.
Scale bar, 10 um; insets, 5 um. (B) PC3 cells treated as in (A) were labeled for
mitochondria (MitoTracker, red), actin (phalloidin, green), and DNA (DAPI, blue),
and analyzed by confocal microscopy (left). Right: Masked images used to quan-
tify mitochondrial localization to phalloidin-positive protrusions. Twenty cells per
treatment condition imaged in two independent experiments. Scale bar, 10 um.
(C and D) The conditions are as in (B), and the amount of cortical mitochondria (C)
or total mitochondria (D) was quantified in the presence of vehicle or YM155. Each
point corresponds to an individual measurement. Forty-five cells per treatment
condition imaged in two independent experiments. ***P < 0.0001; ns, not sig-
nificant. (E and F) MCF-7 cells were transduced with vector or mt-SVV, labeled for
mitochondria (MitoTracker, red) and paxillin (green), and analyzed by fluores-
cence microscopy (E). Right: Masked (right panels) images were used to quantify
mitochondrial localization to paxillin-containing regions (F). Data are expressed as
percent of mitochondria localization to paxillin-containing focal adhesion (FA)
complexes per cell. Mean + SEM. Vector, n = 26 cells; mt-SVWV, n = 27; imaged
in two independent experiments. *P = 0.0013. Scale bars, 10um. (Gtol) The
conditions are as in (B) except that PC3 cells were treated with the mitochon-
drial uncoupler CCCP (G), the small-molecule complex Il inhibitor TTFA (H),
or gamitrinib (1) and analyzed by confocal microscopy (top). Bottom: Masked
images used to quantify mitochondria localization to phalloidin-positive
cellular protrusions. Forty-five cells per treatment condition imaged in two
independent experiments. Scale bars, 10 um. (J and K) Treated PC3 cells
were analyzed by confocal microscopy as in (G) to (1), and the amount of
cortical mitochondria (J) or total mitochondria (K) was quantified. Each point
corresponds to an individual measurement. ***P < 0.0001; **P= 0.0013. Forty-
five cells per treatment condition imaged in two independent experiments.
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decreased the formation (Fig. 5C), total distance traveled (Fig. SD), and total
persistence of membrane ruffles (Fig. SE). As a result, individual ruffles that
formed in the presence of YM 155 or TTFA extended for shorter distances (fig.
S5, B and C) with slower retraction speed (fig. S5, D and E). In this analysis,
average ruffling persistence did not change (fig. S5, F and G). Instead, a post-
analysis of cumulative ruffling dynamics that takes into account all ruffling
events (20 to 60 ruffles measured per cell in a 5-min time interval) showed
that YM155 or TTFA treatment reduced the overall distance and persistence
of cell dynamics (Fig. 5, D and E). In contrast, control cells exposed to
conditioned medium used as a chemotactic stimulus exhibited vigorous mem-
brane lamellipodia dynamics (Fig. SA and fig. SSA).

Focal adhesion kinase (FAK) is a key effector of membrane dynamics,
focal adhesion complexes, and cell motility that becomes activated through
autophosphorylation at Tyr*®” and Src-mediated phosphorylation at Tyr”*
in response to growth factor stimulation and cell-extracellular matrix con-
tact (26). Treatment with YM155 (Fig. 5F) or TTFA (fig. SSH) suppressed
the autophosphorylation of FAK (26) at Tyr’®” without affecting phospho-
rylation of Tyr? (Fig. 5F). In contrast, YM155 did not affect the phospho-
rylation of Src or Akt, kinases that have also been implicated in cell motility,
and total FAK abundance was unchanged (Fig. SF). Consistent with these
results, YM155 reduced the recruitment of phosphorylated FAK to focal
adhesion complexes (Fig. 5G) while increasing the persistence of mature
complexes (Fig. SH and fig. S5I) (25). In contrast, vehicle-treated cells
assembled focal adhesion complexes at cellular protrusions that contained
Tyr*®”-phosphorylated FAK (Fig. 5G).

Control of tumor cell invasion and metastasis

by mitochondrial survivin

Next, we asked whether survivin bioenergetics and regulation of membrane
dynamics affected PC3 cell movements. When analyzed for two-dimensional
chemotaxis, survivin targeting with siRNA (Fig. 6A) or YM155 (fig. S6A)
decreased PC3 cell velocity and distance traveled, as assessed by time-lapse
videomicroscopy in scratch closure assays (Fig. 6B and fig. S6B), which
mimic wound healing in vitro. In addition, YM155 (Fig. 6C) or survivin
silencing by siRNA (fig. S6C and Fig. 6, D and E) inhibited PC3 cell inva-
sion across Matrigel-coated inserts, whereas reconstitution of survivin
knockdown cells with mitochondrial-targeted survivin partially restored
PC3 cell invasion (Fig. 6F). Furthermore, stable expression of mitochondrial-
targeted survivin in poorly migratory INS-1 or MCF-7 cells was suffi-
cient to increase their invasive ability (Fig. 6G). In contrast, expression of a
mitochondrial-targeted survivin Cys®*—Ala (C84A) dominant negative
mutant, which accumulated in the mitochondria, but not the cytosol of
MCEF-7 cells (fig. S6C), did not increase invasion (fig. S6D). To determine
whether survivin regulation of tumor cell invasion was important in vivo, we
measured liver metastasis in immunocompromised mice injected with MCF-7
cells in the spleen. Mice injected with mitochondrial-targeted survivin—
expressing cells had more liver metastases with greater surface area than
those injected with vector-expressing cells (Fig. 6, H to J).

Finally, we asked whether oxidative phosphorylation was required for
tumor cell invasion mediated by mitochondrial survivin. As expected, treat-
ment of PC3 cells with the complex I inhibitor rotenone or the complex II1
inhibitor antimycin A suppressed ATP production (fig. S7A). Inhibition of
the respiratory chain with rotenone (Fig. 7A), TTFA (which inhibits the
SDHB subunit of complex II) (Fig. 7B), or antimycin A (Fig. 7C) reduced
PC3 cell invasion. Furthermore, siRNA-directed silencing of SDHB (fig. S7B)
increased the phosphorylation of AMPK in PC3 cells (fig. S7B), which
occurs under conditions of nutrient deprivation, and inhibited the invasion
(Fig. 7D and fig. S7C) and migration (Fig. 7E) of PC3 and breast adeno-
carcinoma MDA-231 cells. Consistent with a requirement of FAK in this
response (Fig. 5F), transfection of PC3 cells with a cDNA encoding
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Fig. 5. Mitochondrial bioenergetics requirements of membrane dynamics. (A) Representative stro-
boscopic images of fetal bovine serum (FBS)-stimulated PC3 cells treated with vehicle, YM155, or
the complex Il inhibitor TTFA. Inset, stroboscopic analysis of cell dynamics (SACED) parameters of
cell protrusion dynamics. (B) Quantification of membrane ruffle frequency in PC3 cells treated with
vehicle (Veh), YM155, or TTFA. Each bar corresponds to an individual cell. Cells were imaged in
two independent experiments. Broken lines, average values. The Pvalues in YM155- or TTFA-treated
cultures compared to Veh are indicated. (C to E) PC3 cells treated with vehicle (Veh), YM155, or
TTFA were analyzed by SACED stroboscopic microscopy for average frequency of membrane
ruffling (C), ruffle distance traveled (D), or ruffle persistence time (E). The quantified values are
as follows (number of cells examined in parentheses): frequency of membrane ruffling (C), Veh,
1.44 £ 0.14 (n = 18); YM155, 0.61 + 0.14 (n = 22), P= 0.0002; TTFA, 0.68 + 0.14 (n=21), P=
0.0008; ruffle distance traveled (D), Veh, 35 £ 3.9 (n = 18); YM155, 14.2 + 3.2 (n = 22), P=0.0002;
TTFA, 16 + 3.89 (n = 21), P = 0.0016; time of ruffle persistence (E), Veh, 243.3 + 24.3 (n = 18);
YM155, 136.4 + 26.9 (n=22), P=0.006; TTFA, 120.3 + 24.1 (n=21), P=0.001. Cells were imaged
in two independent experiments. (F) PC3 cells treated with vehicle (Veh) or YM155 were analyzed
by Western blotting. p, phosphorylated. Blots are representative of two independent experiments.
(G) PC3 cells were treated with vehicle (Veh) or YM155, labeled with an antibody to phosphorylated
FAK (pFAK, Tyr®"), and analyzed by confocal microscopy. DNA was stained with DAPI. Right:
Quantification of phosphorylated FAK clusters. Mean + SEM. ***P < 0.0001. Twenty cells per treat-
ment condition imaged in two independent experiments. Scale bar, 10 um. (H) PC3 cells treated as
in (G) were transfected with a-actinin~GFP cDNA and analyzed by confocal microscopy. Ten cells
(10 movies) per treatment condition imaged in two independent experiments. ***P < 0.0001. Scale
bar, 10 um. Right, FA dynamics quantified by time-lapse videomicroscopy. FA complexes
examined: Veh, n = 42; YM155, n = 47.

wild-type FAK that could be phosphorylated on Tyr*”’ (fig. S7D) partially
or fully reversed the inhibitory effect of YM155 (Fig. 7F) or SDHB
knockdown (Fig. 7G) on tumor cell invasion. In contrast, siRNA-mediated
silencing of FIP200 (fig. S7E), an upstream autophagy initiator and endog-
enous inhibitor of FAK (27), did not rescue the inhibition of tumor cell in-
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vasion mediated by YM155 (fig. S7F). Similarly,
inhibition of nuclear factor kB (NF-xB) signaling,
which has been implicated in the regulation of cell
motility by cytosolic survivin (28), by transfection
of an IxBa super-repressor mutant, did not rescue
the inhibition of tumor cell invasion mediated by
YMISS (fig. S7G).

DISCUSSION

Here, we showed that a mitochondrial pool of survivin
(3) cooperates with Hsp90 chaperones in the folding
of the oxidative phosphorylation complex II subunits
SDHB and SDHC. Genetic, molecular, or pharmaco-
logic interference with this pathway impaired mito-
chondrial respiration, lowered ATP production, and
produced a phenotype of cellular starvation charac-
terized by phosphorylation of AMPK and suppres-
sion of mTOR signaling. Conversely, oxidative
phosphorylation supported by survivin enabled the
trafficking of mitochondria to the cortical cyto-
skeleton of tumor cells, which may provide a “region-
al” energy source to fuel membrane lamellipodia
dynamics, disassembly of FAK-containing focal ad-
hesion complexes, increased tumor cell migration
and invasion, and heightened metastatic dissemina-
tion in vivo.

IAP proteins, including survivin (28), have been
implicated in cell motility (29). The mechanistic un-
derpinnings of this pathway have not been completely
elucidated, because at least under certain conditions,
IAPs can inhibit cell migration, potentially through
ubiquitination of Racl (30) or stimulation of RAF
destruction (37). However, most data point to IAPs
(32, 33), including survivin (28), as evolutionarily
conserved (34) activators of cell migration, invasion,
and metastatic dissemination (29). In the case of
survivin, this response has been linked to the formation
of an survivin—XIAP (X-linked inhibitor of apoptosis
protein) complex (35), promoting NF-kB—dependent
activation of a process that promotes cell motility,
including increased production and deposition of
fibronectin (26).

The data here uncover a mechanism by which sur-
vivin promotes tumor cell invasion through mitochon-
drial bioenergetics. Accordingly, a pool of survivin
localized to tumor mitochondria (3), and previously
implicated in apoptosis resistance upon discharge in
the cytosol (4), emerged here as an intrinsic regulator
of oxidative phosphorylation in tumors. We showed
that mitochondrial survivin cooperated with the chaper-
one TRAP-1 (23) to maintain SDH folding and
complex II activity in tumors, consistent with a role
of protein quality control in preserving organelle
bioenergetics (22). This finding conflicts with other

data showing that mitochondrial survivin promotes mitochondrial fission, in-
hibits complex I-dependent respiration, and enhances aerobic glycolysis (3).

How survivin affects a TRAP-1-SDH interaction (22) in maintaining mito-
chondrial protein folding quality control remains to be elucidated. Several
chaperones, including Hsp90 (36), the aryl hydrocarbon receptor—interacting
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Fig. 6. Regulation of tumor cell motility, invasion, and metastasis by mitochondrial survivin. (A) siRNA-
transfected PC3 cells were analyzed in a scratch closure assay, and individual cell movements were
tracked by time-lapse videomicroscopy. Ctrl sSIRNA, number of cells examined (n) = 29; survivin (SVV)
siRNA, n = 30; imaged in two independent determinations. (B) Average cell velocity (top) or total dis-
tance traveled (bottom) of the cells in (A) was quantified per each condition. Mean + SEM. P < 0.0001.
(Cto E) PC3 cells treated with vehicle (Veh) or YM155 or transfected with survivin-directed siRNA (SVV2)
were analyzed for Matrigel invasion. DAPI-stained nuclei of invaded cells (C) after YM155 treatment (D)
or survivin knockdown (E) were quantified. Mean + SEM. **P < 0.0001. One hundred to 250 cells per
treatment or transfection condition imaged in two independent experiments. Scale bar, 200 um. (F) PC3
cells silenced for survivin by siRNA were reconstituted with vector or mt-SVV cDNA and analyzed for
Matrigel invasion. Mean + SEM. **P = 0.0026; ***P < 0.0001. One hundred to 250 cells per treatment
or transfection condition imaged in two independent experiments. (G) INS-1 or MCF-7 cells transfected
with vector or mt-SVV cDNA were analyzed for Matrigel invasion. Mean + SEM. **P = 0.003; **P <
0.0001. One hundred to 250 cells per treatment or transfection condition imaged in two independent
experiments. (H) MCF-7 cells transfected with vector or mt-SVV cDNA were injected in the spleen of
immunocompetent mice (three mice per transfection condition). Representative images of hematoxylin
and eosin-stained liver sections (n = 15 per each transfection condition). Scale bars, 500 um. (I and J)
Morphometric quantification of total number of metastatic foci (1) and metastatic surface area (J) in
serial liver sections (n = 15 per each transfection condition). Mean + SEM. ***P < 0.0001.
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Fig. 7. Requirements of mitochondrial regulation in tumor cell invasion. (A to C) PC3 cells were incubated
with vehicle or the complex | inhibitor rotenone (Rot) (A), the complex Il inhibitor TTFA (B), or the complex I
inhibitor antimycin A (C), and analyzed for Matrigel invasion. Right panels: Quantification of DAPI-stained
nuclei of invaded cells in the presence of the various inhibitors. Mean + SEM. **P= 0.0053; **P < 0.0001.
One hundred to 250 cells per treatment condition imaged in two independent experiments. Scale bar, 200 um.
(D and E) PC3 or MDA-231 cells were transfected with control (Ctrl) or SDHB-directed siRNA, and ana-
lyzed for Matrigel invasion (D) or cell migration (E). Mean + SEM. **P = 0.001 to 0.0028; ***P < 0.0001.
One hundred to 250 cells per treatment condition imaged in two independent experiments. (F and G)
PC3 cells transfected with vector or FAK cDNA were treated with vehicle (Veh) or YM155 (F), or silenced
for SDHB by siRNA (G) and quantified for Matrigel invasion. Mean + SEM. *P=0.03; **P=0.0032; **P<
0.0001. One hundred to 250 cells per treatment condition imaged in two independent experiments.

www.SCIENCESIGNALING.org

protein (AIP) (37), and Hsp60 (38) associate with
survivin, regulating protein stability and subcellular
trafficking. In the case of TRAP-1, the recruitment
of survivin to this complex may protect co-associated
SDH subunits (22) from the mitochondrial protein deg-
radation machinery. This scenario is reminiscent of
how cytosolic survivin prevents access of the ubiquitin-
conjugating enzyme UbcHS to XIAP, maintaining XIAP
stability and increasing apoptosis resistance (35).

A role of mitochondrial respiration in cancer me-
tabolism has been debated (6) against the backdrop of
the Warburg effect (8). Whether this process
contributes to tumor cell motility, and potentially, me-
tastasis, has also been controversial (39), with find-
ings suggesting that oxidative phosphorylation is
important (40), not important (47), or must be dys-
functional (42) to support tumor cell invasion. In ad-
dition, a prevailing model is that metabolites that
accumulate in a highly glycolytic (43) and hypoxic
(44) microenvironment suppress mitochondrial respi-
ration (7) and enhance metastatic competency in vivo.
The data here suggest a complementary scenario, in
which oxidative phosphorylation maintained by
survivin-TRAP-1 protein folding is integral to cancer
metabolism (39) and enables the repositioning of
energetically active mitochondria to the cortical cy-
toskeleton of tumor cells, where they provide a con-
centrated, regional energy source to support cell motility
(25). Targeting mitochondrial survivin, destabiliz-
ing complex II, or inhibiting different steps in oxida-
tive phosphorylation interfered with this pathway,
prevented the accumulation of cortical mitochondria,
suppressed the formation of membrane lamellipodia
(45) and focal adhesion dynamics (26), and inhibited
tumor cell migration and invasion. There is precedent
for a model of regional mitochondrial bioenergetics
to support highly energy-intensive cellular tasks. For in-
stance, neurons reposition mitochondria (46) to sub-
cellular sites of high ATP demands, providing an
efficient energy source to power synapses, growth
cones, and dendritic branching (47). Whether the
same machinery controlling mitochondrial traf-
ficking in neurons is exploited for metastatic compe-
tency in tumors is unknown. However, mitochondrial
dynamics has been implicated in tumor cell migra-
tion (48), and asymmetric mitochondrial distribution
toward the leading edge may contribute to the direc-
tionality of tumor cell movements (49).

These observations thus identify survivin as a
potential cancer therapeutic target (/). Accordingly, ex-
pression of mitochondrial survivin was sufficient to
convert poorly migratory MCF-7 cells into cells with
an invasive and metastatic phenotype in vivo, in line
with clinical data that link survivin abundance to meta-
static dissemination in humans (2). Although the spec-
ificity of YM155 as a survivin antagonist (50) remains
to be fully elucidated (57), our data show that this agent
disrupted mitochondrial bioenergetics, suppressed cell
invasion, and activated tumor suppressor mechanisms,
namely, AMPK activation or mTOR inhibition.
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In summary, we have demonstrated that survivin controls mitochondrial
respiration, enabling organelle trafficking and potentially regional bio-
energetics to fuel tumor cell motility and metastasis. These observations re-
inforce a key role of mitochondrial bioenergetics as a driver of tumor
progression (22) and open new prospects for targeting oxidative phospho-
rylation as a cancer therapeutic strategy (52).

MATERIALS AND METHODS

Antibodies and reagents

The following antibodies to survivin (Novus Biologicals), SDHB (Abcam),
SDHA (Abcam), SDHC (Abcam), Cox-IV (Cell Signaling), Thr'">-
phosphorylated AMPKao. (Cell Signaling), AMPKo (Cell Signaling),
Tyr*”-phosphorylated FAK (Invitrogen), Tyr’**-phosphorylated FAK (Cell
Signaling), FAK (Cell Signaling), Tyr*'®-phosphorylated Src (Cell
Signaling), Tyr*>’-phosphorylated Src (Cell Signaling), Src (Cell Signaling),
Ser*”*-phosphorylated Akt (Cell Signaling), Akt (Cell Signaling), FIP200
(Novus Biologicals), LC-3B (Cell Signaling), TRAP-1 (BD Biosciences),
Hsp90 (BD Biosciences), Thr*”**-phosphorylated 4EBP1 (Cell Signaling),
4EBP1 (Cell Signaling), Thr***-phosphorylated p70S6 kinase (Cell
Signaling), 70S6 kinase (Cell Signaling), VDAC (Cell Signaling), Cox-IV
(Cell Signaling), CypD (Millipore), CLPP (Santa Cruz Biotechnology), B-actin
(Sigma-Aldrich), and B-tubulin (Sigma-Aldrich) were used. An oxidative
phosphorylation antibody cocktail (MitoSciences) directed against the 20-kD
subunit of complex I (20 kD), cytochrome ¢ oxidase subunit II of complex IV
(22 kD), SDHB subunit of complex IT (30 kD), core 2 of complex ITI (~50 kD),
and Flo (ATP synthase) of complex V (~60 kD) was used.

The complete chemical synthesis, high-performance liquid chromatog-
raphy profile, and mass spectrometry of mitochondrial-targeted small-molecule
Hsp90 antagonist gamitrinib (GA mitochondrial matrix inhibitors) has been
previously reported (53). The gamitrinib variant containing triphenylpho-
sphonium as a mitochondrial-targeting moiety was used in this study
(53). Oligomycin, carbonyl cyanide p-trifluoromethoxyphenylhydrazone
(FCCP), CCCP, antimycin A, and TTFA were obtained from Sigma-Aldrich.
Antimycin A and rotenone were obtained from Abcam Biochemicals. A small-
molecule survivin suppressant, YM155, which inhibits Sp1-dependent
transcription of the survivin locus (50), was from Selleckchem. In all experiments,
TTFA was used at concentrations of 100 to 400 uM, and YM155 was used
at 10 nM. All chemicals were of the highest purity commercially available.

Cell culture

Human glioblastoma LN229, prostate adenocarcinoma PC3 and DU145,
and breast adenocarcinoma MCF-7, MCF-10A, and MDA-MB231 cells
were obtained from the American Type Culture Collection (Manassas,
VA) and maintained in culture according to the supplier’s specifications.
Rat insulinoma INS-1 cells stably transfected with vector or mitochondrial-
targeted survivin have been previously described (3).

Transfections

For gene knockdown experiments, tumor cells were transfected using con-
trol, nontargeting siRNA pool (Dharmacon, catalog no. D-001810), two
independent custom-prepared survivin-directed siRNA with the sequence
GAGCCAAGAACAAAAUUGC (SVV) or GGACCACCGCAUCU-
CUACA (SVV2) (Thermo Scientific) characterized in previous studies
(24), or siRNA pools targeting TRAP-1 (Dharmacon, catalog no. L-
010104) or FIP200 (Dharmacon, catalog no. L-021117), as described
(54). The various siRNAs were transfected at 10 to 30 nM in the presence
of Lipofectamine RNAIMAX in a 1:1 ratio (Invitrogen). Cells were incu-
bated for 48 hours, validated for target protein knockdown by Western
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blotting, and processed for subsequent experiments. Plasmid DNA transfec-
tions were carried out using X-tremeGENE HP DNA Transfection Reagent
(Roche). A replication-deficient adenovirus (pAd) encoding mitochondrial-
targeted GFP (pAd-GFP) or mitochondrial-targeted GFP-survivin (pAd-
mt-SVV) has been previously described (3). For reconstitution experiments,
PC3 cells were silenced for endogenous survivin by siRNA and transfected
with plasmid encoding mitochondrial-targeted survivin or, alternatively,
pAd-mt-SVV. In some experiments, MCF-7 or MCF-10A cells were
transfected with vector, or mitochondrial-targeted wild-type survivin or
mitochondrial-targeted Cys®*—Ala (C84A) survivin dominant negative
mutant, characterized in previous studies (55). For rescue experiments,
PC3 cells treated with vehicle or YM155, or, alternatively, silenced for en-
dogenous SDHB expression by siRNA, were transfected with vector or
c¢DNA encoding FAK, FIP200 (54), or IkBa super-repressor mutant (28)
characterized in previous studies before analysis of Matrigel invasion.

Quantification of autophagy

PC3 cells were cotransfected with siRNA against survivin and plasmid en-
coding GFP fused to human dynein LC3 cDNA in the presence of Lipofec-
tamine 2000 Transfection Reagent (Invitrogen). After 48 hours, transfected
cells were fixed in 4% paraformaldehyde for 15 min at 37°C, washed, and
examined by confocal microscopy (Leica, SP5). The numbers of GFP-LC3
punctate dots per cell were determined from two independent experiments.
A minimum of 50 GFP-LC3—positive cells assessed from at least 10 random
fields per sample were counted in triplicate per each condition, as previously
described (20).

Cell proliferation, cell cycle analysis, and mitochondrial
membrane potential

Potential changes in cell proliferation in various tumor cell types (2 x 10* to
1.25 x 10° cells) were evaluated after 48 to 72 hours by direct cell counting.
Alternatively, tumor cells were labeled with 1:1000 dilution BrdU (Amersham
Pharmacia Biotech) in cultured medium for 1 hour and analyzed by multi-
parametric flow cytometry with quantification of BrdU" cells. In some
experiments, tumor cell types (1 x 10°) were fixed in glacial 70% ethanol
for 24 hours, followed by incubation with propidium iodide (2.5 pg/ml) in
the presence of ribonuclease A for 10 min at room temperature. Twenty
thousand events were acquired on a Calibur flow cytometer, with quantifi-
cation of individual cell cycle transitions using CellQuest Pro software (Becton
Dickinson), as previously described (20).

In some experiments, PC3 cells grown at low confluency (1 x 10*to 2 x 10*
per well) on optical-grade coverslips were transfected with control or survivin-
directed siRNA or treated with vehicle or YM155 (10 nM) for 24 hours, fixed
in 4% formaldehyde for 15 min at 37°C, washed in phosphate-buffered saline
(PBS), pH 7.4, and permeabilized with 0.1% Triton X-100 for 5 min at 22°C.
Slides were washed in PBS, pH 7.4, blocked in 1% bovine serum albumin
(BSA)/PBS for 30 min, and analyzed for changes in nuclear morphology by
DAPI staining on a Leica TCS SP5 fluorescence microscope with a 100x oil
objective. To test the impact of survivin targeting on mitochondrial inner mem-
brane potential, PC3 cells were treated with 10 nM YM155 for 16 hours or
transfected with siRNA against survivin for 48 hours, incubated with 0.1 uM
tetramethylrhodamine methyl ester, and analyzed for changes in fluorescence
emission by flow cytometry.

Subcellular fractionation

Mitochondrial fractions were isolated from treated cells as previously de-
scribed (20). Briefly, the various tumor cell types were mechanically dis-
rupted by 70 strokes with a Dounce homogenizer in isolation buffer
containing protease inhibitor cocktail. Cell debris was removed by centrif-
ugation at 700g for 10 min. The supernatant was further centrifuged at
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3000g for 15 min, and supernatants or mitochondrial pellets were processed
for further analysis.

Protein analysis

For Western blotting, protein lysates were prepared from the different cell
types in radioimmunoprecipitation assay buffer (150 mM NaCl, 1.0% Tri-
ton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM tris, pH 8.0)
containing EDTA-free Protease Inhibitor Cocktail (Roche) and Phosphatase
Inhibitor Cocktail 2 and 3 (Sigma-Aldrich). Equal amounts of protein ly-
sates were separated by SDS gel electrophoresis, transferred to poly-
vinylidene difluoride membranes, and incubated with primary antibodies
of various specificities. Protein bands were visualized by chemi-
luminescence. In some experiments, mitochondria were isolated from
PC3 cells and lysed in 0.5% CHAPS buffer, containing 1% n-dodecyl-3-
p-maltopyranoside plus protease inhibitors (Roche) for 30 min at 4°C under
constant agitation. For immunoprecipitation experiments, aliquots (500 pug)
of isolated mitochondrial extracts were incubated with nonbinding IgG or
an antibody to survivin for 16 hours at 4°C. Immune complexes were
coupled with protein A Sepharose beads (Calbiochem) for 2 hours at 4°C.
After washes in TBST, the immune complexes were separated by SDS gel
electrophoresis and analyzed by Western blotting.

Mitochondrial protein folding

Mitochondrial protein folding assays were performed as previously described
(20, 22). Briefly, mitochondrial fractions were isolated after 24 to 48 hours
from PC3 cells transfected with control nontargeting or survivin-directed
siRNA and suspended in equal volume of mitochondrial fractionation
buffer containing increasing concentrations of CHAPS (0, 0.05, 0.5, 1, 2,
or 5%) or NP-40 (0, 0.05, 0.2, 0.5, or 2%). Samples were incubated for 25 min
on ice with vortexing every 5 min, and detergent-insoluble protein aggregates
were isolated by centrifugation (20,000g) for 20 min, separated on SDS poly-
acrylamide gels, and analyzed by Western blotting. In some experiments, PC3
cells were treated with 5 uM gamitrinib for 6 hours and incubated with the
protein synthesis inhibitor cycloheximide (100 pg/ml), and aliquots of mito-
chondrial extracts were collected at 7; and after 1, 2, 3, and 4.5 hours, followed
by Western blotting. Protein bands at the indicated time intervals were quantified
by densitometry, and survivin half-life was calculated.

Submitochondrial fractionation

Purified mitochondrial pellets isolated by sucrose step gradient were
suspended in swelling buffer [10 mM KH,PO, (pH 7.4) plus protease in-
hibitors] and incubated for 20 min at 0°C with gentle mixing, as previously
described (27). Mitochondria were mixed with equal volume of shrinking
buffer [10 mM KH,PO, (pH 7.4), 32% sucrose, 30% glycerol, 10 mM MgCl,,
and protease inhibitors] for 20 min at 0°C. After centrifugation at 10,000g for
10 min, the supernatant was collected as containing outer membrane and inter-
membrane space fractions. Pellets were washed three times with 1:1 mixture of
swelling-shrinking buffer, suspended in swelling buffer, and sonicated to disrupt
the inner membrane, which was collected as containing inner membrane and
matrix fractions. Aliquots containing outer membrane and intermembrane
space fractions and inner membrane and matrix fractions were further fractio-
nated by centrifugation at 150,000g for 1 hour at 4°C. The pellets were collected
as outer membrane and intermembrane space fractions, respectively. Superna-
tants were concentrated using Centricon 10K and Microcon 10K centrifugal
filters (Millipore) and collected as inner membrane and matrix fractions,
respectively.

Metabolomics screen
A global metabolomics profiling to examine changes in expression of 301
individual metabolites in PC3 cells transfected with control nontargeting
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siRNA or survivin-directed siRNA was performed by Metabolon, as previ-
ously described (22).

Tumor bioenergetics

Various tumor cell types treated with 10 nM YM155 for 16 hours or, alter-
natively, transfected with control nontargeting siRNA or survivin-directed
siRNA for 48 hours were analyzed for oxygen consumption (Enzo Life
Sciences, catalog no. ENZ-51045-1) or ATP generation (BioChain, catalog
no. Z5030041), as previously described (20, 22). Aliquots of cultured medi-
um were collected for analysis of glucose consumption (Enzyme, catalog
no. CA-G005) or lactate production (Abcam, catalog no. ab65331), as pre-
viously described (20, 22).

Cellular respiration

Oxygen consumption rates were assayed in intact cells using an Extra-
cellular Flux System 24 Instrument (Seahorse Bioscience), as previously
described (22). Briefly, PC3 and DU145 cells in complete medium were
transfected with the various siRNAs for 24 to 36 hours. After trypsinization
and resuspension in growth medium, 2.5 x 10* cells were plated in each well
of'a Seahorse XF24 cell culture plate (100 ul) in complete medium. After
4 hours of incubation to allow cells to adhere to plates, an additional 150 pl
of medium was added to each well, and cells were grown in 5% CO, for
24 hours at 37°C. The medium was then exchanged with unbuffered Dul-
becco’s modified Eagle’s medium (DMEM) XF assay medium (Seahorse
Bioscience) supplemented with 2 mM GlutaMAX, 1 mM sodium pyruvate,
and 5 mM glucose (pH 7.4 at 37°C), and equilibrated for 30 min at 37°C and
~0.04% CO, before the experiment. Where indicated, the unbuffered
DMEM XF assay medium was supplemented with high (10 mM) or low
(1 mM) glucose concentrations. Cellular oxygen consumption was
monitored at basal conditions (before any addition) and after addition of
oligomycin (1.25 uM), FCCP (0.4 uM), and antimycin (1.8 pM), all dis-
solved in dimethyl sulfoxide (DMSO). The three drugs were injected se-
quentially, and the oxygen consumption rate was measured with three
cycles of mixing (150 s), waiting (120 s), and measuring (210 s). This cycle
was repeated after each injection.

For quantification of cellular respiration in permeabilized cultures, PC3
cells were treated with vehicle (DMSO) or 10 nM YM155 in complete me-
dium for 16 hours. After trypsinization, PC3 cells were suspended in MiR06
incubation medium (Oroboros Instruments) at a density of 1.5 x 10° cells/
ml (3 x 10° cells total) and permeabilized with digitonin (10 ug/1 x 10°
cells), and oxygen consumption was measured at 37°C with an Oroboros
Oxygraph-2k (Oroboros Instruments), two-chamber high-resolution respi-
rometer, Clark-type oxygen electrode, in closed 2-ml chambers equipped
with magnetic stirring. The respiration medium contained 10 mM glutamate
and 2 mM malate (complex [ assay), 10 mM succinate and 0.5 uM rotenone
(complex II assay), and 5 mM malonic acid and 10 mM glycerol phosphate
(complex III assay). During the experiment, the following agents were
added: ADP (adenosine 5’-diphosphate) (200 uM), oligomycin (2.5 uM),
FCCP (1 uM), and antimycin (2 uM).

Mitochondrial respiration complex activity

PC3 cells were analyzed for changes in oxidative phosphorylation complex ac-
tivity with Abcam reagents (catalog no. ab109721, complex [; catalog no.
ab109908, complex 1I) using lysed isolated mitochondria, as described previ-
ously. Briefly, PC3 cells were transfected with control nontargeting or survivin-
directed siRNA and validated for protein knockdown by Western blotting,
and 2 pg of mitochondrial extracts from each condition was assayed for
Citrate Synthase activity (ScienCell). Aliquots of mitochondrial lysates
with comparable citrate synthase activity were applied to mitochondrial
complex—specific microplates for immunocapture, with continuous
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quantification of enzymatic activity in a microplate reader for either an increase
in absorbance at 450 nm (complex I) or a decrease in absorbance at 600 nm
(complex IT). NADH (reduced form of nicotinamide adenine dinucleotide) or
ubiquinone was used as substrate for complex I or complex II activity, respec-
tively. Relative complex activities were calculated by determining the change in
absorbance over time in the linear range of the measurements.

Immunofluorescence

To quantify mitochondrial subcellular trafficking, PC3 cells were incubated
with MitoTracker Red CM-H,XRos (Invitrogen) diluted in conditioned me-
dium for 1 hour at 37°C. Cells were fixed with 3.7% paraformaldehyde for
20 min, permeabilized in 0.2% Triton X-100 for 15 min, washed with 100 mM
glycine, blocked with 1%BSA/0.05% Triton X-100 for 30 min, and further
incubated with Alexa Fluor 488 phalloidin (Life Technologies) in blocking
buffer for 20 min. After three washes in PBS, coverslips were mounted in
ProLong Gold mounting medium with DAPI (Invitrogen). In some
experiments, cells were treated with the mitochondrial uncoupler CCCP
(12.5 uM), the SDHB inhibitor TTFA (200 uM), or the mitochondrial-
targeted small-molecule Hsp90 inhibitor gamitrinib (5 pM) for 16 hours
before immunofluorescence staining. For analysis of phosphorylated FAK
clusters, PC3 cells were seeded on fibronectin (10 pg/ml) for 2 hours in the
presence of vehicle (DMSO) or YM155 (10 nm). Cells were fixed with
3.7% paraformaldehyde for 20 min, permeabilized in 0.2% Triton X-100
for 15 min, washed with 100 mM glycine, blocked with 1% BSA/0.05%
Triton X-100 for 30 min, and incubated with an antibody to phosphorylated
FAK (Tyr*’) for 1 hour (1:100) in blocking buffer. After three washes in
PBS, cells were incubated with a fluorescein isothiocyanate—conjugated
secondary antibody (1:1000) for 1 hour and washed, and coverslips were
mounted in ProLong Gold mounting medium containing DAPI (Invitrogen)
for analysis by confocal microscopy. For quantification of mitochondria-
containing focal adhesion complexes, MCF-7 cells were transfected with
vector or mitochondrial-targeted wild-type survivin cDNA for 48 hours.
Cells were then seeded on fibronectin-covered coverslips, incubated with Mito-
Tracker Red for 1 hour at 37°C, and stained with an antibody to paxillin
(1:100) as a marker for focal adhesions before analysis by confocal flu-
orescence microscopy.

For quantification of microscopy data, a minimum of 50 cells per exper-
iment were imaged using a Leica TCS SP5 II Scanning Laser Confocal Mi-
croscope system with an HCX PL APO CS 63x 1.40 numerical aperture
(NA) oil ultraviolet (UV) objective using the same laser intensity and expo-
sure time. A full-cell Z-stack of a minimum of 11 sequential steps of 0.5-um
size was collected. Total fluorescence intensity of mitochondria for whole
cell and within the lamellipodia regions was obtained by creating masks for
each cell and areas of interests for lamellipodia, determined by costaining
with phalloidin. For scoring of phosphorylated FAK—containing clusters per
cell, or focal adhesions per cell, an automated counting was applied by
thresholding phosphorylated FAK—containing clusters or focal adhesions
based on fluorescence intensity using ImagePro software. Outlines of focal
adhesions were created and overlayed on images showing mitochondrial
staining, and intensity measurements of MitoTracker in the outlines of focal
adhesions were obtained to quantify positive staining in focal adhesion re-
gions. Control images were additionally taken for subtraction of
background signal.

Stroboscopic analysis of cell dynamics

Quantification of membrane ruffle dynamics in live cells was carried out as
described previously (54). Briefly, 3 x 10* to 5 x 10* cells were grown on
high optical quality 96-well pu-plates (Ibidi) and imaged with a 40x objective
on a Nikon TE300 inverted time-lapse microscope equipped with a video
system containing an Evolution QEi camera and a time-lapse video cassette
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recorder. The atmosphere was equilibrated to 37°C and 5% CO, in an in-
cubation chamber. Phase-contrast images were captured at 0.5-s intervals
for 250 s (500 frames) and merged into sequence files using ImagePro Plus
7. To monitor dynamics of a particular region by SACED (54), the sequence
files were imported into Imagel, and a particular region of 16.2 mm x
0.162 mm (“SACED line”) was selected, duplicated, and montaged in
sequence to display the region over time in a stroboscopic image. This pro-
cess was repeated to obtain four SACED lines and therefore four strobo-
scopic images per cell, and structures such as protruding lamellipodia and
ruffles were manually labeled. For each cell, the frequency of ruffles per
minute, the ruffling retraction speed (um/min), the ruffle migration distance
(nm), and the time of ruffle persistence (ms) were calculated. Mean values
were calculated from at least 18 cells from two separate wells. All
experiments were repeated at least twice.

Time-lapse analysis of focal adhesion complex dynamics
PC3 cells were transfected with a GFP—a-actinin cDNA for 48 hours. Cells
were seeded on glass plates coated with fibronectin (10 ug/ml), treated with
10 nM YM155 or vehicle (DMSO) for 4 hours, and kept at 37°C and 5%
CO, during imaging. Time-lapse videomicroscopy was done using a Leica
TCS SP5 1I Scanning Laser Confocal Microscope system with an HCX PL
APO CS 63% 1.40 NA oil UV objective. Acquisition of live cells using an
integrated Leica LAS software was performed every 1 min for a total inter-
val of 30 min using an argon laser at 476 nm for detection of GFP—a-actinin.
Actinin-positive focal adhesion complexes were identified on the basis of
fluorescence intensity, thresholded, and masked using FIJI software. Iden-
tified focal adhesion complexes for every cell were tracked using generated
masks through every image taken at each minute of the experiment, and
individual focal adhesion life spans and newly formed focal adhesion
complexes were recorded throughout the 30-min time-lapse interval. The
analysis was carried out in 10 cells per condition in 10 independent time-
lapse experiments using a F1JI software package.

Cell migration and invasion

Tumor cell lines were treated as indicated in each experiment, suspended in
0.1% BSA/DMEM, and seeded (1.6 x 10° to 3.2 x 10° cells/mm?, depend-
ing on the cell line) in the upper compartments of 8-um pore diameter BD
Transwells. NIH3T3 conditioned medium was placed in the lower compart-
ment as a chemoattractant, as previously described (54). Except for the
complex I inhibitor, rotenone (4 uM), which was preincubated with PC3
cells, YM155 (10 nM), or inhibitors of complex [I-SDHB, TTFA (100 to
400 uM), or complex III (antimycin A, 30 uM) were added to the top and
bottom chambers. After 6 to 18 hours of incubation at 37°C, Transwell
membranes were recovered, and cells on the upper side (nonmigratory) were
wiped off the surface. Cells on the lower side of the membrane were fixed in
methanol, rinsed in water, and mounted on glass slides with Vectashield
medium containing DAPI (Vector Laboratories). Migrated cells on each
membrane were counted by fluorescence microscopy in five different fields.
For cell invasion assays, Transwell membranes were coated with Matrigel
and processed as described above (54). For cell migration using a scratch
closure assay, PC3 cells were transfected with control nontargeting siRNA
or survivin-directed siRNA, or, alternatively, treated with vehicle or
YMI155, and seeded in 24-well plates (5 x 10° per well). Scratch “wounds”
were made with a 10-ul pipette tip, cell debris was washed off, and cultures
were maintained in complete medium containing 10% FBS at 37°C and 5%
CO, for 24 hours. Time-lapse imaging of migrating cells was performed
with a TE300 Inverted Microscope (Nikon) equipped with an incubator
setat 37°C, 5% CO,, and 95% relative humidity. Each image was acquired
using a 10x objective of the same fields every 10-min time interval for a total
24 hours. Velocity of cell migration and distance traveled were quantified
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under the different conditions using ImageJ’s Chemotaxis and Migration
Tool, version 1.01. A minimum of 30 cells per condition were individually
tracked between frames, generating a live track for each individual cell. Each
track was then uploaded to the Migration Tool yielding average velocity and
distance traveled.

Liver metastasis model

All in vivo experiments were carried out in accordance with the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health
(NIH). Protocols were approved by an Institutional Animal Care and Use
Committee at The Wistar Institute. A liver metastasis model was carried out
generally as previously described (28). Briefly, 6- to 8-week-old female
SCID (severe combined immunodeficient)/beige mice (three mice per ex-
perimental condition) were anesthetized with ketamine hydrochloride, the
abdominal cavity was exposed by laparotomy, and 1.5 x 10° MCF-7 cells
transfected with vector or mitochondrial-targeted survivin cDNA were injected
into the spleen. Spleens were removed the first day after injection to minimize
potentially confounding effects on metastasis due to variable growth of primary
tumors. Animals were sacrificed 11 days after injection, and their livers were
resected, fixed in formalin, and paraffin-embedded. Serial liver sections 500 um
apart (n = 15 per each condition) were stained with hematoxylin and eosin and
analyzed histologically. Metastatic foci were quantified by morphometry and
expressed as number of lesions and surface areas of tumor growth compared
to total surface area, as previously described (26).

Statistical analysis

Data were analyzed using the two-sided unpaired ¢ tests or analysis of var-
iance (ANOVA) using a GraphPad software package (Prism 4.0) for
Windows. Data are expressed as means + SD or means = SEM of at least
three independent experiments. A P value of <0.05 was considered statis-
tically significant. For a metabolomics screening, missing values (if any)
were assumed to be below the level of detection. However, biochemicals
that were detected in all samples from one or more groups, but not in
samples from other groups, were assumed to be near the lower limit of de-
tection in the groups in which they were not detected. In this case, the lowest
detected level of these biochemicals was imputed for samples in which that
biochemical was not detected. After log transformation and imputation with
minimum observed values for each compound, Welch’s two-sample ¢ test
was used to identify biochemicals that differed significantly between exper-
imental groups. The false discovery rate in the metabolomics screen was
estimated using the ¢ value per each compound detected. Pathways were
assigned for each metabolite, allowing examination of overrepresented
pathways. For classification studies, random forest analyses were per-
formed. Statistical analyses were performed with the program “R” (http://
cran.r-project.org/).

SUPPLEMENTARY MATERIALS
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Fig. S1. Mitochondrial survivin.

Fig. S2. Survivin regulation of mitochondrial bioenergetics.

Fig. S3. Modulation of oxidative phosphorylation by survivin.

Fig. S4. Survivin regulation of mitochondrial trafficking.

Fig. S5. Regulation of membrane dynamics by survivin.

Fig. S6. Expression of mitochondrial-targeted survivin dominant negative mutant.
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