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ABSTRACT
The challenge of rapid macromolecular synthesis enforces the energy-hungry cancer cell mitochon-
dria to switch their metabolic phenotypes, accomplished by activation of oncogenic tyrosine kinases. 
Precisely how kinase activity is directly exploited by cancer cell mitochondria to meet high-energy 
demand, remains to be deciphered. Here we show that a non-receptor tyrosine kinase, TNK2/ACK1 
(tyrosine kinase non receptor 2), phosphorylated ATP5F1A (ATP synthase F1 subunit alpha) at Tyr243 
and Tyr246 (Tyr200 and 203 in the mature protein, respectively) that not only increased the stability 
of complex V, but also increased mitochondrial energy output in cancer cells. Further, phospho- 
ATP5F1A (p-Y-ATP5F1A) prevented its binding to its physiological inhibitor, ATP5IF1 (ATP synthase 
inhibitory factor subunit 1), causing sustained mitochondrial activity to promote cancer cell growth. 
TNK2 inhibitor, (R)-9b reversed this process and induced mitophagy-based autophagy to mitigate 
prostate tumor growth while sparing normal prostate cells. Further, depletion of p-Y-ATP5F1A was 
needed for (R)-9b-mediated mitophagic response and tumor growth. Moreover, Tnk2 transgenic mice 
displayed increased p-Y-ATP5F1A and loss of mitophagy and exhibited formation of prostatic 
intraepithelial neoplasia (PINs). Consistent with these data, a marked increase in p-Y-ATP5F1A was 
seen as prostate cancer progressed to the malignant stage. Overall, this study uncovered the 
molecular intricacy of tyrosine kinase-mediated mitochondrial energy regulation as a distinct cancer 
cell mitochondrial vulnerability and provided evidence that TNK2 inhibitors can act as “mitocans” to 
induce cancer-specific mitophagy.
Abbreviations: ATP5F1A: ATP synthase F1 subunit alpha; ATP5IF1: ATP synthase inhibitory factor 
subunit 1; CRPC: castration-resistant prostate cancer; DNM1L: dynamin 1 like; MAP1LC3B/LC3B: micro-
tubule associated protein 1 light chain 3 beta; Mdivi-1: mitochondrial division inhibitor 1; Mut-ATP5F1A: 
Y243,246A mutant of ATP5F1A; OXPHOS: oxidative phosphorylation; PC: prostate cancer; PINK1: PTEN 
induced kinase 1; p-Y-ATP5F1A: phosphorylated tyrosine 243 and 246 on ATP5F1A; TNK2/ACK1: tyrosine 
kinase non receptor 2; Ub: ubiquitin; WT: wild type
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Introduction

Dependence on tyrosine kinase signaling and metabolic 
reprogramming are important hallmarks of cancer [1,2]. 
Although, both the arms have been studied individually, 
their interdependence has not been fully understood. The 
aerobic glycolysis in cancers, also known as Warburg effect 
[3], is the combined result of alterations in multiple sig-
naling pathways executed by oncogenes, loss of tumor 
suppressors, a hypoxic microenvironment, mitochondrial 
DNA (mtDNA) mutations and others [4,5]. In contrast, 
a distinct set of cancers including prostate cancer (PC), 
show mitochondrial heterogeneity among tumor grades 
[6,7] and are rarely flurodeoxyglucose (FDG) avid, sug-
gesting reliance on oxidative phosphorylation (OXPHOS) 

for their bioenergetics [8–10], as well as biomass produc-
tion [11,12]. Cancer cells have a large appetite for synth-
esis of membranes, nucleic acids and proteins, and thus 
utilizes significant amount of energy (ATP). Cancer cells 
that rely on OXPHOS are likely to undertake specialized 
modification of mitochondrial biochemical pathways to 
produce optimal levels of ATPs to efficiently fuel various 
metabolic processes [13–15]. Although, how this is pre-
cisely accomplished it not fully clear.

The adenosine triphosphate synthase in mitochondria pro-
vides most cellular ATP [16]. The ATP synthase (F1Fo ATP 
synthase or complex V) is composed of the catalytic domain, 
F1, a membrane domain, F0, and extrinsic stalk that holds the 
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complex together [16–21]. F1 is composed of ATP5F1A/α3- 
ATP5F1B/β3-ATP5F1C/γ-ATP5F1Dδ-ATP5F1E/ε with mole-
cular mass of about 350 kDa. There are 3 catalytic sites, 
primarily formed by the ATP5F1B/β-subunit, but also by the 
ATP5F1A/α-subunit. The ATP5F1C/γ-subunit rotates within 
the central core and alters the confirmations of the catalytic 
sites in a sequential manner. ATP synthases use 
a transmembrane proton gradient to produce ATP, but in 
low pH or hypoxic condition, this reaction can be reversed, 
hydrolyzing ATP. Mammalian cells exhibited a distinct 
mechanism wherein ATP5IF1, a physiological inhibitor of 
the ATP synthase, prevented the hydrolysis of ATP under 
mitochondrial depolarizing conditions [22–24]. Since mito-
chondria are functional in most cancer cells [25,26] and 
indeed many cancer types including prostate cancer, utilize 
mitochondria rather than glycolysis to produce significantly 
higher levels of ATP [27,28], it seeks an explanation for 
presence of robust ATP levels in unfavorable conditions. 
This hyperactive mitochondrial phenotype observed in pros-
tate cancer cells might be consequence of enhanced kinase 
activity, which led us to hypothesize that tyrosine kinase- 
driven oncogenic alterations could be associated with hetero-
geneous metabolic vulnerabilities, which might stem from 
remodeling in OXPHOS.

TNK2/ACK1 is a non-receptor tyrosine kinase that is ubi-
quitously expressed with high expression in brain, endocrine 
tissues, male and female reproductive tissues and immune cells 
[29]. Recently, TNK2/ACK1 was shown to bind LCP2/SLP-76 
via sterile alpha motif (SAM) domain interaction and induced 
phosphorylation of the LCP2 at three proximal tyrosine resi-
dues: Tyr113, Tyr128, and Tyr145 [30]. This modification leads 
to calcium flux and NFAT-AP1 promoter activity and treatment 
with TNK2/ACK1 inhibitor, AIM-100 [31], resulted in 
increased cell motility, suggesting it could regulate T cell func-
tion [30]. Although, there is an increasing interest in uncovering 
role in normal cells, TNK2 as an oncogene and its aberrant 
activation in multiple malignancies including prostate, breast, 
pancreatic and lung cancers is well documented [32–36]. The 
major mechanisms for TNK2/ACK1 oncogenic activation, 
observed as its autophosphorylation at Y284 [31,37], are the 
gene amplification, mutations, and its interaction with receptor 
tyrosine kinases such as EGFR, ERBB2/HER2, MERTK and 
PDGFR, that are stabilized by HSP90 [32,34–41]. Prostate can-
cer stem-like cells (PCSCs) are critically dependent on TNK2/ 
ACK1 kinase activity; genetic or pharmacological inhibition 
mitigated sphere formation, overcame resistance to radiation- 
induced cell death, and induced significant apoptosis in PCSCs 
[42]. Over the years, AR (androgen receptor) and AKT have 
emerged to be the major downstream effectors of TNK2/ACK1 
kinase activity in multiple malignancies, wherein AR Y267- and 
AKT Y176-phosphorylatin correlated with disease progression 
[36,37,43].

In this study, we have uncovered a new role for TNK2 
oncogene, phosphorylation of the mitochondrial protein, 
ATP5F1A (ATP synthase F1 subunit alpha) in cancer cells. 
We performed detailed, biochemical, cellular and structural 
studies to obtain mechanistic insights into how phosphory-
lated-ATP5F1A enhances mitochondrial energy outcome. In 

addition, we addressed how this `resourceful’ version of oxi-
dative phosphorylation employed by cancer cell is likely to 
support survival and progression of prostate cancer to malig-
nant stage. Further, we explored the effect of TNK2/ACK1 
inhibition in promoting cancer-specific mitophagy.

Results

TNK2/ACK1 phosphorylates ATP5F1A (ATP synthase F1 
subunit alpha) at Y243 and Y246

We hypothesized that tyrosine kinase-driven oncogenic 
alterations are associated with heterogeneous metabolic vul-
nerabilities, which mechanistically stems from remodeling in 
oxidative phosphorylation, causing hyperactive mitochondrial 
phenotype. To test the role of TNK2/ACK1 in metabolic 
reprogramming, Tyr-phosphorylated proteins were enriched 
from TNK2/ACK1 overexpressing cells, followed by mass 
spectrometry. This unbiased screen revealed multiple peptides 
along with known TNK2/ACK1 auto-phosphorylated sites, as 
well as novel peptides derived from ATP5F1A, phosphory-
lated at Y246 (Figure 1A).

To validate TNK2/ACK1 mediated ATP5F1A Y246- 
phosphorylation, Y246A mutant of ATP5F1A was generated 
and co-transfected with a plasmid encoding TNK2/ACK1. 
Although, TNK2/ACK1 phosphorylated ATP5F1A, the phos-
phorylation on Y246A mutant of ATP5F1A was not comple-
tely ablated (Figure 1B, top panel), suggesting presence of 
another phosphorylation event. Notably, ATP5F1A has 2 evo-
lutionarily conserved tyrosine residues, 243 and 246 (Tyr200 
and 203 in mature protein, respectively) (Figure 1C), opening 
the possibility that TNK2/ACK1 might target both of these 
closely spaced sites. To test this hypothesis, two additional 
ATP5F1A mutants were generated, Y243A and a double 
mutant Y243/246A (Mut-ATP5F1A, hereafter); co- 
transfection with TNK2/ACK1 revealed almost complete loss 
of phosphorylation in Mut-ATP5F1A (Figure 1B).

To detect the endogenous phospho-ATP5F1A, we gener-
ated high affinity phospho-specific monoclonal antibodies 
against p-Y243/246-ATP5F1A (p-Y-ATP5F1A, hereafter), 
which were extensively validated (Fig. S1A and B). Briefly, 
the p-Y-ATP5F1A antibodies recognized the ATP5F1A 
derived phosphopeptide (spanning 240–256 aa) with Y243 
and Y246 residues phosphorylated, in contrast, these antibo-
dies exhibited no reactivity against the same non- 
phosphorylated peptide (Fig. S1A). As an additional control, 
a phosphopeptide derived from histone H2B, phosphorylated 
at Y37 [44] was used, which too was not recognized (Fig. 
S1A). Next, competition of p-Y-ATP5F1A antibody with the 
ATP5F1A derived phosphopeptide resulted in almost com-
plete loss of phosphopeptide recognition, in contrast, similar 
competition by phosphopeptide derived from histone H2B 
did not affect ATP5F1A phosphopeptide recognition (Fig. 
S1B). Further, prostate cancer cells were treated with phos-
phatase inhibitor cocktail for 3 h and immunoblotting with 
p-Y-ATP5F1A antibody was performed, revealing increased 
p-Y-ATP5F1A levels (Fig. S1C).

To determine the relative expression of p-Y-ATP5F1A, 
prostate cancer (PC) cell lines were subjected to 
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Figure 1. Phosphorylation of ATP5F1A (ATP synthase F1 subunit alpha) at evolutionarily conserved Y243 and Y246 sites by TNK2/ACK1 kinase. (A) Lysates of HEK293T 
cells transfected with TNK2/ACK1 were processed for LC-MS/MS analysis. A peptide KLYCIYVAIGQK from ATP5F1A (p-Y246) was detected at m/z 768.3868 (2+), which 
represents mass accuracy of 0.4 ppm (MS1). MS/MS spectrum confirmed the peptide sequence. The identification were made with MaxQuant software. (B) HEK293T 
cells were co-transfected with HA-tagged TNK2/ACK1 and FLAG-tagged ATP5F1A or mutants, Y243A or Y243/246A or vector (Vec) expressing constructs. Lysates were 
immunoprecipitated with FLAG beads or IgG, followed by immunoblotting with p-Tyr antibodies (Top panel). (C) Alignment of ATP5F1A protein sequence indicates 
that tyrosine residue at 243 and 246 site is invariant from human to bacteria. (D) Lysates prepared from RWPE-1, VCaP, C4-2B, PC-3, LAPC-4, LNCaP and 22Rv1 cells 
were screened for detection of p-Y-ATP5F1A, p-Y284-TNK2/ACK1, TNK2/ACK1 and ACTB by immunoblotting with respective antibodies. (E) HEK293T cells were co- 
transfected with FLAG-tagged ATP5F1A and HA-tagged TNK2/ACK1 or kd-TNK2/ACK1-TNK2/ACK1 or vector (Vec). Lysates were immunoprecipitated with 
p-Y-ATP5F1A or IgG, followed by immunoblot to detect ATP5F1A, p-Y284-TNK2/ACK1, HA, FLAG and ACTB levels. (F) VCaP, C4-2B, PC-3 cells were transfected 
with control (Ctrl) and TNK2 siRNA and levels of the indicated proteins were examined by immunoblotting. (G) Lysates from RWPE-1 cells stably expressing HA- 
tagged TNK2/ACK1 and vector, were subjected to immnunoblotting.
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immunoblotting. A robust expression of p-Y-ATP5F1A was 
detected in most PC (prostate cancer) cell lines, in contrast, 
RWPE-1, normal prostate cells, exhibited almost 5-fold lower 
p-Y-ATP5F1A expression (Figure 1D). Further, to validate 
role of TNK2/ACK1 kinase activity, ATP5F1A was co- 
expressed with TNK2/ACK1 or its kinase inactive point 
mutant (K159A), kd-TNK2/ACK1 [31,33]. kd-TNK2/ACK1- 
expressing cells exhibited significant loss of p-Y-ATP5F1A 
expression (Figure 1E). Moreover, elimination of endogenous 
TNK2/ACK1 by siRNA too significantly diminished 
p-Y-ATP5F1A levels (Figure 1F). In addition, overexpression 
of WT TNK2/ACK1 in RWPE-1 caused elevation in 
p-Y-ATP5F1A levels (Figure 1G). Taken together these data 
indicate that TNK2/ACK1 is a bona fide kinase for ATP5F1A, 
causing Y243/246-phosphorylation that is selectively enriched 
in prostate cancer cells.

TNK2/ACK1 mediated phosphorylation increases 
mitochondrial energy output

To examine the functional role of p-Y-ATP5F1A, we 
employed CRISPR/Cas9 strategy to generate cells expressing 
Y243/246A mutant. These cells were unable to grow beyond 
5 days (Unpublished data). Therefore, we utilized retroviral 
constructs to generate cells stably expressing FLAG-tagged 
ATP5F1A (WT) or Y243/246A mutant in VCaP, C4-2B and 
PC-3 cells. We validated incorporation of FLAG-tagged WT- 
ATP5F1A or Mut-ATP5F1A subunits into ATP synthase 
enzyme complex by subjecting the mitochondrial extracts to 
immunoblotting (Figure 2A, Top panel). Further, presence of 
p-Y-ATP5F1A in cytosol and absence of TNK2/ACK1 in 
mitochondrial extracts, indicate that TNK2/ACK1 phosphor-
ylates ATP5F1A in cytosol, followed by its translocation to the 
mitochondria (Figure 2A, lower panel).

To explore functional role of p-Y-ATP5F1A, RWPE-1 cells 
were transfected with TNK2/ACK1 or kd-TNK2/ACK1, fol-
lowed by staining with MitoTracker Red, a marker for mito-
chondrial function. In contrast to kd-TNK2/ACK1 expressing 
cells, a significant increase in MitoTracker Red intensity was 
observed in TNK2/ACK1 expressing cells (Fig. S1D and E). 
Moreover, cellular ATP levels were significantly reduced in 
kd-TNK2/ACK1 expressing cells (Fig. S1F).

To assess the direct binding of TNK2/ACK1 to ATP5F1A, 
an in vitro kinase assay was performed. FLAG tagged WT or 
Mut-ATP5F1A were transfected in HEK293T cells and cap-
tured on FLAG beads by immunoprecipitation. Beads were 
incubated with purified recombinant human TNK2/ACK1 or 
WEE1 kinase proteins (Fig. S2A), followed by immunoblot-
ting with p-Tyr antibody. Phosphorylation of ATP5F1A was 
observed when TNK2/ACK1 was incubated with WT- 
ATP5F1A, but not with Mut-ATP5F1A (Figure 2B). Further, 
ATPF5F1a phosphorylation was undetectable upon incuba-
tion with WEE1 kinase. Overall, these data confirm direct 
phosphorylation of ATP5F1A by TNK2/ACK1.

Cancer cells expressing Mut-ATP5F1A exhibited 
a significant decrease in ATP levels and MitoTracker Red 
intensity (Figure 2C-E and S2B-E), suggesting that ATP5F1A 
Y243/246-phosphorylation affects total ATP output. Next, 
changes in OXPHOS were assessed by Seahorse XF extracellular 

Flux Analyzer-based real-time measurements of oxygen con-
sumption rate (OCR), revealing reduced mitochondria basal 
activity (Figure 2F) and lower mitochondrial membrane poten-
tial (mtφ) in Mut-ATP5F1A expressing cells, as seen by TMRE 
staining (Fig. S2F and G). Together these data indicate that 
TNK2/ACK1 mediated ATP5F1A phosphorylation plays a role 
in increasing mitochondrial energy output in cancer cells.

ATP5F1A phosphorylation increases stability of 
complex-V

The crystal structure of the bovine F1 revealed the conforma-
tions of the catalytic sites and were named by the identity of 
the bound nucleotide, ADP (DP), ANP-PNP (TP), and empty 
(E) [20]. In accordance with this nomenclature, the subunits 
were name, αDP, βDP, αTP, βTP, and αE, βE, as those that form 
the DP, TP, and E sites, respectively. In addition to the 
catalytic sites, there are 3 non-catalytic sites with ATP 
bound formed primarily by the α-subunit, but with some 
involvement of the β-subunit [20]. Unlike the catalytic sites, 
the conformation of the three non-catalytic sites do not differ 
or change during the reaction pathway for the synthesis of 
ATP. αTyr203 is located adjacent to the nucleotide in the 
non-catalytic site (Figure 3A-D). To understand the effect of 
phosphorylation, we replaced Tyr with p-Tyr and energy 
minimized the structure. Surprisingly, the phosphorylation 
had minor effects on the overall structures of F1 but changes 
were observed especially in the C-terminal starting at residue 
405 (Fiure. 3B). The hydroxyl group of Tyr203 points directly 
at the Mg2+ ion of the ANP-PNP complex. Upon phosphor-
ylation, the phosphate of pTry203 coordinated with the Mg2+ 

ion coordinated with ATP. In contrast, p-Tyr200 coordinated 
with Lys198 and Lys262, which are aptly positioned in the 
non-phosphorylated forms to interact with the phosphate of 
Tyr200 (Figure 3C-D).

Interestingly, Lys198 located in a charged loop (DEKKK) 
on the surface of the enzyme, coordinated with p-Tyr200, 
however, p-Tyr203 coordinated with the non-catalytic nucleo-
tide bound to the α-subunit. This interaction is strongly 
observed in the αTP subunit, but variations were also seen 
in αE and αDP subunits. This model suggests that phosphor-
ylation of Tyr200 and 203 will constrain the flexibility of the 
highly charged loop defined by residues194-203, due to the 
restricted movement and shape (Figure 3C-D). To determine 
if the phosphorylation of Tyr200 and 203 had a differential 
effect on the structure of the F1-ATPase when it is inhibited 
with ATP5IF1 (ATP synthase inhibitory factor subunit 1), we 
performed the similar analysis with the crystal structure of F1 
ATPase with bound ATP5IF1 (pdb: 1OHH). The phosphor-
ylation of Tyr200 and Tyr203 had similar effects on the bulk 
of the enzyme as observed for the enzyme without inhibitor 
(Figure 3B). Collectively, it suggests that the di- 
phosphorylated α-subunit create a supporting structure that 
extends from the bound non-catalytic nucleotide to the sur-
face of the α-subunit. The noncatalytic nucleotide might act as 
an anchor that keeps the linkage taut. The model suggests that 
the phosphate group of p-Tyr203 would interacts with the 
Mg2+ ion of the nucleotide, which is then linked to p-Tyr200, 
which in turn, is in salt linkages with Lys198 and Lys262. This 
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Figure 2. Y243/246-phosphorylation of ATP5F1A increases ATP synthase activity in prostate cancer cells by blocking ATP5IF1 binding. (A) Mitochondrial and Cytosolic extracts 
of VCaP, C4-2B and PC-3 cells stably expressing FLAG-tagged ATP5F1A and Mut-ATP5F1A were immunoblotted with p-Y-ATP5F1A (1st panel) and indicated antibodies. Total cell 
lysate (CL) is used as control for mitochondrial (Mt. Ext.) or cytosolic extract (Cyto. Ext.). (B) In vitro kinase assay performed using purified TNK2/ACK1 and a non-specific kinase, 
WEE1, with WT or Mut-ATP5F1A proteins immunoprecipitated on FLAG beads. The reaction was then immunoblotted with p-Tyr antibody to detect phosphorylation on 
ATP5F1A. (C) ATP levels were determined by luminescence-based assay in VCaP, C4-2B and PC-3 cells stably expressing vector (Vec) or FLAG-tagged WT-ATP5F1A and Mut- 
ATP5F1A variants. Data are represented as mean ± SEM (n = 3, 3 replicates). ***p < 0.001. (D and E) VCaP cells expressing vector (Vec), FLAG-tagged ATP5F1A and Mut-ATP5F1A 
were treated with DMSO or oligomycin (Oligo) (0.5 μM) for 3 h co-stained with MitoTracker and TOMM20 and were processed for immunofluoresence-based detection. Bars: 50  
μm. MitoTracker Red staining intensity was normalized with DAPI staining intensity using densitometric analysis by ImageJ software (NIH) and fold changes were represented as 
mean ± SEM of relative MitoTracker staining intensity. ***p < 0.001. (F) (i) A representative graph of OCR outputs from the seahorseXF26 analyzer of VCaP cells expressing WT- 
ATP5F1A and Mut-ATP5F1A variants and the response to oligomycin, FCCP, and antimycin A/rotenone. (ii) Comparison of ATP-linked OCR in WT and Mut-ATP5F1A cells.
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interaction is likely to reduce the flexibility thereby increasing 
the stability of the enzyme, thus creating or eliminating 
a reactive and interacting site on the surface of the enzyme 
(S Video file).

ATP5F1A phosphorylation excludes ATP5IF1 binding

Mitochondria ATP synthase activity is regulated by proton 
motive force (Δp) and by ATP5IF1 [45–48]. Recent cryo-EM 
structure reveal that at low pH, two ATP5IF1 dimers link two 
ATP synthase dimers, thus the ATP synthase tetramer adopt-
ing an inhibited state [49]. This inhibited state have signifi-
cant drop in maintenance of mitochondrial membrane 
potential [2,23]. Since, Mut-ATP5F1A expressing cells exhib-
ited significant loss of mtφ, we reasoned that ATP5F1A- 
phosphorylation may have relevance in regulating interaction 
with the IF1. A robust ATP5IF1 binding to Mut-ATP5F1A 
was observed suggesting that ATP5F1A-phosphorylation 
might prevent ATP5IF1 binding (Figure 3E, panel 2). 
Interestingly, at pH 8.0, ATP5IF1 form a tetramer, however, 
when Δp level drops and pH plunges below 6.5, ATP5IF1 
disassembles into dimers, which are inserted into the F1 heads 
[24]. Further, we cultured these cells in varying pH condi-
tions, and observed that ATP5IF1 binding to Mut-ATP5F1A 
was unaffected (Figure 3F), suggesting that p-Y-ATP5F1A 
excludes ATP5IF1 even in low pH condition, often encoun-
tered in cancer cells.

Loss of p-Y-ATP5F1A induces mitophagy and mitigates 
prostate xenograft tumor growth

To determine the physiological relevance of consequences of 
ATP5F1A-phosphorylation, growth characteristics of WT 
and Mut-ATP5F1A expressing cancer cells were monitored. 
Mut-ATP5F1A expressing cells exhibited a significant reduc-
tion in proliferation (Figure 4A, Fig. S3A), which was also 
reflected in the colony formation assay (Fig. S3B). We rea-
soned that the stunted tumor cell growth could reflect in loss 
of mitochondrial DNA (mtDNA), a marker for mitochon-
drial health [50]. A significant reduction in mtDNA copy 
number was observed in Mut-ATP5F1A expressing cells 
(Figure 4B, Fig. S3C). Since, mitochondrial damage is often 
recognized as cellular stress to trigger macroautophagy/auto-
phagy [51], we checked possibility of mitochondrial recruit-
ment of p-Ser65-Ubiquitin/Ub, p-Ser65-PRKN/PARK2, 
DNM1L, p-DNM1L and MAP1LC3B/LC3B-II (microtubule- 
associated protein 1 light chain 3 beta). Notably, mitochon-
drial fraction of Mut-ATP5F1A transfected cells showed sig-
nificantly higher incorporation of theses markers (Figure 4C) 
while slightly reduced TOMM20 levels were detected in low 
exposure immunoblots compared to WT fraction (Fig. S3D). 
Moreover, abundance of other apoptotic markers such as 
cleaved CASP3 and CASP9 were markedly increased in Mut- 
ATP5F1A expressing cells (Figure 4D), suggesting the trig-
gering of mitophagy upon depletion of ATP5F1A- 
phosphorylation in cancer cells.

To assess the consequences on tumor growth, ATP5F1A 
and Mut-ATP5F1A mutant expressing VCaP cells were 

injected subcutaneously into the flank of SCID mice and 
tumor growth was monitored. Robust tumor growth was 
observed in mice injected with ATP5F1A-transfected cells, 
however, markedly smaller tumors were formed by Mut- 
ATP5F1A expressing cells (Figure 5A-B). No significant 
change in mice body weight was observed (Figure S3E). At 
the end of experiment, tumors were harvested. Decreased 
p-Y-ATP5F1A levels were seen in Mut-ATP5F1A tumors, 
along with enhanced ATP5IF1 binding to Mut-ATP5F1A 
(Figure 5C-D). This was also reflected in attenuating ATP 
synthase activity in mitochondrial extracts isolated from Mut- 
ATP5F1A tumors and accumulation of mitophagy and auto-
phagy marker proteins along with slight reduction in levels of 
TOMM20 (Figure 5C-E and Fig. S3F). Collectively, these data 
suggests the enhanced phosphorylation of ATP5F1A has cru-
cial role in promoting tumor growth.

(R)-9b depletes p-Y-ATP5F1A sensitizing prostate cancer 
cells to mitophagy, but sparing normal cells
We have identified a novel TNK2/ACK1 inhibitor, (R)-9b that 
suppressed its kinase activity in vitro and in vivo [33]. (R)-9b 
treatment caused dose and time dependent depletion of both, 
activated TNK2/ACK1 (p-Y284-TNK2/ACK1 or TNK2/ 
ACK1) and p-Y-ATP5F1A in prostate cancer cells (Fig. S4A 
and B). Further, (R)-9b mediated specific depletion of 
p-Y-ATP5F1A in mitochondrial and cytosolic extracts was 
consistent with p-Y-TNK2/ACK1 loss in cytosolic extract, 
suggesting that TNK2/ACK1 could phosphorylate ATP5F1A 
in cytosol prior to its mitochondrial translocation (Fig. S4C). 
RWPE-1 cells exhibited almost undetectable levels of 
p-Y-ATP5F1A and enhanced ATP5IF1 binding to 
ATP5F1A, in contrast, six different cancer cell lines exhibited 
vigorous expression of p-Y-ATP5F1A, however ATPIF1/ 
ATP5F1A complex was barely detected (Figure 6A, panel 3). 
Upon (R)-9b treatment p-Y-ATP5F1A expression decreased 
causing revamping of ATPIF1/ATP5F1A complex (Figure 6A, 
panel 3). Further, a marked decline in ATP synthase activity 
and total ATP levels were seen upon (R)-9b treatment in 
cancer cells, in contrast, RWPE-1 cells were unperturbed 
(Figure 6B and Fig. S4D). Moreover, (R)-9b specifically depo-
larized prostate cancer cell mitochondria by reducing mtφ 
(Fig. S4E and F). A significant loss of MitoTracker Red 
staining was seen in (R)-9b treated cells, while RWPE-1 cells 
remained unruffled (Fig. S5A and S5B). No change in 
ATP5F1A mRNA levels were observed at early time points 
of 12–24 h post (R)-9b treatment, however, a significant 
decrease in ATP5F1A mRNA were observed after 48–96 h 
post (R)-9b treatment (Fig. S5C), attributed to initiation of 
cell death.

To scrutinize if (R)-9b mediated depletion of p-Y-ATP5F1A 
has similar OXPHOS truncation as in Mut-ATP5F1A cells, mito-
chondria stress assay was performed. A significant decrease in 
OCR was observed in (R)-9b treated C4-2B cells, while RWPE-1 
cells were unaffected (Figure 6C). Similar mitochondrial dysfunc-
tionality was imparted by (R)-9b in cells transfected with 
ATP5F1A and TNK2/ACK1 (and kinase dead TNK2/ACK1 or 
kd-TNK2/ACK1, Lys158R [52], as a control), as seen in significant 
reduction of ATP synthase activity and ATP levels (Fig. S6A-C). 
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Figure 3. Representation of the structure of the phosphorylated form of the mammalian ATP F1 ATPase. (A-D) The crystal structure of bovine F1 ATPase (pdb: 1BMF) 
were energy minimized before (gray) and after replacement of Try200 and Tyr203 with phospho-tyrosine (p-Tyr). In A-D, the structure of the phosphorylated form 
were colored by subunit (ATP5F1A, ATP5F1B, ATP5F1C as salmon, cyan, purple, respectively). Residues 200–203 are colored green. The non-phosphorylated form is 
colored in gray and superimposed on the phosphorylated from in B. Cartoon of the bovine F1 ATPase is shown in A. The area shaded in yellow is zoomed in C and 
D. (C) Zoomed image of the region around the α-subunit that interacts with phospho-tyrosine 200 and 203. (D) The same as C, except that the perspective is 
changed and residues 211–227 were removed to allow visualization of p-Tyr203. Other colors for atoms: blue: nitrogen, Orange: phosphate, red: oxygen, magenta: 
Mg2+. Hydrogen atoms were added to the structure, but are not shown in the figures. (E) Mitochondrial extracts were immunoblotted with p-Y-ATP5F1A antibodies 
(top panel). In addition, lysates were immunoprecipitated with FLAG antibodies, followed by immunoblotting with ATP5IF1 antibodies (2nd panel). Total cell lysate 
(CL) is used as control for mitochondrial extract. (F) C4-2B cells expressing vector (Vec), FLAG-tagged ATP5F1A and Mut-ATP5F1A were cultured in media with pH 4.5, 
6.5 and 8.5, for 6 h. Mitochondrial extracts were immunoprecipitated with FLAG (ATP5F1A) antibody, followed by immunoblotting with ATP5IF1 antibody, 
respectively (top panel). Total cell lysate (CL) is used as control for mitochondrial extract.
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This was accompanied by loss of mitochondrial membrane poten-
tial and MitoTracker intensity in (R)-9b treated cells (Fig. S6 
D-G). Taken together, these results opens an intriguing possibility 
that the cancer cells increase p-Y-ATP5F1A levels preventing 
ATP5IF1 binding, ensuing higher ATP synthase activity and 
total ATP output. In contrast, the normal cells that have low 
p-Y-ATP5F1A levels, exhibit higher ATP5IF1 binding and main-
tain relatively lower ATP output. Thus, low TNK2/ACK1 kinase 
activity and p-Y-ATP5F1A levels in RWPE-1 cells make them 
relatively insensitive to (R)-9b treatment.

To check if (R)-9b mediated loss of mitochondrial function 
can impair its integrity, C4-2B cells were treated and mitochon-
drial damage and fragmentation was visualized by electron 
microscopy. A significant distortion in mitochondrial morphol-
ogy was observed upon (R)-9b treatment, with marked reduc-
tion in number of intact cristae per mitochondria, as compared 
to untreated C4-2B cells, while, RWPE-1 cells exhibited no 
noticeable changes in mitochondrial morphology (Figure 6D). 
Further, (R)-9b treatment caused significant reduction in 
mtDNA content in PC cells, while no change was observed in 
RWPE-1 cells (Figure 6E, and Fig. S6H).

Figure 4. Ablation of Y243/246-phosphorylation on ATP5F1A induces mitophagy. (A) VCaP cells expressing FLAG-tagged ATP5F1A, Mut-ATP5F1A and control vector 
were grown in culture media with 1% serum for 7 days and number of viable cells was determined utilizing trypan blue exclusion assay. (B) Lysates were subjected 
for detection of mtDNA and HBB gene expression by qPCR. (C and D) Mitochondrial and cellular lysates from these cells were subjected to immunoblotting for the 
indicated proteins. For A and B, data are represented as mean ± SEM (n = 3, 3 replicates). *p < 0.05, ***p < 0.001.
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Figure 5. TNK2/ACK1-mediated ATP5F1A Y243/246-phosphorylation promotes prostate xenograft tumor growth by overcoming mitophagy. (A) VCaP cells stably 
expressing ATP5F1A or Mut-ATP5F1A (2 × 106 cells/mice) were injected subcutaneously in mouse and tumor progression was monitored. Tumor volume is 
represented as mean of 7 mice ± SE. (B) Dot plot represents individual tumor weight n = 7 each group. ***p < 0.001. (C) Levels of p-Y-ATP5F1A (6th panel) 
along with mitophagy marker proteins and (D) Levels of p-Y-ATP5F1A (5th panel), ATP5F1A/ATPIF1 complex (6th panel) and p-Y284-TNK2/ACK1 (8th panel) were 
detected in tumor lysates by immunoblotting. (E) The mitochondrial extract from tumors were processed to determine ATP synthase activity. For E, data are 
represented as mean ± SEM (n = 3, 3 replicates). *p < 0.05, ***p < 0.001.

1008 S. CHOUHAN ET AL.



Figure 6. Loss of ATP5F1A Y243/246-phosphorylation causes loss of mitochondrial function in prostate cancer cells while sparing normal cells. (A) RWPE-1, VCaP, C4- 
2B, PC-3, LNCaP, LAPC-4 and 22Rv1 cells were treated with 1 μM of (R)-9b and protein lysates were processed for detection of p-Y-ATP5F1A (top panel), ATP5F1A, 
p-Y284-TNK2/ACK1 and TNK2/ACK1. In addition, the lysates were also immunoprecipitated with ATP5F1A, followed by immunoblotting with ATP5IF1 antibodies (3rd 

panel). (B) These lysates were also accessed for ATP synthase activity. (C) (i) A representative graph of OCR outputs from the XF24 analyzer of C4-2B and RWPE-1 cells 
were treated with 1 μM of (R)-9b for 12 h and the response to oligomycin, FCCP, and antimycin A/rotenone was recorded. (ii) Comparison of ATP-linked OCR in (R)- 
9b treated and untreated cells. (D) RWPE-1 and C4-2B cells were treated with 1 μM of (R)-9b for 48 h and processed for electron microscopy. Bars: 100 μm. (E) RWPE- 
1 and VCaP cells were treated with 1 µM of (R)-9b for 0, 12, 24, 48 and 96 h and lysates were subjected for detection of mtDNA and HBB levels by quantitative qPCR. 
For B, C, D and E, data are represented as mean ± SEM (n = 3, 2 replicates). ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001.
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Mitochondrial dysfunction, fragmentation and damage cre-
ate cellular stress, thereby promoting mitochondrial clearance by 
mitophagic pathway [53,54], which often operates by accumula-
tion of PINK1 and PRKN in mitochondrial membrane and 
anchoring LC3B-II to form autolysosome [55]. We observed 
time dependent increase in accumulation of p-Ser65-Ub, 
p-Ser65-PRKN, p-DNM1L, DNM1L, PINK1 and LC3B-II in 
mitochondrial fraction (Figure 7A), followed by increase in 

colocalization of LC3B-II with mitochondrial TOMM20 post 
(R)-9b treatment (Fig. S7A). Further, anchoring of damaged 
mitochondria to autolysosome was detected by co-staining of 
TOMM20 with LysoTracker (Fig. S7B). Moreover, increase in 
cleavage of CASP3 and CASP9 in cellular extracts of (R)-9b 
treated cancer cells confirm induction of mitophagy following 
apoptosis (Figure 7B). In contrast, these mitophagic events were 
markedly subdued in RWPE-1 cells (Fig. S6I).

Figure 7. (R)-9b-mediated inhibition of ATP5F1A Y243/246-phosphorylation sensitize prostate cancer cells to mitophagy. (A) VCaP, C4-2B and PC-3 cells were treated 
with 1 µM of (R)-9b for indicated time duration and mitochondrial extracts were processed for detection of p-Ser65-Ub, p-Ser65-PRKN, p-DNM1L, DNM1L, LC3B-II, 
PINK1, PRKN and TOMM20 by immunoblotting (top 2 panels). Total cell lysate (CL) is used as control for mitochondrial or cytosolic extract. (B) Whole cell lysates were 
processed for detection of the indicated proteins.
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To determine if dependence on TNK2/ACK1 is the primary 
cause for increased ATP synthase activity and ATP levels in 
cancer cells and thereby making it sensitive to (R)-9b, TNK2/ 
ACK1 was overexpressed in RWPE-1 cells using retroviral con-
struct and then exposed to (R)-9b. Otherwise insensitive to (R)- 
9b, RWPE-1 cells upon TNK2/ACK1 overexpressing restored 
mitophagic response to (R)-9b treatment, which was evident in 
significant reduction in number of surviving cells (Fig. S8A). 
Further, depletion of p-Y-ATP5F1A and elevated levels of 
p-Ser65-Ub, p-Ser65-PRKN, p-DNM1L, DNM1L, PINK1 and 
LC3B-II (Fig. S8B), as well as caspase activation was observed in 
TNK2/ACK1 overexpressing RWPE-1 cells upon (R)-9b treat-
ment (Fig. S8C). A significant depletion of ATP synthase activ-
ity, ATP levels (Fig. S8D and E) and significant reduction in 
mitochondrial membrane potential and MitoTracker staining 
was also observed (Fig. S8F-I). Moreover, mtDNA content was 
markedly reduced upon (R)-9b treatment (Fig. S8J). 
Collectively, these data affirms that TNK2/ACK1 inhibition 
depletes phosphorylation of ATP5F1A, sensitizing prostate can-
cer cells to mitophagy, in contrast, normal prostate cells exhibit 
resistance due to absence of active TNK2/ATP5F1A signaling.

Depletion of p-Y-ATP5F1A is needed for (R)-9b mediated 
mitophagic response and tumor growth
To validate whether resumption of mitophagic response in 
prostate cancer cells is dependent on inhibition of TNK2/ 
ACK1 kinase activity, (R)-9b treated cells were compared to 
Mut-ATP5F1A expressing cells. A marked decrease in 
MitoTracker staining intensity, ATP synthase enzyme activity 
and total ATP levels was observed in (R)-9b treated cells, which 
was comparable to Mut-ATP5F1A expressing cells (Fig. S9A- 
C). The resulting dysfunctionality in mitochondria culminating 
into mitochondrial damage was detected as a marked reduction 
of mtDNA upon (R)-9b treatment or Mut-ATP5F1A expres-
sion (Fig. S10A). Further, depletion of p-Y-ATP5F1A upon 
(R)-9b treatment or Mut-ATP5F1A overexpression led to 
incorporation of p-Ser65-Ub, p-Ser65-PRKN, p-DNM1L, 
DNM1L, PINK1 and LC3B-II in mitochondrial extract (Fig. 
S10B) and comparable elevation in CASP3 and CASP9 clea-
vage (Fig. S10C). Subsequently, immunofluorescence-based 
studies indicated increase in LC3B-II and LysoTracker coloca-
lization in mitochondria in both Mut-ATP5F1A expressing as 
well as (R)-9b treated cells (Fig. S11A and B). Furthermore, 
(R)-9b also depolarized mitochondrial membrane in C4-2B 
cells expressing WT ATP5F1A (Fig. S11C and D).

To investigate involvement of PINK1 and PRKN in (R)-9b 
mediated mitochondrial damage, VCaP cells were transfected 
with siRNA, revealing that depletion of PINK1 and PRKN 
imparts transient rescue from (R)-9b mediated mitophagy 
(Figure 8A), which is also reflected in reduction in caspase 
cleavage and enhanced cell survival post treatment (Figure 8B- 
C). Further, interference in recruitment of damaged mitochon-
drial to lysosome mediated cytotoxicity was accessed by trans-
fecting VCaP cells with control and MAP1LC3B siRNA, 
followed by treatment with (R)-9b. Enhanced CASP3 and 
CASP9 cleavage was seen in control siRNA expressing cancer 
cells upon (R)-9b treatment, which was almost completely lost 
upon LC3B-II depletion (Figure 8D). Further, a significant 
increase in surviving cells was observed when pre-transfected 

with MAP1LC3B siRNA and received (R)-9b treatment, as 
detected by trypan blue staining (Figure 8E). Moreover, VCaP 
cells were pretreated with 3-MA, an autophagy inhibitor [56], or 
mitochondrial division inhibitor 1 (Mdivi-1), a mitophagy inhi-
bitor [57,58],, followed by treatment with (R)-9b, which signifi-
cantly compromised (R)-9b induced elevation of cleaved CASP3 
and CASP9 (Figure 8F). Rescue from cytotoxic effect of (R)-9b in 
this condition is further confirmed by increase in surviving 
VCaP cells pre-treated with either 3-MA or Mdivi-1, following 
(R)-9b treatment (Figure 8G and Fig. S12A). Similar rescue 
from mitophagy induced apoptosis was observed upon (R)-9b 
treatment in VCaP WT cells pre-treated with 3-MA or Mdivi-1 
(Figure 8H-I, Fig. S12B). Collectively, these data validated that 
anchoring of defective mitochondria to lysosome is a critical step 
in (R)-9b mediated autophagic response.

TNK2/ACK1 inhibitor, (R)-9b is a potent suppressor of 
prostate tumor growth [33,59]. To investigate role of 
p-Y-ATP5F1A regulated mitophagy in suppression of prostate 
tumor growth, VCaP and C4-2B cells were subcutaneously 
implanted in SCID mice, and once tumors were palpable, 
injected with (R)-9b. The tumors were excised 30 days post- 
treatment. Not only tumor growth was significantly compro-
mised in (R)-9b injected mice (Figure 9A-D), but also a marked 
decrease in ATP synthase activity and mtDNA content was 
noticed upon (R)-9b treatment (Figure 9E) and F. Further, (R)- 
9b treated tumor extracts revealed loss of p-Y-ATP5F1A and 
abundant incorporation of p-Ser65-Ub, p-Ser65-PRKN, 
p-DNM1L, PINK1, PRKN and LC3B-II in mitochondria 
(Figure 9G), indicating induction of mitophagy in these 
tumors. We have also observed reduction in levels of 
TOMM20 in low exposure immunoblots in these xenograft 
tumors upon (R)-9b treatment (Fig. S12C). Moreover, marked 
elevation of CASP3 and CASP9 cleavage was observed upon 
(R)-9b treatment (Figure 9H). Additionally, immunohisto-
chemistry (IHC) studies performed in VCaP and C4-2B xeno-
graft tumors exhibited a significant loss of p-Y-ATP5F1A levels 
in (R)-9b treated tumors (Figure 10A-B). Taken together, these 
data indicate that TNK2/ACK1/p-Y-ATP5F1A signaling pro-
motes prostate tumors growth by overcoming mitophagy.

Tnk2/Ack1 transgenic mice exhibit increased 
p-Y-ATP5F1A and loss of mitophagy

Earlier we have characterized an auto-activating E346K point 
mutation that causes constitutive activation of TNK2/ACK1 
[29,37]. We generated a transgenic mouse model in which 
human E346K-ACK1 was expressed in prostates of the mice by 
placing it under the control of modified Probasin (PB) promoter, 
ARR2PB. Tnk2/Ack1 transgenic mice (TG) exhibited a significant 
increase in p-Y-TNK2/ACK1 and p-Y-ATP5F1A staining in pros-
tates and developed prostatic intraepithelial neoplasia (PINs) 
(Figure 10C). In addition, TG mice exhibited a significant increase 
in p-Y-ATP5F1A expression and upon (R)-9b injection, increased 
ATP5IF1 binding and accumulation of p-Ser65-Ub, p-Ser65- 

PRKN, p-DNM1L, PINK1, PRKN and LC3B-II in mitochondrial 

fraction was observed (Figure 10D), followed by decrease in 

cleavage of CASP3 and CASP9 (Figure 10E).

AUTOPHAGY 1011



Figure 8. Anchoring of defective mitochondria to lysosome promoted by (R)-9b, mediating autophagic response. (A) VCaP cells were transfected with control (Ctrl) or PINK1 or PRKN 
siRNA, followed by (R)-9b (1 μM) for 72 h and mitochondrial extracts were subjected to immunoblot-based detection of the indicated proteins. (B) VCaP cells were transfected with 
control (Ctrl) or PINK1 or PRKN siRNA, followed by (R)-9b (1 μM) for 72 h and cell lysates were subjected to immunoblot-based detection of the indicated proteins. (C) VCaP cells were 
transfected with control (Ctrl) or PINK1 or PRKN siRNA, followed by (R)-9b (1 μM) for 96 h and surviving cell number was determined by trypan blue exclusion assay. (D) VCaP cells were 
transfected with control (Ctrl) or MAP1LC3B siRNA, followed by (R)-9b (1 μM) for 72 h and cell lysates were subjected to immunoblot-based detection of the indicated proteins. (E) VCaP 
cells were transfected with control (Ctrl) or MAP1LC3B siRNA, followed by (R)-9b (1 μM) for 96 h and surviving cell number was determined by trypan blue exclusion assay. (F) VCaP cells 
were pre-treated with 3-MA (5 mM) or Mdivi-1 (10 μM), followed by (R)-9b (1 μM) for 72 h and lysates were subjected to immunoblot-based detection of the indicated proteins. (G) VCaP 
cells were pre-treated with 3-MA (5 mM) or Mdivi-1 (10 μM), followed by (R)-9b (1 μM) for 72 h and surviving cell number was determined by trypan blue exclusion assay. (H) VCaP cells 
expressing FLAG-tagged WT-ATP5F1A and Mut-ATP5F1A were pre-treated with 3-MA (5 mM) or Mdivi-1 (10 μM) followed by (R)-9b (1 μM) for 72 h. Cell lysates were immunoblotted for 
detection of the indicated proteins (Lower panel). (I) These cells were subjected to trypan blue exclusion assay to determine the surviving cell number. For C, E, G and I, data are 
represented as mean ± SEM (n = 3, 3 replicates). ns- not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 9. TNK2/ACK1 inhibitor (R)-9b suppresses p-Y-ATP5F1A and prostate tumors growth. (A and B) VCaP and C4-2B cells (2 × 106/mice) were injected 
subcutaneously in SCID mice and once tumors were palpable, mice were injected with vehicle (6% Captisol) or (R)-9b (dissolved in 6% Captisol), 5 times a week 
for 5 weeks. The tumor volume was measured using calipers. (C) The mitochondrial extracts were processed for determining ATP synthase activity. (D) mtDNA and 
HBB levels were determined by qPCR. (E) Tumor mitochondrial extract were processed for immunoblot-based detection of p-Ser65-Ub, p-Ser65-PRKN, p-DNM1L, 
DNM1L, LC3B-II, PINK1, PRKN and TOMM20. Additionally, the lysates were also immunoprecipitated with ATP5F1A, followed by immunoblotting with ATP5IF1 
antibodies (4th panel). (F) Tumor lysates were immunoblotted for detection of the indicated proteins. For A-F, data are represented as mean ± SEM (for E and F, 
n = 3, 2 replicates). ns- not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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Increased TNK2/ATP5F1A signaling during prostate 
cancer progression to malignant stage

To understand the clinical relevance, freshly harvested human 
benign prostate, prostate carcinoma, lymph node and sample 
with metastasis of prostate cancer to lymph node were IHC 
stained. A significant increase in p-Y-TNK2/ACK1 (cytoplasmic) 

and p-Y-ATP5F1A expression was observed in prostate carci-
noma and its metastasis to lymph nodes (Figure 11A). To further 
validate these observation, IHC staining of a tissue microarray 
(TMA) of clinically annotated human prostate (n =  80) samples 
was undertaken. A significant increase in p-Y-TNK2/ACK1 and 
p-Y-ATP5F1A level was observed when cancer patients from

Figure 10. Loss of TNK2/ACK1 kinase activity depletes p-Y-ATP5F1A in tumor xenograft and mice models. (A and B) VCaP and C4-2B tumors treated with (R)-9b were 
processed for immunohistochemistry-based detection of p-Y-ATP5F1A, p-Y284-ACK. Histological scores for cytosolic staining (cs) in each sample is represented at 
bottom of each image. (C) TNK2 transgenic mice (TG) prostate sections were subjected to IHC staining with p-Y-ATP5F1A and p-Y-284-TNK2/ACK antibodies. (D) 
Mitochondrial lysates from prostates of wild type and TG mice were subjected to immunoblotting with indicated antibodies. (E) Total lysates from prostates of wild 
type and TG mice were subjected to immunoblotting with indicated antibodies.
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Figure 11. P-Y284-TNK2/ACK1 and p-Y-ATP5F1A expression in TMA is correlated with progression of prostate cancer to malignant stage. (A) Human benign prostates, 
cancer tissue, lymph nodes and metastatic lymph nodes were subjected to immunohistochemistry-based detection of p-Y-ATP5F1A and p-Y284-TNK2/ACK1. 
Pathologist’s scores for cytosolic staining (cs) in each sample is shown. Bars: 200 μm. (B) Human prostates TMA were subjected to IHC staining with p-Y-ATP5F1A 
and p-Y284-TNK2/ACK1 antibodies. Pathologist’s scores for in each sample is shown. Bars: 200 μm. (C and D) Box plots summarize distributions of staining intensities 
for p-Y-ATP5F1A or p-Y284-TNK2/ACK1 antibody in prostate TMA sections. The box indicates 50% of the data from the 25% quartile to the 75% quartile with the bold 
black horizontal lines representing the median. Whiskers extend from each end of the box to the most extreme values within 1.5 times the inter quartile range from 
the ends of the box. The individual data points were jittered and colored for better visualization. (E) Expression levels between p-Y-ATP5F1A and p-Y284-TNK2/ACK1 
expression were significantly correlated in prostate tumors (ρ =  0.46, p = 1.9x10−5).
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Figure 12. TNK2/ACK1-mediated phosphorylation of ATP5F1A (ATP synthase F1 subunit alpha): Graphical abstract. In prostate cancer cell mitochondria, TNK2/ACK1 
inhibition by (R)-9b causes depletion of p-Y243/Y246-ATP5F1A, resulting in enhanced binding of ATP5IF1 to ATP synthase complex. ATP5IF1 binding causes 
mitochondrial dysfunction in prostate cancer cells, promoting reduction in mitochondrial membrane potential (ΔΨ) thereby elevating mitochondrial membrane 
depolarization. This mitochondrial stress then enable recruitment of PINK1, which further facilitates recruitment and phosphorylation of DNM1L and PRKN. 
Consequently, accumulation of p-Ser65-Ub activates PINK1/PRKN mitophagy pathway. The damaged mitochondria experiencing massive PINK1/PRKN activation 
recruits itself to lysosome membranes via LC3 attached to a phagophore. Targeted cancer mitochondria are subsequently degraded in autolysosome, causing 
activation of caspase-based apoptosis signaling, leading to cancer cell specific clearance.
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progressive stages were examined, i.e. normal, hyperplasia and 
malignant stages (Figure 11B-D; Table S1). Kruskal Wallis test 
indicated that both p-Y-TNK2/ACK1 and p-Y-ATP5F1A expres-
sion differed significantly among progression stages (P = 0.00002 
and P = 0.00019, respectively) and expression of p-Y-TNK2/ACK1 
was significantly correlated with p-Y-ATP5F1A in situ (Spearman 
rank correlation coefficient ρ =  0.55, p = 1.1x10−7; Figure 11E).

Discussion

Growth of prostate carcinoma is recognized as distinct among 
solid tumors because primary prostate tumors favor enhanced 
OXPHOS but limited glycolysis [10]. In this study, we uncov-
ered that an oncogenic kinase, TNK2/ACK1, phosphorylates 
ATP5F1A at Tyr243/246, thus maintaining high mitochon-
drial output (Figure 12). Significantly, this post-translationally 
modified ATP5F1A is largely lacking in normal prostate cells 
or tissues, in contrast, a significant increase in p-Y-ATP5F1A 
levels were seen in malignant tissues that correlated with 
activated TNK2/ACK1. This uncovers a novel mitochondrial 
vulnerability that can be utilized to achieve cancer specific cell 
clearance. Thus, TNK2-ATP5F1A signaling presents an excel-
lent opportunity for metabolism-based drug targeting.

A major advantage of cancer specific mitochondria- 
targeting drug synergy is unique activation of mitophagy 
mediated apoptosis in cancer cells, which is driven by leakage 
of pro-apoptotic factors. Since, normal cells do not pre- 
dispose such mitochondrial vulnerabilities, the usage of mito-
chondria-targeting treatment or “mitocan”-based therapy can 
lead to the efficient elimination of cancer cells, while sparing 
normal cells. Cancer metabolism-specific inhibitors as candi-
date mitocans are rare and highly sought after and therefore 
multiple mitochondrial inhibitors are delineated for their 
anti-cancer properties [60–64]. These drugs are mostly limited 
by their off-target toxic effects and unclear cancer specificity. 
For example, rotenone is an inhibitor of complex I that 
although inhibits proliferation of several human cancer cell 
lines, exhibit potent off-target toxic effects [60], and causes 
neurotoxicity [65]. Similarly, metformin, a pleiotropically act-
ing drug that inhibits complex I [66,67] seems to decrease 
overall mortality, but not the incidence of prostate cancer 
[61,68,69]. Other complex I inhibitors, deguelin and IACS- 
010759, are recently reported for their anti-cancer properties 
in PTEN null mice [62,70] and in a prostate cancer mouse 
model with the co-deletion of PTEN and Trp53 [63], respec-
tively. However, drugs that can specifically target mitochon-
drial metabolism have not been identified in prostate 
malignancies. In this context, our data demonstrate that (R)- 
9b is a cancer specific mitocan that compromises the unique 
metabolic needs of cancer cells and specifically annihilates 
them by triggering mitophagic pathways. It is likely that 
other TNK2/ACK1 overexpressing cancers e.g. breast, testicu-
lar, pancreatic, glioma and lung cancer could also exhibit 
sensitivity for TNK2/ACK1 inhibition.

We observed that (R)-9b mediated inhibition of mitochon-
drial output or OXPHOS is often accompanied by increased 
lactate levels in most prostate cancer lines, while not affecting 
glucose consumption (Fig. S12D-G), indicating that prostate 
cancer cells are trying to utilize alternative metabolic pathway 

to compensate for loss of ATP. Interestingly, at least six 
different glycolytic enzymes were found to be Tyr- 
phosphorylated in the proteomics screen of the TNK2/ACK1 
overexpressing prostate cancer cells (Table S2). Further, (R)- 
9b treatment altered the levels of enzymes of various meta-
bolic pathways (Fig. S12H and I). Taken together, these data 
postulate that the tumor inhibitory effect of TNK2/ACK1 
inhibition may not only be seen in the OXPHOS dependent 
prostate cancers [33], but also in glycolysis dependent tumors 
such as breast cancers [34].

Castration resistant prostate cancer (CRPC) is notoriously 
difficult to treat due to its rapid acquisition of resistance to 
both, first and second generation of anti-androgen and AR- 
antagonist therapies. Since, AR is regulated by TNK2/ACK1 
[33] and ubiquitin ligase such as SIAH2 is involved in TNK2/ 
ACK1 degradation [40], it might be possible to achieve CRPC 
specific mitophagy by understanding mechanistic details of 
TNK2/ACK1 regulators. Overall, the dependence on 
p-Y-ATP5F1A to maintain ATP levels could be a novel para-
digm for the addiction of cancer cell mitochondria to kinase 
signaling and presents a previously unknown “metabolic vul-
nerability” that can be exploited as a deterrent to drug 
resistance.

Materials and Methods

Cell lines

RWPE-1, VCaP, PC-3, LNCaP, 22Rv1 and HEK293T cells 
were obtained from ATCC (CRL-11609, CRL-2876, CRL- 
1435, CRL-1740, CRL-2505, CRL-3216). C4-2B and LAPC-4 
cells source and growth conditions were as described pre-
viously [33]. VCaP and HEK293T cells were cultured in 
DMEM (Gibco, 15,070,063). PC-3 cells were cultured in 
RPMI-1640 (Thermo Fisher Scientific, 11,875,093) with 10% 
FBS (Life technologies, 160,044). LAPC-4 cells were cultured 
in Isove’s modified Eagle’s medium (Thermo Fisher Scientific, 
MT10016CV) which was supplemented with 10% fetal bovine 
serum, 1 nM R1881, 50 units/ml of penicillin, and 50 µg/ml of 
streptomycin, r supplemented with 10% FBS. All cultures 
were maintained with 5000 units/ml of penicillin- 
streptomycin (Thermo Fisher Scientific, 15,070,063) and cul-
tured in a 5% CO2 incubator.

Knockdown of TNK2 by siRNA Interference

Various prostate cancer cell lines were transfected with test 
siRNA or control siRNA by using X-tremeGENE siRNA trans-
fection reagent (Sigma-Aldrich, 4,476,093,001). Cells were 
allowed to culture for 48 h and then harvested for immunoblot-
ting experiments. Following siRNA were used in present study: 
TNK2 siRNA#1 (Dharmacon RNA Technologies, D-003102- 
13), TNK2#2 (Dharmacon RNA Technologies, D-003102-11), 
PINK1 siRNA (Thermo Fisher Scientific, AM51331), PRKN 
siRNA (Thermo Fisher Scientific, AM16708), MAP1LC3B
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siRNA (Santa Cruz Biotechnology, sc-43,391) and control 
siRNA-A (Santa Cruz Biotechnology, sc-37,007).

Retrovirus-based transfection

To generate stable prostate cancer cell lines expressing Vector 
(Vec), WT and Mut-ATP5F1A or RWPE-1 cell line stably 
expressing Vector (Vec), TNK2/ACK1 and kd-TNK2/ACK1, 
respective retrovirus constructs were subcloned into pMSCV 
vector and transfected in 293 T cells with a packaging plasmid 
(pCMV-VSV-G and pUMVC3-gag pol) using X-tremeGENE 
transfection reagent (Sigma-Aldrich, 4,476,093,001). Prostate 
cancer cell lines or RWPE-1 cells were infected for 12 h with 
viral supernatants containing 8 μg/mL polybrene (Santa Cruz 
Biotechnology, sc-134,220). The transfected cells were selected 
in the presence of 2 μg/mL puromycin (Thermo Fisher 
Scientific, A1113802). WT and Mut-ATP5F1A cells were cul-
tured in media with 1% serum for 12 h prior experiments or 
specifically mentioned in experiments.

Chemical/inhibitors treatment and cell culture conditions

For all the studies, (R)-9b treatment was given in 1% serum 
condition at concentration 1 μM until specifically indicated 
for time intervals as per experiments. WT and Mut-ATP5F1A 
cells were cultured in media with 1% serum for 12 h and 
processed for immunofluorescence-based detection of 
MitoTracker (Thermo fisher scientific, M7512) staining. In 
these experiments oligomycin (Oligo; Sigma, 579–13-5) treat-
ment (0.5 μM) for 3 h was used as control for depletion of 
MitoTracker intensity. WT and Mut-ATP5F1A cells were 
cultured in media with 1% serum for 72 h for immunofluor-
escence-based detection of LC3B-II, LysoTracker (Invitrogen, 
L12492) staining. For experiments involving TMRE (Abcam, 
ab113852)-based immunofluorescence or flow cytometry, cells 
were treated with Oligo (0.5 μM) for 1 h or FCCP (Sigma, 
370–86-5) (0.5 μM) for 1 h prior to harvesting cells. For 
experiments involving 3-MA (Santa Cruz Biotechnology, sc- 
205,596; 50 μM) and Mdivi-1 (Selleckchem, S7162; 50 μM) 
treatments, WT and Mut-ATP5F1A cells were cultured in 1% 
serum for 12 h followed by 48, 72 or 96 h of (R)-9b treatment, 
as per experiments. sodium orthovanadate (Thermo Fisher 
Scientific, S454-50; 1 μM) and sodium fluoride (Sigma, 
S6521; 1 μM) were added to culture media for inhibition of 
protease for 3 h prior to termination of respective experiment.

Mouse xenograft studies

All animal experiments were performed using the standards 
for humane care in accordance with the NIH Guide for the 
Care and Use of Laboratory Animals. Mice breeding and 
colony maintenance was performed according to IACUC pro-
tocols approved in writing by Washington University in 
St. Louis Department of Comparative Medicine (DCM). 
A xenograft WT-ATP5F1A and Mut-ATP5F1A VCaP tumor 
model was prepared and monitored for eight weeks. Briefly, 
retrovirus-based stable WT-ATP5F1A and Mut-ATP5F1A 
VCaP cells were cultured and harvested and resuspended in 
media. The viable cell numbers were estimated by counting 

trypan blue exclusion assay. The cell suspension was mixed 
with 50% volume of Matrigel (Corning, 354,428) to a final 
concentration of 2 × 106 cells were injected subcutaneously 
into the left flank of the intact adult male SCID C.B17 mice 
(Jackson laboratory). Tumor growth and body weight were 
checked thrice a week. Tumor volume was calculated using 
the formula: volume = (width)2 × length/2. At the end of the 
experiment (8 weeks post cancer cell injection), the animals 
were euthanized by carbon dioxide asphyxiation. Tumor sam-
ples were collected and stored at −80°C until analysis.

For C4-2B xenograft tumor growth study, 2 × 106 C4-2B 
cells were suspended in 200 µl of PBS (Sigma, P5493) with 
50% Matrigel and were implanted subcutaneously into the 
dorsal flank of castrated six-week-old male SCID C.B17 
mice (n = 3 per group). Once the tumors reach approximately 
100mm3 in size (about 4–5 weeks), mice were injected sub-
cutaneously with (R)-9b resuspended in 6% Captisol 
(Selleckchem, S4592; 6% Captisol in PBS as vehicle) at the 
concentrations 20 mg/Kg of body weight, five times a week, 
for 4–5 weeks. Tumor volumes were measured every 5th day 
interval using calipers and tumor volume was calculated as 
described above. Formation of tumors was monitored over 
a 10-week period. At the end of the study, all mice were 
humanely euthanized, tumors extracted and weighed.

For VCaP xenograft study, similar strategy was used except 
that the cells were injected in intact male SCID C.B17 mice 
(n = 3 per group) and treated orally with 48 mg/Kg of body 
weight with (R)-9b in 6% Captisol, five times a week. At the 
end of the experiment (day 35), and tumor samples were 
collected and processed as described above.

Tnk2/Ack1 Transgenic (TG) Mice

E346K mutant of human TNK2 gene was inserted into the 
pTG1 vector downstream of a sequence coding ARR2PB 
promoter region and Globin intron, upstream of a SV40 
polyA site. The construct was digested and linear DNA frag-
ment was microinjected into fertilized C57B6 mouse eggs, 
which were then surgically transplanted into a pseudo- 
pregnant female. Transgenic founders were screened by PCR 
using genomic DNA isolated from tail snips. Presence of 
mutation, E346K, was confirmed by tail PCR, followed by 
sequencing. The prostate specific expression was assessed by 
immunoblotting with p-Y284-TNK2/ACK1 antibodies. 
Prostates from transgenic mice were dissected using 
a dissection microscope, fixed in 10% buffered formalin and 
embedded in paraffin. Sections were stained with hematoxylin 
(Sigma, H9627) and eosin (Sigma, 861,006) and stained slides 
were evaluated by pathologist (C.W.).

Mass Spectrometry

C4-2B cell were transfected with HA-tagged TNK2/ACK1. 
Post-transfection, cells lysates were processed for LCMS/MS 
analysis. Samples were digested overnight with modified 
sequencing grade trypsin (Promega, Madison, V5111), Glu- 
C (Worthington, LS003605), or Arg-C (Roche, 
11,370,529,001). Phosphopeptides were enriched using 
Phospho Select IMAC resins (Sigma, I1408). A nanoflow 
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ultra-high performance liquid chromatograph (RSLC) 
(Thermo Fisher Scientific, ULTIM3000RSLCNANO) coupled 
to an electrospray bench top orbitrap mass spectrometer 
Q-Exactive plus (Thermo Fisher Scientific, 
IQLAAEGAAPFALGMBDK) was used for tandem mass spec-
trometry peptide sequencing experiments. The sample was 
first loaded onto a pre-column (2 cm × 100 μm ID packed 
with C18 reverse phase resin, 5 μm, 100 Å) and washed for 
8 min with aqueous 2% acetonitrile and 0.04% trifluoroacetic 
acid. The trapped peptides were eluted onto the analytical 
column, (C18, 75 μm ID × 50 cm, 2 μm, 100 Å). The 
90 min gradient was programmed as: 95% solvent A (2% 
acetonitrile + 0.1% formic acid) for 8 min, solvent B (90% 
acetonitrile + 0.1% formic acid) from 5% to 38.5% in 60 min, 
then solvent B from 50% to 90% B in 7 min and held at 90% 
for 5 min, followed by solvent B from 90% to 5% in 1 min and 
re-equilibrate for 10 min. The flow rate on analytical column 
was 300 nl/min. Sixteen tandem mass spectra were collected 
in a data-dependent manner following each survey scan. Both 
MS and MS/MS scans were performed in Orbitrap to obtain 
accurate mass measurement using 60 sec exclusion for pre-
viously sampled peptide peaks. Sequences were assigned using 
Sequest (Thermo Fisher Scientific) and Mascot (www. 
matrixscience.com) database searches against SwissProt pro-
tein entries of the appropriate species. Oxidized methionine, 
carbamidomethyl cysteine, and phosphorylated serine, threo-
nine and tyrosine were selected as variable modifications, and 
as many as 3 missed cleavages were allowed. The precursor 
mass tolerance was 20 ppm and MS/MS mass tolerance was 
0.05 Da. Assignments were manually verified by inspection of 
the tandem mass spectra and coalesced into Scaffold reports 
(www.proteomesoftware.com).

Generation and affinity purification of the p-Y-ATP5F1A 
antibody

Two ATP5F1A peptides coupled to immunogenic carrier pro-
teins were synthesized as shown below, and p-Y-ATP5F1A 
antibodies to detect tyrosine at 243 and 246 sites were custom 
synthesized by ProMab Biotechnologies.

ATP5F1A Phosphorylated peptide (GSDEKKKLpYSIpYVAI 
GQKRSC)

ATP5F1A Non-modified peptide (GSDEKKKLYSIYVAI 
GQKRSC)

The monoclonal p-Y-ATP5F1A antibodies to detect tyro-
sine at 243 and 246 expressing hybridoma was custom gener-
ated by ProMab Biotechnologies.

Immunoblotting

Xenograft tumors were homogenized and lysed by sonica-
tion in receptor lysis buffer (RLB) containing 20 mM 
HEPES (pH 7.5), 500 mM NaCl, 1% Triton X-100, 1 mM 
DTT, 10% glycerol, phosphatase inhibitors (50 mM NaF, 
1 mM Na2VO4), and protease inhibitor mix (Roche, 
04574834001). RWPE-1, VCaP, C4-2B, PC-3, LAPC-4, 
LNCaP, 22Rv1 and HEK293T cells were transfected and/ 
or treated as per experimental requirement and were har-
vested and lysed by sonication in RLB. Lysates were 

quantitated and 50 mg, unless specifically mentioned, of 
protein lysates were fractionated by SDS-PAGE, and trans-
ferred onto a PVDF membrane (Bio-Rad, 1,620,177). After 
blocking in 3% bovine serum albumin (BSA) (Sigma, 
A7030), membranes were incubated with the following pri-
mary antibodies: anti-p-Y-ATP5F1A (1:100), anti-ATP5F1A 
(1:1000), anti-ATPIF1 (1:1000), anti-PRKN (1:1000), anti- 
PINK1 (1:1000), anti-phosphoSer65-PRKN (1:1000), 
DNM1L (1:1000), phospho-DNM1L (1:1000), anti-phospho 
-Ubiquitin/Ub (1:1000), anti-p-Y-284-TNK2/ACK1 
(1:1000), anti-TNK2/ACK1 (1:1000), anti-IF-1 (1:1000), 
anti-LC3B-II (1:1000), anti-TOMM20 (1:1000), anti- 
cleaved CASP3 (1:1000), anti-cleaved CASP9 (1:1000), anti- 
HA (1:1000), anti- phosphor-tyrosine (p-Tyr) (1:500), anti- 
FLAG (1:1000), anti-HSP90 (1:1000) and anti-ACTB 
(1:9000). Following three washes in PBS-T, the blots were 
incubated with horseradish peroxidase-conjugated second-
ary antibody. The blots were washed three times and the 
signals visualized by Pierce™ ECL Western Blotting 
Substrate according to manufacturer’s instructions 
(Thermo Fisher Scientific, 32,209).

For immunoprecipitation studies, cell or xenograft tumors 
were lysed by sonication in RLB, the lysates were quantitated 
and 0.5 to 1 mg of protein lysate was immunoprecipitated 
using 2 μg of anti-ATP5F1A, anti-p-Tyr, anti-FLAG or anti- 
HA antibody coupled with protein A/G sepharose (Santa Cruz 
Biotechnology, sc-2003) as described earlier [71]. Samples 
were then washes with RLB and PBS buffers. The beads 
were boiled in sample buffer and immunoblotting was per-
formed as described above. Densitometric analysis using 
ImageJ software (ImageJ, NIH, USA) was performed for 
representative immunoblot images after normalizing with 
ACTB and fold change intensity for each lane is incorporated, 
wherever required.

Antibodies for western blots and immunofluorescence 
used were from the following sources:

anti-ATP5F1A (Santa Cruz Biotechnology, sc-136,178), 
anti-TOMM20 (Sigma, HPA011562),

anti-HSP-90 (Santa Cruz Biotechnology, sc-13,119), 
anti-ATPIF1 (Santa Cruz Biotechnology, sc-271,614), 
anti-p-Tyr (Santa Cruz Biotechnology, sc-508), anti- 
FLAG (Sigma, F3165), anti-HA (Santa Cruz 
Biotechnology, sc-7392), anti-TNK2/ACK1 (Santa Cruz 
Biotechnology, sc-28,336), anti- p-Y284-TNK2/ACK1 
(Millipore, 09–142), anti-LC3B-II (Abcam, ab48394), anti- 
PINK1 (Santa Cruz Biotechnology, sc-517,353), anti- 
cleaved CASP9 (Cell Signaling Technology, 7237), anti- 
PRKN (Santa Cruz Biotechnology, sc-32,282), anti- 
phospho-ubiquitin (Ser65; Millipore, ABS1513-I), anti- 
phospho-PRKN (Ser65; Millipore, ABN2244), DNM1L 
(Cell Signaling Technology, 14,647), phospho-DNM1L 
(Ser616; Cell Signaling Technology, 3455), anti-cleaved 
CASP3 (Cell Signaling Technology, 9661), Alexa Fluor® 
488 Goat anti-Rabbit IgG (Thermo Fisher Scientific, 
A-11008), Alexa Fluor® 488 Goat anti-Mouse IgG 
(Thermo Fisher Scientific, A-11029), anti-ACTB/Actin 
(Sigma, A2228), anti-mouse IgG, HRP-linked Antibody, 
Cell Signaling Technology, 7076) and anti-rabbit IgG, 
HRP-linked Antibody (Cell Signaling Technology,7074).
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In vitro kinase assay

HEK293T cells were transfected with WT-ATP5F1A or 
Mutant constructs. Post 48 h of transfection, cell lysates 
were prepared and 1 mg protein was subjected to immuno-
precipitation using FLAG beads for 2 h. 20ul of this IP WT/ 
Mutant protein-bead conjugate was then incubated with 
TNK2/ACK1 or non-specific kinase, WEE1, (1 ug) at 37°C 
in kinase assay buffer (50 mM HEPES (pH 7.5) (Sigma, 
H7006), 15 mM MgCl2 (Sigma, M1028), 1 mM EGTA 
(Sigma, E8145), 10% glycerol (Sigma, G5516), 10 mM DTT 
(Sigma, 10,197,777,001) and 0.1 mM ATP (Sigma, A7699) for 
2 h. The reaction was separated on SDS-PAGE, followed by 
immunoblotting with p-Tyr antibody to detect phosphoryla-
tion on ATP5F1A. TNK2/ACK1 and WEE1 proteins (1 ug) 
were also subjected to SDS-PAGE and stained with Coomassie 
brilliant blue R-250 (Thermo Fisher Scientific, BP101-25).

Mitochondrial extract preparation

RWPE-1, prostate cancer cells or tumor samples were har-
vested as per various experimental conditions and cell pellets 
were utilized for mitochondria isolation as per manufacturers 
protocol (Thermo Fisher Scientific, 89,874). Total cell lysate 
(CL) is used as control for mitochondrial or cytosolic extract.

Transmission electron microscopy

C4-2B and RWPE-1 cells were plated on coverslips and trea-
ted with 1 μM of (R)-9b for 48 h. Post 48 h, cells were 
immersion fixed overnight in a modified Karnovsky’s fixative 
containing 3% glutaraldehyde (Sigma, G5882) and, 2% paraf-
ormaldehyde (Sigma, 158,127) in 1 M sodium cacodylate 
buffer (pH 7.4) (Sigma, 97,068). Cells were then rinsed in 
1 M sodium cacodylate buffer, post fixed in 2% osmium 
tetroxide (Sigma, 75,632), dehydrated through graded ethanol 
(Sigma, E7023) and propylene oxide (Sigma, 202,339) and 
embedded in Embed 812 (Electron Microscopy Sciences, 
14,120). Sections were cut 90-nm thick and placed on 200- 
mesh copper grids. Grids were stained with uranyl acetate 
(Sigma, 221,171) and lead citrate (Sigma, 15,326) and viewed 
at 80kv with a JEOL 1200EX electron microscope and digital 
images were acquired with an AMT Advantage HR high 
speed, wide angle, 1.3 megapixel TEM high definition CCD 
camera. A minimum of 8–10 random fields were examined in 
blinded fashion at 2,500x (magnification for evidence of auto-
phagy or cell injury/death. Higher magnifications (10,000– 
30,000x) were used to examine ultrastructure changes in 
mitochondria. Mitochondrial cristae per mitochondria were 
counted and plotted as mean±SEM in bar graphs.

Immunofluorescence analysis

Normal or prostate cancer cells (3 × 102) under various 
experimental conditions were seeded on cover slips and 
allowed to adhere for 24 h at 37°C. Thereafter, cells were 
treated with inhibitors as per experimental conditions. Cell 
were then processed and permeabilized as described earlier 
[72]. Next, the cells were incubated with the primary 

antibodies, FLAG mouse monoclonal or LC3B-II mouse 
monoclonal and TOMM20 rabbit polyclonal at a dilution of 
1:500 in blocking buffer for 1 h. The excess antibody was 
washed off with 1X PBS. The cells were incubated with 
Alexa Fluor 488-conjugated anti-rabbit secondary antibody 
(1:1000 dilution) and Alexa Fluor 594-conjugated anti- 
mouse secondary antibody (1:1000 dilution) for 30 min. The 
cells were washed and coverslips were mounted on glass slides 
in DAPI (Thermo Fisher Scientific, D1306) containing 
mounting media. The cells were visualized using Zeiss LSM 
880 II Airyscan FAST Confocal Microscope with a 63X oil 
immersion objective. Zen blue software was used to acquire 
and process images.

For visualizing mitochondrial activity by MitoTracker Red 
(MitoTracker™ Red CMXRos; Thermo Fisher Scientific, M7512) 
staining or visualization of autolysosome by LysoTracker 
(Invitrogen, L12492) dye, cells under various experimental con-
dition were incubated with 100 nM of MitoTracker Red or 
50 nM of LysoTracker in complete media for 30 min at 37°C. 
Cells were also stained with DAPI as described earlier [73]. 
After washing with PBS, cells were fixed with 2% paraformal-
dehyde for 5 min and processed for Immunofluorescence stain-
ing for FLAG or TOMM20 as mentioned above. MitoTracker 
Red staining intensity was normalized with DAPI staining 
intensity using densitometric analysis by ImageJ software 
(NIH) and fold changes were represented as mean ± SEM of 
relative MitoTracker staining intensity, wherever required in 
related experiments.

TMRE staining

To access the changes in mitochondrial membrane potential, 
tetramethylrhodamine ethyl ester (TMRE) Mitochondrial 
Membrane Potential Assay Kit (Abcam, ab113852) was uti-
lized as per manufacture’s protocol. Briefly, Cells were plated 
in CELLview 4-compartment glass-bottom tissue culture 
dishes (Greiner Bio-One, 627,870), and treated as per experi-
mental condition. Cells were then incubated for 30 min at 
room temperature with 50 nM TMRE and and NucBlue™ Live 
ReadyProbes™ Reagent (Thermo Fisher Scientific, R3760) and 
proceed for live-cell imaging with the alpha Plan-Apochromat 
100×/1.46 Oil DIC M27 objective on the Zeiss LSM 880 with 
Airyscan. Prior to image analysis, raw .czi files were automa-
tically processed into deconvoluted Airyscan images using the 
Zen software. Leica SP8 LSM, fitted with STED module, was 
used to perform live-cell super-resolution imaging.

Assessment of mitochondrial membrane potential by flow 
cytometry-based TMRE staining

To detect changes in mitochondrial membrane potential, cell 
were stained with tetramethylrhodamine ethyl ester (TMRE; 
Abcam, ab113852) and measure by flow cytometry as pre 
manufacturer protocol. Briefly, cells were incubated with 50  
nM TMRE for 30 min. After washing the cells in PBS, they 
were processed for FACS-based detection of TMRE using flow 
cytometer (BD FACS Calibur). FLOWJO software was used to 
measure immunofluorescence intensities and fold change is 
potted as bar graphs.
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Human prostate cancer clinical tissues and prostate TMA

The prostate TMAs were obtained from US Biomax (PR807c: 
80 cases) for our study for which we are exempt from IRB 
approval, as no personal information about patients is sought.

Immunohistochemical staining

Fine sections (5 μm) were prepared from formalin fixed paraffin 
embedded tumor tissues and fixed on glass slides. For immuno-
histochemistry, slides were deparaffinization and antigen retrieval 
was performed as described earlier [74]. Horse serum (2.5%; 
Sigma, H1270) was used for blocking for 1 h. After washing 
with PBST, slides were probed with p-Y-ATP5F1A (1:10) or 
p-Y284-TNK2/ACK1 (1:100) and incubated at 4°C overnight. 
Slides were washed with PBST and probed with biotinylated 
universal secondary antibody (Vector Laboratories, BA-1400) 
for 1 h. Tissue sections were again washed with PBST and layered 
with ABC vectastain reagent (Vector Laboratories, PK-7200) for 
30 min. After three washes with PBST, tissue sections were stained 
with DAB substrate (Vector Laboratories, SK-4100) and observed 
under microscope for reaction buildup and then immediately 
washed with PBS. Tissue sections were stained with hematoxylin 
for nuclear staining and washed under tap water followed by 
dehydration with 70% ethanol solution. Tissues sections were 
then sealed with coverslips using Cytoseal™ 60 (Richard-Allan 
Scientific, 925,302) and allowed to cure for 48 h. For human 
prostate TMA, similar IHC protocol was performed with slight 
modification after deparaffinization, endogenous peroxidase 
activity was blocked by treatment of 0.3% H2O2 (Sigma, 
1.07209) in distilled water for 5 min and during DAB substate 
addition, DAB Reagent 4, containing Nickel, was also added. 
Tissue sections were then examined and images were captured 
with a brightfield microscope (EVOS M5000 Imaging System, 
Invitrogen) at 20x magnification. Histopathological analysis was 
performed for each tissue section and cytosolic scores (cs) were 
mentioned for IHC staining for both p-Y-ATP5F1A and p-Y284- 
TNK2/ACK1 at the bottom of image.

Seahorse Mito Stress assay

The metabolic status was investigated on an XFe96 Extracellular 
Flux analyzer (Seahorse Bioscience) with standard 96-well 
Seahorse microplates (Agilent, 101,085–004). A Mito Stress test 
kit (Agilent, 103,015) was applied, and the oxygen consumption 
ratio (OCR) and the extracellular acidification rate (ECAR) were 
measured. In brief, VCaP, C4-2B or RWPE-1 cells were seeded 
into 96 well plates with or without (R)-9b for 12 h and allowed to 
form a monolayer. Thereafter, medium was then replaced by 
180 μl of non-buffered Dulbecco’s modified Eagle’s medium 
(DMEM) containing 10 mM glucose, 2 mM glutamine and 
1 mM pyruvate. The cells were incubated in a CO2-free incubator 
at 37°C for 1 h to allow for temperature and pH equilibration 
before being loaded into the XFe96 analyzer. The injection 
sequence was programmed as: 1st, oligomycin (1 μM at final 
concentration); 2nd, FCCP (1 μM at final concentration); 3rd, 
rotenone and antimycin A (0.5 μM and 0.5 μM at final concen-
trations, respectively). ATP-linked OCR was measured by sub-
tracting the OCR at oligomycin addition from baseline cellular 

OCR. The data was normalized with cell number and analyzed 
using software Wave (version 2.2.0, Seahorse Bioscience) for 
visual presence.

Trypan blue exclusion assay

To assess the effect of various transfections or retrovirus- 
based stable gene expression or treatments on cell prolifera-
tion, the cells were trypsinized and number of viable cells 
counted by trypan blue exclusion assay kit (Sigma, T8154) 
as per manufacturers protocol and data obtained were repre-
sented in bar graphs as mean±SEM.

Colony formation assay

Colony formation assay was performed as described elsewhere 
[75]. Briefly, retrovirus-based stable transfected VCaP, C4-2B 
and PC-3 cells (5 × 102) were plated in 6 well plates and 
allowed to adhere for 24 h at 37°C. Next day, cells were 
cultured for further 48 h in 1%FBS containing media. 
Subsequently, medium was replaced with complete media 
and cells were incubated for an additional 21 days at 37°C in 
CO2 incubator with medium change on every 2–3 day. Cells 
were then fixed (3% paraformaldehyde and 0.02% glutaralde-
hyde in PBS) and stained with 0.05% crystal violet (Sigma, 
C0775). Images of colonies were captured and densitometric 
analysis was performed using ImageJ software (ImageJ, NIH, 
USA). Relative colony formation (%) values as compared to 
vector expressing cells were plotted in bar graphs as 
mean±SEM.

ATP Quantification

Cellular ATP contents were determined by Mitochondrial 
ToxGlo™ Assay (Promega, G9241). In brief, RWPE-1 or PC- 
3 cells were treated as per experimental conditions in 96 well 
white polystyrene microplate (Corning, VV-01728-44) and 
ATP levels were measured by luminescent ATP detection 
assay kit according to the manufacturer’s protocols. The per-
centage luminescence was normalized with cell number and 
plotted in bar graphs as mean±SEM.

ATP synthase activity assay

Complex V (ATP synthase) enzyme activity was determined 
using the ATP Synthase Enzyme Activity Microplate Assay 
Kit (Abcam, ab109714). Assay was performed as per the 
manufacturer’s protocol. Briefly, 5 ug of mitochondrial 
extracts obtained from various experimental conditions were 
plated in a 96-well assay plate and the hydrolysis of ATP to 
ADP, facilitated by immunocaptured ATP-synthase, was 
coupled to the oxidation of NADH to NAD+ resulting in 
reduced absorbance at 340 nm. OD obtained were calculated 
for percent of vehicle control and were represented in bar 
graphs as mean±SEM.
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Mt-DNA qPCR

Cells under various experimental conditions were lysed in 
RLB and quantitative PCR was performed to quantify mito-
chondrial DNA (mtDNA) copy number and the internal 
control gene HBB using SYBR® Premix Ex TaqTM II TB 
green premix (TaKaRa, RR82LR) and the specific primers:

mtDNA: 172–5′-AGGACAAGAGAAATAAGGCC-3′ 
(forward)

5′-TAAGAAGAGGAATTGAACCTCTGACTGTAA-3′ 
(reverse)

HBB: 5′-GTGCACCTGACTCCTGAGGAGA-3′ (forward)
5′-CCTTGATACCAACCTGCCCAG-3′ (reverse)
The conditions of PCR reaction were as follows: one cycle 

of 95°C for 30s, 40 cycles of 95°C for 5 s, and 60°C for 30s. 
Each reaction was repeated three times. The expression level 
of mtDNA was determined by relative quantitative CT value 
of gene expression with 2−∆∆CT method. The HBB data were 
used for normalizing the gene values.

Quantitative RT-PCR

Cells under various experimental conditions were for RNA 
isolation and cDNA preparation as described earlier [74]. All 
RT reactions were done at the same time so that the same 
reactions could be used for all gene studies. For the construc-
tion of standard curves, serial dilutions of pooled sample RNA 
were used (50, 10, 2, 0.4, 0.08, and 0.016 ng) per reverse 
transcriptase reaction. One “no RNA” control and one “no 
Reverse Transcriptase” control were included for the standard 
curve. Three reactions were performed for each sample: 10 ng, 
0.8 ng, and a NoRT (10 ng) control. Real-time quantitative 
PCR analyses were performed using the ABI PRISM 7900HT 
Sequence Detection System (Applied Biosystems). All stan-
dards, the no template control (H2O), the No RNA control, 
the no Reverse Transcriptase control, and the no amplifica-
tion control (Bluescript plasmid) were tested in six wells per 
gene (2 wells/plate x 3 plates/gene). All samples were tested in 
triplicate wells each for the 10 ng and 0.8 ng concentrations. 
The no RT controls were tested in duplicate wells. Following 
primers of ATP5F1A and ACTB were used for RT-PCR 
reaction:

ATP5F1A:
5′-GCTCCTTACTCTGGCTGTTCCA-3′ (forward),
5′-GCGGAGCAACAGAGACATCTGA-3′ (reverse)
ACTB:
CACCATTGGCAATGAGCGGTTC (forward)
AGGTCTTTGCGGATGTCCACGT (reverse)
PCR was carried out with SYBR® Premix Ex TaqTM II TB 

green premix (TaKaRa, RR82LR) using 2 μl of cDNA and the 
primers in a 20 μl final reaction mixture. After 2 min incuba-
tion at 50°C, reaction was activated by 10 min incubation at 
95°C, followed by 40 PCR cycles consisting of 15s of dena-
turation at 95°C and hybridization of primers for 1 min at 
55°C. Dissociation curves were generated for each plate to 
verify the integrity of the primers. Data were analyzed using 
SDS software version 2.2.2 and exported into an Excel spread-
sheet. The ACTB data were used for normalizing the gene 
values.

Modeling studies

The crystal structure of bovine F1 ATPase (pdb: 1BMF) and 
bovine F1 ATPase with the natural inhibitor, ATP5IF1, bound 
(pdb: 1OHH) were used in the modeling studies. Tyr200 and 
Tyr203 were replaced with phosphotyrosine using Pymol [76]. 
Using the Molecular Operating Environment (MOE) [77] soft-
ware platform, the structures were prepared by invoking 
Protonate 3D, and then energy minimized in Amber 10 force- 
field. All images of the structures are presented using Pymol 
software.

High-multiplex stable-isotope dilution assay for 
measurement of metabolic enzymes

Proteotypic peptides were selected according to CPTAC recom-
mendations [78] and were synthesized as high purity natural 
abundance and stable isotope-labeled pairs for 115 peptides 
from 67 enzymes. Lysates from DMSO or (R)-9b (1 μM) for 
12 h treated PC-3 prostate cancer cell lines and RWPE-1 normal 
prostate epithelium cell line were prepared and tryptic digests 
were generated for spiking with labeled peptide standards. LC- 
MS analysis was performed using a Q-Exactive mass spectro-
meter with a parallel reaction monitoring (PRM) method [79]. 
Assays were developed as Tier 2 assays [80]. The 2 h scheduled 
PRM method with a minimum of 8 MS2 scans acquired for 
each peptide. For assay characterization, low complexity matrix 
is a tryptic digest of 10 commercially available proteins.

Fluorescence-activated cell sorting (FACS) analysis for 
detection of apoptotic cells

VCaP cells or WT-ATP5F1A or Mut-ATP5F1A retroviral 
infected cells (3x105) were plated in 35 mm culture dish and 
allowed to adhere for 24 h. Next, cells were pretreated with 
3-MA or Mdivi-1 for 12 h followed by 72 h of (R)-9b treatment. 
Thereafter, cells were processed for fluorescence-activated cell 
sorting (FACS) analysis for detection of apoptotic cells, by 
double staining with ANXA5/annexin V-FITC along with PI 
as described earlier [72,74]. Cells were sorted by flow cytometer 
(BD FACS Calibur) to determine the live and dead cell popula-
tions. Data was analyzed using Cell Quest Pro software (BD 
Biosciences) and bar graphs represent mean±SD of percentage 
of cells positive for ANXA5/annexin V uptake v/s PI as detected 
by flow cytometry of an experiment done in triplicate

Glucose consumption assay

PC-3 or RWPE-1 cells (3 × 103) were plated in 12 well tissue 
culture plates and allowed to adhere for 24 h at 37°C. Next day, 
cells were starved of serum and glucose (Sigma, G8644) for 2 h. 
Thereafter, fresh DMEM containing 10% FBS with 25 mM 
glucose was added and cells were further cultured for 48 h. 
For measuring glucose utilization, residual glucose present in 
the culture medium was measured using rapid glucose analyzer 
(Accu-Chek Sensor Comfort, Roche Diagnostics) according to 
manufacturer’s instructions. Consumed glucose was estimated 
by subtracting the remaining residual glucose in the medium 
from the initial concentration in DMEM (450 mg/dl or 25 mM). 
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The experiments were performed in triplicate and values were 
normalized to total number of cells.

Lactate assay

PC-3 or RWPE-1 were seeded in a 24-well plate in the growth 
medium containing 10% FBS under standard culture condi-
tion. Cell were treated with (R)-9b for 48 h. Cell pellets were 
then processed for lactate concentration measurement by YSI 
2900 multianalyte system (YSI, 2900D). For TNK2 siRNA 
transfection studies, C4-2B or LAPC-4 cells were transfected 
with control (Ctrl) or TNK2 siRNA and post 48 h, cells were 
processed for lactate assay, as above. Final data of the lactate 
production rates were normalized to the cell number per well.

Statistical analysis

Data for all experiments were analyzed with Prism software 
(GraphPad). All statistical analyses were performed using 
Student t-test or one-way ANOVA unless otherwise specified.
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