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Abstract

Survivin promotes cell division and suppresses apoptosis in many human cancers, and increased 

abundance correlates with metastasis and poor prognosis. Here, we showed that a pool of survivin 

that localized to the mitochondria of certain tumor cell lines enhanced the stability of oxidative 

phosphorylation Complex II, 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 (1). 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 
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defined. In tumors, a pool of survivin localizes to mitochondria (3), where it promotes 

resistance to apoptosis (4) and influences organelle bioenergetics (5), 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 towards aerobic 

glycolysis at the expense of mitochondrial respiration (7), the so-called “Warburg effect” 

(8), a process that is important for disease progression (9). Further, mutations in oxidative 

phosphorylation genes produce “oncometabolites” (10) or stabilize oncogenes, such as 

HIF1α (11), suggesting that mitochondrial respiration may have limited roles in cancer 

bioenergetics (12), 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 for many tumors (14) and may affect important cancer traits, such as “stemness” (15), 

tumor repopulation after oncogene ablation (16), and resistance to therapy (17). Whether 

there are cancer-specific regulators of mitochondrial respiration is presently unknown, but 

protein folding quality control within the unique anatomy of mitochondria (18) 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 (21), and maintain the stability and folding of multiple 

bioenergetics effectors, including succinate dehydrogenase (SDH), an iron- and sulfur-

containing subunit of oxidative phosphorylation Complex II (22).

In this study, 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 membrane and matrix, but not to outer membrane or 

inter-membrane space (fig. S1A). With this topography, survivin co-localized with effectors 

of mitochondrial protein folding, including the AAA+ matrix protease CLPP and the 

molecular chaperones Hsp90 and TRAP-1 (TNFR-associated protein-1) (23) (fig. S1A).

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).
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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 phosphorylation metabolites, including succinate and pyruvate, and a trend 

of increased α-ketoglutarate concentrations, associated with a substantial depletion of 

glutamine (Fig. 1A, B, Table S1), suggestive of compensatory glutaminolysis. Although 

increased succinate has been linked to a tumorigenic, “pseudo-hypoxic” state (6), survivin 

knockdown did not affect HIF1α protein abundance (fig. S1H), which mediates 

transcriptional responses to hypoxia (11). Consistent with impaired mitochondrial 

bioenergetics, survivin-silenced cells accumulated certain species of long chain fatty acids 

(Fig, 1C, 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, 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. 1E and F, Table S1); reduced isoleucine and leucine, 

which are involved in the metabolism of branched chain amino acids (fig. S1I and table S1), 

and reduced aspartate, ornithine, and putrescine concentrations and a trend of decreased 

concentrations of proline, which are implicated in arginine metabolism (fig. S1J and table 

S1).

Modulation of oxidative phosphorylation by mitochondrial survivin

Consistent with the metabolomics data, siRNA-mediated silencing of survivin in prostate 

adenocarcinoma PC3 or DU145, or glioblastoma LN229 cells decreased oxygen (O2) 

consumption (Fig. 2A), and oxygen consumption rates (OCR) as assessed by real-time 

analysis of cellular respiration (Fig. 2B, fig. S2A). Targeting survivin with YM155 

comparably suppressed O2 consumption in PC3 cells (Fig. 2C). 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 production (Fig. 2E).

To examine the specificity of these findings, we next reconstituted PC3 cells silenced for 

endogenous survivin by siRNA with a mitochondrial-targeted survivin variant (mt-SVV) (3) 

that accumulates in mitochondria (fig. S2D), and localizes to the inner membrane and matrix 

in a similar manner to endogenous survivin (fig. S2E). Reconstitution of survivin-silenced 

PC3 cells with mt-SVV (fig. S2F) restored ATP production to that of control cultures (Fig. 

2F). Similarly, transfection of mt-SVV increased ATP production in breast adenocarcinoma 

MCF-7 cells (fig. S2G) as well as rat insulinoma INS-1 cells (fig. S2H) that lack 

mitochondrial survivin (3). Furthermore, reconstitution of survivin-depleted PC3 cells with 

adenovirus (pAd) encoding mt-SVV (3) (pAd-mt-SVV) stimulated O2 consumption (Fig. 

2G). In contrast, PC3 cells transfected with non-targeting siRNA and reconstituted with 

pAd-mt-SVV or pAd-mt-GFP had comparable O2 consumption (Fig. 2G). Accordingly, 

recombinant survivin accumulated to a greater extent in mitochondrial 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 

staining (fig. S2J) or cell proliferation as assessed by BrdU incorporation (fig. S2K and L).
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Consistent with impaired mitochondrial bioenergetics, siRNA (Fig. 2H) or YM155 (Fig. 2I) 

targeting of survivin induced hallmarks of cellular starvation, including increased 

phosphorylation of the energy sensor AMP-activated kinase (AMPK), induction of 

autophagy as assessed by microtubule-associated LC3 conversion (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).

Survivin-mediated regulation of mitochondrial oxidative phosphorylation Complex II

We next examined the role of survivin on the function of individual oxidative 

phosphorylation complexes. High-resolution respirometry of permeabilized PC3 cells 

showed that targeting survivin with YM155 inhibited the activity of Complex II (Fig. 3A) 

and Complex I activity (fig. S3A) but not that of Complex III (fig. S3B). Similarly, immuno-

captured Complex II from PC3 cells silenced for endogenous survivin by siRNA (Fig. 3B) 

showed reduced SDH activity (Fig. 3C), whereas citrate synthase or Complex I activity 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 II-associated proteins, but not 

of other mitochondrial phosphorylation complexes (Fig. 3D), a response that involved 

SDHB and SDHC subunits of Complex II, but not the SDHA subunit (Fig. 3E). Conversely, 

transfection of mt-SVV in survivin-silenced PC3 cells was sufficient to increase the 

abundance of SDHB and SDHC subunits, but not that of SDHA subunit (Fig. 3F). To 

determine whether changes in SDH abundance 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 II proteins, compared to control transfectants (fig. S3D), suggestive of 

protein misfolding. Complex V abundance was also modestly reduced, whereas the 

abundance of Complex I, III or IV was not affected (fig. S3D). In terms of individual 

subunits, loss of survivin increased the detergent insolubility of SDHB and SDHC, but not 

that of SDHA (Fig. 3G, fig. S3D).

Complex II-SDHB protein folding requires 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 GST-TRAP-1, but not to GST, in pull down experiments in vitro, indicating that this 

interaction was direct (Fig. 3I). Survivin immune complexes also contained 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 small molecule ATPase antagonist 

Gamitrinib (20) (Fig. 3L), induced time-dependent degradation of mitochondrial survivin. 

Accordingly, Gamitrinib treatment shortened the half-life of mitochondrial survivin from 

>4.5 h to approximately 2.4 h (Fig. 3M and N), suggesting that survivin is a “client protein” 

of TRAP-1 in mitochondria. Consistent with chaperone-dependent SDHB folding (22), 
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Gamitrinib decreased SDHB abundance in PC3 cells (Fig. 3L). In contrast, recombinant 

survivin did not affect TRAP-1 ATPase activity 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 organelles 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, transfection of MCF-7 cells with mt-SVV cDNA increased the 

localization of elongated mitochondria to paxillin-positive regions of the cortical 

cytoskeleton (Fig. 4E and F) corresponding to focal adhesion complexes (25), compared to 

control transfectants.

Next, we looked at the requirements of mitochondrial trafficking to the cortical cytoskeleton 

in PC3 cells. Dissipation of mitochondrial membrane potential with CCCP (Fig. 4G, 

inhibition of Complex II activity with the small molecule SDHB antagonist 

thenoyltrifluoroacetone (TTFA) (22) (Fig. 4H) or inhibition of SDHB degradation by 

Gamitrinib (22) (Fig. 4I) all suppressed mitochondrial trafficking to the cortical cytoskeleton 

(Fig. 4H–J). These responses were associated with a reduction in mitochondrial content (Fig. 

4K), potentially 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 mitochondria to the cortical cytoskeleton near focal 

adhesion complexes (Fig. 4E and F) could fuel the energy-intensive process of tumor cell 

movements. Consistent with this possibility, targeting survivin with YM155 or inhibiting 

SDHB with TTFA in PC3 cells suppressed membrane lamellipodia dynamics (Fig. 5A, B 

and fig. S5A), which are required, but not sufficient for cell motility (25). Single-cell 

stroboscopic microscopy demonstrated that either treatment decreased the formation (Fig. 

5C), total distance traveled (Fig. 5D), and total persistence of membrane ruffles (Fig. 5E). 

As a result, individual ruffles that formed in the presence of YM155 or TTFA extended for 

shorter distances (fig. S5B, C) with slower retraction speed (fig. S5D, E). In this analysis, 

average ruffling persistence did not change (fig. S5F, G). Instead, a post-analysis of 

cumulative ruffling dynamics that takes into account all ruffling events (20–60 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. 5D, E). In contrast, control cells 

exposed to conditioned media used as a chemotactic stimulus exhibited vigorous membrane 

lamellipodia dynamics (Fig. 5A and fig. S5A).

Focal adhesion kinase (FAK) is a key effector of membrane dynamics, focal adhesion 

complexes and cell motility that becomes activated through autophosphorylation at Tyr397 
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and Src-mediated phosphorylation at Tyr925in response to growth factor stimulation and 

cell-extracellular matrix contact (26). Treatment with YM155 (Fig. 5F) or TTFA (fig. S5H) 

suppressed the autophosphorylation of FAK (26) at Tyr397 without affecting 

phosphorylation of Tyr925 (Fig. 5F). In contrast, YM155 did not affect the phosphorylation 

of Src or Akt, kinases that have also been implicated in cell motility, and total FAK 

abundance was unchanged (Fig. 5F). 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. 5H and fig. S5I). (25). In contrast, vehicle-treated 

cells assembled focal adhesion complexes at cellular protrusions that contained Tyr397-

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 2D chemotaxis, survivin targeting with 

siRNA (Fig. 6A) or YM155 (fig. S6A) decreased PC3 cell velocity and distance travelled, as 

assessed by time lapse videomicroscopy in scratch closure assays (Fig. 6B, fig. S6B), which 

mimic wound healing in vitro. In addition, YM155 (Fig. 6C) or survivin silencing by siRNA 

(fig. S6C, Fig. 6D and E) inhibited PC3 cell invasion across Matrigel-coated inserts, 

whereas reconstitution of survivin-knockdown cells with mt-SVV partially restored PC3 cell 

invasion (Fig. 6F). Furthermore, stable expression of mt-SVV in poorly migratory INS-1 or 

MCF-7 cells was sufficient to increase their invasive ability (Fig. 6G). In contrast, 

expression of a mitochondrial-targeted survivin Cys84→Ala (C84A) dominant negative 

mutant, which accumulated in the mitochondria, but not the cytosol of MCF-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 mt-

SVV-expressing cells had more liver metastases with greater surface area than those injected 

with vector-expressing cells (Fig. 6H, I, J).

Finally, we asked whether oxidative phosphorylation was required for tumor cell invasion 

mediated by mitochondrial survivin. As expected, treatment of PC3 cells with the Complex I 

inhibitor Rotenone or the Complex III 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 adenocarcinoma MDA-231 cells. Consistent with a requirement of 

FAK in this response (Fig. 5E), transfection of PC3 cells with a cDNA encoding wild-type 

FAK that could be phosphorylated on Tyr397 (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 endogenous inhibitor of FAK (27) did not rescue the inhibition of tumor cell invasion 

mediated by YM155 (fig. S7F). Similarly, inhibition of NF-κB signaling, which has been 

implicated in regulation of cell motility by cytosolic survivin (28), by transfection of an 
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IκBα super-repressor mutant, did not rescue the inhibition of tumor cell invasion mediated 

by YM155 (fig. S7G).

DISCUSSION

In this study, 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 pharmacologic interference with this pathway impaired 

mitochondrial respiration, lowered ATP production, and produced a phenotype of cellular 

starvation characterized by phosphorylation of AMPK and suppression of mTOR signaling. 

Conversely, oxidative phosphorylation supported by survivin enabled the trafficking of 

mitochondria to the cortical cytoskeleton of tumor cells, which may provide a “regional” 

energy source to fuel membrane lamellipodia dynamics, disassembly of FAK-containing 

focal adhesion complexes, increased tumor cell migration and invasion, and heightened 

metastatic dissemination in vivo.

IAP proteins, including survivin (28), have been implicated in cell motility (29). The 

mechanistic underpinnings of this pathway have not been completely elucidated, because at 

least under certain conditions, IAPs can inhibit cell migration, potentially through 

ubiquitination of Rac1 (30), or stimulation of RAF destruction (31). 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 a survivin-XIAP complex (35), promoting 

NFκB-dependent activation of process that promote cell motility, including increased 

production and deposition of fibronectin (28).

The data here uncover a mechanism by which survivin promotes tumor cell invasion through 

mitochondrial 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 chaperone 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, inhibits Complex 

I-dependent respiration, and enhances aerobic glycolysis (5).

How survivin affects a TRAP-1-SDH interaction (22) in maintaining mitochondrial protein 

folding quality control remains to be elucidated. Several chaperones, including Hsp90 (36), 

the aryl-hydrocarbon receptor-interacting 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 degradation machinery. This scenario is reminiscent of how 

cytosolic survivin prevents access of the ubiquitin-conjugating enzyme UbcH5 to XIAP, 

maintaining XIAP stability and increasing apoptosis resistance (35).
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A role of mitochondrial respiration in cancer metabolism has been debated (6) against the 

backdrop of the Warburg effect (8). Whether this process contributes to tumor cell motility, 

and potentially, metastasis, has also been controversial (39), with findings suggesting that 

oxidative phosphorylation is important (40), not important (41), or must be dysfunctional 

(42) in order to support tumor cell invasion. In addition, a prevailing model is that 

metabolites that accumulate in a highly glycolytic (43) and hypoxic (44) microenvironment 

suppress mitochondrial respiration (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 cytoskeleton of tumor cells, 

where they provide a concentrated, “regional” energy source to support cell motility (25). 

Targeting mitochondrial survivin, destabilizing Complex II, or inhibiting different steps in 

oxidative 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 instance, neurons reposition mitochondria (46) to subcellular 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 trafficking 

in neurons is exploited for metastatic competency in tumors is unknown. However, 

mitochondrial dynamics has been implicated in tumor cell migration (48), and asymmetric 

mitochondrial distribution towards the leading edge may contribute to the directionality of 

tumor cell movements (49).

These observations thus identify survivin as a potential cancer therapeutic target (1). 

Accordingly, expression 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 links survivin abundance to metastatic dissemination in humans (2). 

Although the specificity of YM155 as a survivin antagonist (50) remains to be fully 

elucidated (51), our data show that this agent disrupted mitochondrial bioenergetics, 

suppressed cell invasion, and activated tumor suppressor mechanisms, namely AMPK 

activation or mTOR inhibition.

In summary, we have demonstrated that survivin controls mitochondrial respiration, 

enabling organelle trafficking and potentially “regional” bioenergetics to fuel tumor cell 

motility and metastasis. These observations reinforce a key role of mitochondrial 

bioenergetics as a driver of tumor progression (22), and open new prospects for targeting 

oxidative phosphorylation as a cancer therapeutic strategy (52).

MATERIALS AND METHODS

Antibodies and reagents

The following antibodies to survivin (NOVUS Biologicals), succinate dehydrogenase 

complex subunit B (SDHB, Abcam), SDHA (Abcam), SDHC (Abcam), Cox-IV (Cell 

Signaling), Thr172-phosphorylated AMPKα (Cell Signaling), AMPKα (Cell Signaling), 

Tyr397-phosphorylated FAK (Invitrogen), Tyr925-phosphorylated FAK (Cell Signaling), 
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FAK (Cell Signaling), Tyr416-phosphorylated Src (Cell Signaling), Tyr527-phosphorylated 

Src (Cell Signaling), Src (Cell Signaling), Ser473-phosphorylated Akt (Cell Signaling), Akt 

(Cell Signaling), FIP200 (Novus Biologicals), LC-3B (Cell Signaling), TRAP-1 (BD 

Biosciences), Hsp90 (BD Biosciences), Thr37/46-phosphorylated 4EBP1 (Cell Signaling), 

4EBP1 (Cell Signaling), Thr389-phosphorylated p70S6 kinase (Cell Signaling), 70S6 kinase 

(Cell Signaling), VDAC (Cell Signaling), Cox-IV (Cell Signaling), CypD (Millipore), CLPP 

(Santa Cruz Biotechnology), β-actin (Sigma-Aldrich), and β-tubulin (Sigma-Aldrich) were 

used. An oxidative phosphorylation antibody cocktail (Mitoscience) directed against the 20-

kD subunit of Complex I (20 kD), cytochrome C oxidase subunit II of Complex IV (22 kD), 

SDHB subunit of Complex II (30 kD), core 2 of complex III (~50 kD), and F1α (ATP 

synthase) of Complex V (~60 kD) was used.

The complete chemical synthesis, HPLC 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 triphenylphosphonium 

as a mitochondrial-targeting moiety was used in this study (53). Oligomycin, carbonyl 

cyanide p-trifluoromethoxyphenylhydrazone (FCCP), carbonyl cyanide m-

chlorophenylhydrazone (CCCP), antimycin A, and thenoyltrifluoroacetone (TTFA) were 

obtained from Sigma-Aldrich. Antimycin A (Ant) and Rotenone (Rot) were obtained from 

Abcam Biochemicals. A small molecule survivin suppressant, YM155, which inhibits Sp1-

dependent transcription of the survivin locus (50), was from Selleckem. In all experiments, 

TTFA was used at concentrations of 100–400 μM 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, breast 

adenocarcinoma MCF-7, MCF-10A and MDA-MB231 cells were obtained from the 

American Type Culture Collection (ATCC, 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 (mt-SVV) have been previously described (3).

Transfections

For gene knockdown experiments, tumor cells were transfected using control, non-targeting 

small interfering RNA (siRNA) pool (Dharmacon, cat. no. D-001810), two independent 

custom-prepared survivin-directed siRNA with the sequence 

GAGCCAAGAACAAAAUUGC (SVV) or GGACCACCGCAUCUCUACA (SVV2) 

(Thermo Scientific) characterized in previous studies (24), or siRNA pools targeting 

TRAP-1 (Dharmacon, cat. no. L-010104) or FIP200 (Dharmacon, cat. no. L-021117), as 

described (54). The various siRNAs were transfected at 10–30 nM in the presence of 

Lipofectamine RNAiMAX in a 1:1 ratio (Invitrogen). Cells were incubated for 48 h, 

validated for target protein knockdown by Western blotting, and processed for subsequent 

experiments. Plasmid DNA transfections 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 
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silenced for endogenous survivin by siRNA and transfected with plasmid encoding 

mitochondrial-targeted survivin (mt-SVV), or, alternatively pAd-mt-SVV. In some 

experiments, MCF-7 or MCF-10A cells were transfected with vector, or mitochondrial-

targeted wild type (WT) survivin or mitochondrially-targeted Cys84→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 endogenous SDHB 

expression by siRNA, were transfected with vector or cDNA encoding FAK, FIP200 (54) or 

IκBα super-repressor mutant (28) characterized in previous studies, before analysis of 

Matrigel invasion.

Quantification of autophagy

PC3 cells were co-transfected with siRNA against survivin and plasmid encoding green 

fluorescent protein (GFP) fused to human dynein light chain 3 (LC3) cDNA in the presence 

of Lipofectamine 2000 Transfection Reagent (Invitrogen). After 48 h, 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 was determined 

from two independent experiments. A minimum of 50 GFP-LC3-positive cells assessed 

from at least ten 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 (2x104–1.25x105 cells) 

were evaluated after 48–72 h by direct cell counting. Alternatively, tumor cells were labeled 

with 1:1000 dilution bromodeoxyuridine (BrdU) (Amersham Pharmacia Biotech) in cultured 

medium for 1 h, and analyzed by multiparametric flow cytometry with quantification of 

BrdU+ cells. In some experiments, tumor cell types (1x106) were fixed in glacial 70% 

ethanol for 24 h, followed by incubation with propidium iodide (2.5 μg/ml) in the presence 

of RNAse A for 10 min at room temperature. Twenty thousand events were acquired on a 

Calibur flow cytometer, with quantification of individual cell cycle transitions using Cell 

Quest Pro software (Becton Dickinson), as previously described (20).

In some experiments, PC3 cells grown at low confluency (1–2x104/well) on optical grade 

coverslips were transfected with control or survivin-directed siRNA or treated with vehicle 

or YM155 (10 nM) for 24 h, fixed in 4% formaldehyde for 15 min at 37°C, washed in 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% 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 membrane 

potential, PC3 cells were treated with 10 nM YM155 for 16 h or transfected with siRNA 

against survivin for 48 h, incubated with 0.1 μM tetramethylrhodamine methyl ester 

(TMRE), and analyzed for changes in fluorescence emission by flow cytometry.

Subcellular fractionation

Mitochondrial fractions were isolated from treated cells as previously described (20). 

Briefly, the various tumor cell types were mechanically disrupted by 70 strokes with a 
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Dounce homogenizer in isolation buffer containing protease inhibitor cocktail. Cell debris 

was removed by centrifugation at 700 g for 10 min. The supernatant was further centrifuged 

at 3,000 g 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 RIPA 

buffer (150 mM NaCl, 1.0% Triton 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 lysates were separated 

by SDS gel electrophoresis, transferred to PVDF membranes and incubated with primary 

antibodies of various specificities. Protein bands were visualized by chemiluminescence. In 

some experiments, mitochondria were isolated from PC3 cells, and lysed in 0.5% CHAPS 

buffer, containing 1% n-dodecyl-β-D-maltopyranoside plus protease inhibitors (Roche) for 

30 min at 4°C under constant agitation. For immunoprecipitation experiments, aliquots (500 

μg) of isolated mitochondrial extracts were incubated with non-binding IgG or an antibody 

to survivin for 16 h at 4°C. Immune complexes were coupled with Protein A-sepharose 

beads (Calbiochem) for 2 h 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 24–48 h from PC3 cells transfected with 

control non-targeting 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 (20,000 g) for 20 min, separated on SDS polyacrylamide gels and analyzed by 

Western blotting. In some experiments, PC3 cells were treated with 5 μM Gamitrinib for 6 

h, incubated with 100 μg/ml of the protein synthesis inhibitor cycloheximide and aliquots of 

mitochondrial extracts were collected at T0 and after 1, 2, 3 and 4.5 h, 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 KH2PO4, pH 7.4, plus protease inhibitors) and incubated for 20 min at 0°C 

with gentle mixing, as previously described (21). Mitochondria were mixed with equal 

volume of shrinking buffer (10 mM KH2PO4, pH 7.4, 32% sucrose, 30% glycerol, 10 mM 

MgCl2, and protease inhibitors) for 20 min at 0°C. After centrifugation at 10,000 × g 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 
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membrane and inter-membrane space fractions and inner membrane and matrix fractions 

were further fractionated by centrifugation at 150,000 g for 1 h at 4°C. The pellets were 

collected as outer membrane and inter-membrane space fractions, respectively. Supernatants 

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 non-targeting siRNA or survivin-directed 

siRNA was performed by Metabolon, as previously described (22).

Tumor bioenergetics

Various tumor cell types treated with 10 nM YM155 for 16 h or, alternatively, transfected 

with control non-targeting siRNA or survivin-directed siRNA for 48 h were analyzed for 

oxygen consumption (ENZO Lifesciences cat. No. ENZ-51045-1) or ATP generation 

(BioChain cat. No. Z5030041), as previously described (20, 22). Aliquots of cultured 

medium were collected for analysis of glucose consumption (Enzyme Cat. No. CA-G005), 

or lactate production (Abcam cat No. ab65331), as previously described (20, 22).

Cellular respiration

Oxygen consumption rates (OCR) were assayed in intact cells using an Extracellular Flux 

System 24 Instrument (Seahorse Bioscience, Billerica, MD), as previously described (22). 

Briefly, PC3 and DU145 cells in complete medium were transfected with the various 

siRNAs for 24–36 h. After trypsinization and re-suspension in growth medium, 2.5x104 

cells were plated in each well of a Seahorse XF24 cell culture plate (100 μl) in complete 

medium. After 4-h incubation to allow cells to adhere to plates, an additional 150 μl of 

medium was added to each well, and cells were grown in 5% CO2 for 24 h at 37°C. The 

medium was then exchanged with unbuffered 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% CO2 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 μM), FCCP (0.4 μM), and antimycin (1.8 μM), all dissolved in DMSO. The three 

drugs were injected sequentially, and the OCR measured with three cycles of mixing (150 

seconds), waiting (120 seconds), and measuring (210 seconds). This cycle was repeated 

following each injection.

For quantification of cellular respiration in permeabilized cultures, PC3 cells were treated 

with vehicle (DMSO) or 10 nM YM155 in complete medium for 16 h. After trypsinization, 

PC3 cells were suspended in MiR06 incubation medium (Oroboros Instruments) at a density 

of 1.5x106 cells/ml (3x106 cells total), permeabilized with digitonin (10 μg/1x106 cells), and 

oxygen consumption was measured at 37°C with an Oroboros Oxygraph-2k (Oroboros 

Instruments), 2 chamber high-resolution respirometer, Clark-type oxygen electrode, in 

closed 2-ml chambers equipped with magnetic stirring. The respiration medium contained 
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10 mM glutamate and 2 mM malate (complex I assay), 10 mM succinate and 0.5 μM 

rotenone (complex II assay), 5 mM malonic acid and 10 mM glycerol phosphate (complex 

III assay). During the experiment, the following agents were added: ADP (200 μM), 

oligomycin (Oligo, 2.5 μM), FCCP (1 μM) and antimycin (2 μM).

Mitochondrial respiration complex activity

PC3 cells were analyzed for changes in oxidative phosphorylation complex activity with 

Abcam reagents (Cat. no. ab109721 – Complex I and ab109908 – Complex II) using lysed 

isolated mitochondria, as described previously. Briefly, PC3 cells were transfected with 

control non-targeting or survivin-directed siRNA, validated for protein knockdown by 

Western blotting, and two μg of mitochondrial extracts from each condition were 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 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 II). NADH or ubiquinone was used as substrate for Complex I or 

Complex II activity, respectively. 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 

MitroTracker Red CM-H2XRos (Invitrogen) diluted in conditioned media for 1 h 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 media with DAPI (Invitrogen). In some experiments, cells were treated with 

the mitochondrial uncoupler CCCP (12.5 μM), the SDHB inhibitor thenoyltrifluoroacetone 

(TTFA, 200 μM), or the mitochondrially-targeted small molecule Hsp90 inhibitor 

Gamitrinib (5 μM) for 16 h before immunofluorescence staining. For analysis of 

phosphorylated FAK clusters, PC3 cells were seeded on fibronectin (10 μg/ml) for 2 h 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 (pFAK, Tyr397) for 1 h (1:100) in blocking buffer. After 

3 washes in PBS, cells were incubates with a FITC-conjugated secondary antibody (1:1000) 

for 1 h, washed, and coverslips were mounted in Prolong Gold mounting media containing 

DAPI (Invitrogen) for analysis by confocal microscopy. For quantification of mitochondria-

containing focal adhesion complexes, MCF7 cells were transfected with vector or 

mitochondrial-targeted WT survivin cDNA for 48 h. Cells were then seeded on fibronectin-

covered coverslips, incubated with MitroTracker Red for 1 h at 37°C and stained with an 

antibody to Paxillin (1:100) as a marker for focal adhesions before analysis by confocal 

fluorescence microscopy.
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For quantification of microscopy data, a minimum of 50 cells per experiment was imaged 

using a Leica TCS SP5 II Scanning Laser Confocal Microscope system with an HCX PL 

APO CS 63X 1.40NA oil UV objective using the same laser intensity and exposure time. A 

full cell Z-stack of a minimum of 11 sequential steps of 0.5 μm size were collected. Total 

fluorescence intensity of mitochondria for whole cell and within the lamellipodia regions 

were obtained by creating masks for each cell and areas of interests (AOIs) for lamellipodia, 

determined by co-staining with phalloidin. For scoring of pFAK-containing clusters per cell, 

or focal adhesions per cell, an automated counting was applied by thresholding pFAK-

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 FAs 

were obtained to quantify positive staining in focal adhesion regions. Control images were 

additionally taken for subtraction of background signal.

Stroboscopic Analysis of Cell Dynamics (SACED)

Quantification of membrane ruffle dynamics in live cells was carried out as described 

previously (54). Briefly, 3–5 x104 cells were grown on high optical quality 96 well μ-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 recorder. The atmosphere was equilibrated to 37°C and 5% CO2 in an incubation 

chamber. Phase contrast images were captured at 0.5s intervals for 250 seconds (500 frames) 

and merged into sequence files using ImagePro Plus 7. To monitor dynamics of a particular 

region by Stroboscopic Analysis of Cell Dynamics (SACED) (54), the sequence files were 

imported into Image J, 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 process was repeated to obtain 4 SACED lines and therefore 4 

stroboscopic images per cell, and structures such as protruding lamellipodia and ruffles were 

manually labeled. For each cell, the frequency of ruffles per min, the ruffling retraction 

speed (μm/min), the ruffle migration distance (nm) and time of ruffle persistence (msec) 

were calculated. Mean values were calculated from at least 18 cells from 2 separate wells. 

All experiments were repeated at least twice.

Time-lapse analysis of focal adhesion complex dynamics

PC3 cells were transfected with a GFP-α-actinin cDNA for 48 h. Cells were seeded on glass 

plates coated with 10 μg/ml fibronectin, treated with 10 nM YM155 or vehicle (DMSO) for 

4 h and kept at 37°C and 5% CO2 during imaging. Time-lapse videomicroscopy was done 

using a Leica TCS SP5 II Scanning Laser Confocal Microscope system with an HCX PL 

APO CS 63X 1.40NA oil UV objective. Acquisition of live cells using an integrated Leica 

LAS software was performed every 1 min for a total interval of 30 min using the Argon 

laser at 476 nm for detection of GFP-α-actinin. Actinin-positive focal adhesion complexes 

were identified based on fluorescent intensity, thresholded and masked using FIJI software. 

Identified focal adhesion complexes for every cell were tracked using generated masks 

through every image taken at each min of the experiment, and individual focal adhesion life 

spans and newly formed focal adhesion complexes were recorded throughout the 30 min 
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time lapse interval. The analysis was carried out in 10 cells per condition in 10 independent 

time-lapse experiments using a FIJI software package.

Cell migration and invasion

Tumor cell lines were treated as indicated in each experiment, suspended in 0.1% BSA/

DMEM and seeded (1.6–3.2x103 cells/mm2, depending on the cell line) in the upper 

compartments of 8 μM pore diameter BD Transwells (BD). NIH3T3 conditioned medium 

was placed in the lower compartment as a chemoattractant, as previously described (54). 

Except for the Complex I inhibitor, Rotenone (4 μM), which was preincubated with PC3 

cells, YM155 (10 nM) or inhibitors of Complex II-SDHB, TTFA (100–400 μM) or Complex 

III (Antimycin A, 30 μM) were added to the top and bottom chambers. After 6–18 h 

incubation at 37°C, Transwell membranes were recovered and cells on the upper side (non-

migratory) 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 5 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 non-targeting siRNA or 

survivin-directed siRNA, or, alternatively treated with vehicle or YM155, and seeded in 24 

well plates (5x105 per well). Scratch “wounds” were made with a 10 μl pipet tip, cell debris 

was washed off and cultures were maintained in complete medium containing 10% FBS at 

37°C and 5% CO2 for 24 h. Time-lapse imaging of migrating cells was performed using a 

TE300 Inverted Microscope (Nikon) equipped with an incubator set at 37°C, 5% CO2 and 

95% relative humidity. Each image was acquired utilizing a 10x objective of the same fields 

every 10 min time interval for a total 24 h. Velocity of cell migration and distance traveled 

were quantified 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 (IACUC) at the Wistar Institute. A liver 

metastasis model was carried out generally as previously described (28). Briefly, six- to 

eight-weeks old female SCID/beige mice (3 mice per experimental conditions) were 

anesthetized with ketamine hydrochloride, the abdominal cavity was exposed by 

laparotomy, and 1.5×106 MCF-7 cells transfected with vector or mitochondrial-targeted 

survivin (mt-SVV) cDNA 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 μm apart (n=15 

per each condition) were stained with hematoxilin 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 (28).
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Statistical analysis

Data were analyzed using the two-sided unpaired t tests or ANOVA using a GraphPad 

software package (Prism 4.0) for Windows. Data are expressed as mean±SD or mean±SEM 

of at least three independent experiments. A p value of 0.05 was considered as statistically 

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 detection 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. Following log transformation and imputation with minimum observed values for 

each compound, Welch’s two-sample t-test was used to identify biochemicals that differed 

significantly between experimental groups. The false discovery rate (FDR) in the 

metabolomics screen was estimated using the q value per each compound detected. 

Pathways were assigned for each metabolite, allowing examination of overrepresented 

pathways. For classification studies, random forest analyses were performed. Statistical 

analyses were performed with the program “R” (http://cran.r-project.org/).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Survivin targeting impairs mitochondrial metabolism
(A–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 

β oxidation (C and D), or glutathione metabolism (E and F) are shown. For the heatmap (D), 

red indicates increased concentration; 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.
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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-directed (SVV) siRNA were analyzed for oxygen (O2) 

consumption. RFU, relative fluorescence units. The results of two independent experiments 

are shown. (B) siRNA silenced cells as in (A) were analyzed for O2 consumption rates 

(OCR) under basal conditions or in response to oligomicyin (O), FCCP (F), or antimycin 

(A). Arrows, time of drug addition. Extra-mitochondrial respiration after addition of 

antimycin was subtracted as background. The profiles of two independent experiments 

(Expt.) are shown. (C) PC3 cells were treated with vehicle (Veh) or small molecule survivin 

suppressant YM155 and analyzed for O2 consumption. RFU, relative fluorescence units. 

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 
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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 mt-SVV 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 (SVV)-directed 

siRNA, reconstituted with pAd-mitochondrial-targeted GFP (pAd-mt-GFP) or pAd-

mitochondrial-targeted survivin (pAd-mt-SVV), and analyzed for O2 consumption. RFU, 

relative fluorescence units. 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 (I) were analyzed by Western blotting. d, days. p, phosphorylated. Blots are 

representative of two independent experiments. (J) PC3 cells transfected with control (Ctrl) 

or survivin-directed siRNA (SVV) plus GFP-LC3 were analyzed by fluorescence 

microscopy. Right, the number of GFP-LC3 puncta (autophagosomes) per cell was 

quantified (n=50 cells imaged/transfection condition in two independent experiments). Scale 

bar, 10 μm. (K) PC3 cells treated with vehicle (Veh), Rapamycin (Rap) or YM155 were 

analyzed by Western blotting after 24 h. p, phosphorylated. Blots are representative of two 

independent experiments.
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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 II 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-directed (SVV) siRNA were 

analyzed by Western blotting. Blots are representative of two independent experiments. (C) 

Mitochondrial Complex II 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 

phosphorylation complex subunits is indicated. d, days. Blots are representative of two 

independent experiments. (E and F) PC3 cells treated with vehicle (Veh) or YM155 (E), or 

MCF-7 cells transfected with vector or 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 non-specific reactivity with a molecular weight marker. Blots are 

representative of two independent experiments. (H) Mitochondrial extracts from PC3 cells 

were immunoprecipitated (IP) with IgG or an antibody to survivin, and pellets were 
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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 independent 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. (K and 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 h (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.
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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 mitochondria 

(MitoTracker, red), focal adhesion (FA) complexes (Paxillin, green) and DNA (DAPI, blue), 

and analyzed by confocal microscopy. 20 cells/treatment condition imaged in two 

independent experiments. Scale bar, 10 μm; insets, 5 μm. (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 

quantify mitochondrial localization to phalloidin-positive protrusions. 20 cells/treatment 

condition imaged in two independent experiments. Scale bar, 10 μm. (C and D) The 

conditions are as in (B), and the amount of cortical mitochondria (C) or total mitochondria 
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(D) was quantified in the presence of vehicle or YM155. Each point corresponds to an 

individual measurement. 45 cells/treatment condition imaged in two independent 

experiments. ***, p<0.0001; n.s., not significant. (E and F) MCF-7 cells were transduced 

with vector or mt-SVV, labeled for mitochondria (MitoTracker, red) and paxillin (green) 

and analyzed by fluorescence 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-SVV, n=27; imaged in two 

independent experiments. *, p=0.0013. Scale bar, 10 μm. (G–I) The condition are as in (B) 

except that PC3 cells were treated with the mitochondrial uncoupler CCCP (G), the small 

molecule Complex II inhibitor TTFA (H), or Gamitrinib (I) and analyzed by confocal 

microscopy (top). Bottom, masked images used to quantify mitochondria localization to 

phalloidin-positive cellular protrusions. 45 cells/treatment condition imaged in two 

independent experiments. Scale bar, 10 μm. (J and K) Treated PC3 cells were analyzed by 

confocal microscopy as in (G–I), 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. 45 cells/treatment condition imaged in two independent 

experiments.
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Fig. 5. Mitochondrial bioenergetics requirements of membrane dynamics
(A) Representative stroboscopic images of FBS-stimulated PC3 cells treated with vehicle, 

YM155 or the Complex II inhibitor TTFA. Inset, 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 p values in YM155- or 

TTFA-treated cultures compared to Veh are indicated. (C–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 
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(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 

(Tyr397, pFAK) and analyzed by confocal microscopy. DNA was stained with DAPI. Right, 

quantification of phosphorylated FAK clusters. Mean±SEM. ***, p<0.0001. 20 cells/

treatment condition imaged in two independent experiments. Scale bar, 10 μm. (H) PC3 

cells treated as in (G) were transfected with α-actinin-GFP cDNA and analyzed by confocal 

microscopy. 10 cells (10 movies)/treatment condition imaged in two independent 

experiments. ***, p<0.0001. Scale bar, 10 μm. Right, FA dynamics quantified by time-lapse 

videomicroscopy. FA complexes examined: Veh, n=42; YM155, n=47.
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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 siRNA, number of cells 

examined (n) =29; SVV siRNA, n=30; imaged in two independent determinations. (B) 

Average cell velocity (top) or total distance traveled (bottom) of the cells in (A) was 

quantified per each condition. Mean±SEM. p<0.0001. (C–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. 100–250 cells/

treatment or transfection condition imaged in two independent experiments. Scale bar, 200 

μm. (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. 100–

250 cells/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. 100–250 cells/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-eosin stained liver sections 

(n=15 per each transfection condition). Scale bar, 500 μm. (I and J) Morphometric 

quantification of total number of metastatic foci (I) 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–C) PC3 cells were incubated with vehicle or the Complex I inhibitor Rotenone (Rot) 

(A), the Complex II inhibitor TTFA (B), or the Complex III 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. 100–250 cells/treatment condition imaged in two independent experiments. Scale 

bar, 200 μm. (D and E) PC3 or MDA-231 cells were transfected with control (Ctrl) or 

SDHB-directed siRNA, and analyzed for Matrigel invasion (D) or cell migration (E). Mean

±SEM. **, p=0.001–0.0028; ***, p<0.0001. 100–250 cells/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. 100–

250 cells/treatment condition imaged in two independent experiments.
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