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Introduction

Genetically unstable or damaged cells are discarded by the body 
by programmed apoptosis or necrosis, respectively. Defects in 
the regulatory processes that govern cell death have been linked 
to a variety of human pathologies including neurodegenerative 
diseases and cancer (Ashwell et al., 1994). Indeed, the ability 
of cancer cells to circumvent death during hypoxia or nutrient 
stress is a well-established and acknowledged feature of tum-
origenesis (Gatenby et al., 2007; Chiche et al., 2010). The pre-
vailing mechanism by which cancers avert cell death under low 
oxygen tension is poorly understood but has been suggested to 
involve adaptive reprogramming of genes associated with cell 
survival and metabolism (Plas and Thompson, 2002). Because 
early carcinogenesis typically occurs in a hypoxic microenvi-
ronment, the tumor cells rely on glycolysis for energy produc-
tion (Gatenby et al., 2007; Gillies and Gatenby, 2007a; Robey 
et al., 2008). Therefore, even though the tumors eventually 
become vascularized and O2 levels increase, the glycolytic phe-
notype persists, resulting in the “paradox” of glycolysis during 
aerobic conditions (the Warburg effect; Warburg, 1956; Robey 
et al., 2008). This property of cancerous and hypoxic tumors 
has been attributed in part to the enhanced expression levels 
of the glycolytic enzymes, notably pyruvate dehydrogenase 
(PDH) kinase (PDK), which inhibits the PDH. PDH is a critical 

mitochondrial enzyme that regulates glucose oxidation through 
its conversion of pyruvate to acetyl-CoA and mitochondrial py-
ruvate flux. Inhibition of PDH resulted in the incomplete oxi-
dation of glucose resulting in conversion of pyruvate to lactate 
in cytoplasm (Gang et al., 2014). Interestingly, inhibition of the 
PDK isoform 2 (PDK2) with dichloroacetic acid (DCA) in cer-
tain cancer cells restored mitochondrial glucose oxidation, and 
sensitized cancer cells to apoptotic stimuli by activating PDH 
activity (Bonnet et al., 2007; Garon et al., 2014; Wojtkowiak et 
al., 2015). These findings support the notion that glucose me-
tabolism in cancer cells is mutually dependent and obligatorily 
linked to cell survival (Gatenby and Gillies, 2007; Gillies and 
Gatenby, 2007b). Though an operational link between glucose 
utilization and hypoxia resistance has been suggested, the un-
derlying mechanisms remain unknown (Israelsen et al., 2013).

Alternative gene splicing provides a means by which cells 
generate proteins with different properties from a single mRNA 
precursor. Indeed, alternative splicing of several metabolic and 
survival genes have been reported in a variety of human cancers 
(Christofk et al., 2008; Israelsen et al., 2013). Recent data by 
our laboratory established the hypoxia-inducible protein Bcl-2 
19 kD interacting protein (Bnip3) to be crucial for provoking 
cell death of cardiac myocytes during hypoxia in vivo and in 
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vitro (Regula et al., 2002; Dhingra et al., 2014). Importantly, 
we demonstrated that Bnip3 provoked mitochondrial pertur-
bations including permeability transition pore opening, loss of 
mitochondrial ΔΨm, reactive oxygen species (ROS), and cell 
death. Furthermore, genetic ablation or mutations that abro-
gated mitochondrial targeting of Bnip3 suppressed mitochon-
drial perturbations and cell death. Collectively, these findings 
substantiate the importance of Bnip3 as central regulator of 
mitochondrial function and cell death of ventricular myocytes 
during hypoxic injury of postnatal ventricular myocytes. An-
other salient feature of Bnip3 is its reported ability to serve as 
a sensor of mitochondrial quality control through autophagy/
mitophagy (Hamacher-Brady et al., 2006; Wang et al., 2013). 
Indeed, the ability of Bnip3 to be involved in some aspects of 
mitochondrial clearance has been reported, but this property of 
Bnip3 is less well understood and may be cell and context spe-
cific. Nevertheless, despite these findings substantiating Bnip3 
as a critical regulator of mitochondrial injury and cell death 
during hypoxia, certain cancer cells are reportedly resistant 
to Bnip3-induced cell death (Bellot et al., 2009; Mazure and 
Pouysségur, 2009). The underlying mechanism that accounts 
for these apparent differences in the actions of Bnip3 on cell 
death is unknown but likely reflects an adaptive mechanism that 
allows tumor cells to suppress the otherwise lethal actions of 
Bnip3. Collectively, we believe these confounding results may 
be attributed to a cellular factor that antagonizes the otherwise 
lethal actions of Bnip3 in cancer cells.

Little is known of the mechanisms that regulate Bnip3 
transcription or posttranscriptional processing under basal or 
apoptotic conditions. During the course of our investigations, 
we identified a novel previously unrecognized alternatively 
spliced variant of Bnip3 mRNA in cardiac muscle generated ex-
clusively during hypoxia (Gang et al., 2011). Sequence analy-
sis revealed that the canonical Bnip3 protein encoded by Bnip3 
mRNA composed of exons 1–6, designated Bnip3FL, contains 
the BH3-like domain and carboxyl–terminal transmembrane 
(TM) required for mitochondrial membrane targeting; and 
that the splice variant of Bnip3 mRNA generated by exclu-
sion of exon 3 encodes a truncated Bnip3 protein designated 
Bnip3Δex3, which lacked the BH3-like domain and the criti-
cal TM domain, was virtually absent in normal cells but highly 
expressed in several human adenocarcinomas. Interestingly, 
while Bnip3FL provoked widespread cell death, Bnip3Δex3 
promoted survival in cardiac myocytes (Gang et al., 2011). 
The functional significance of the Bnip3Δex3 spliced isoform 
in cancer cells is unknown and has not been formally tested. 
Given the inherent resistant of tumor cells to tissue hypoxia, we 
reasoned that alternative spliced form of Bnip3Δex3 may con-
fer an adaptive survival advantage that is linked to their unique 
glycolytic phenotype (Christofk et al., 2008).

In this study, we test this possibility and provide compel-
ling new evidence that Bnip3Δex3 variant is preferentially ex-
pressed in several different human cancers where it antagonizes 
the actions of Bnip3FL. We further show Bnip3Δex3 mRNA 
synthesis is dependent on the unique glycolytic phenotype in 
cancer cells. Hence, the findings of the present study reveal an 
adaptive survival pathway for hypoxia resistance in cancer cells 
that is obligatorily linked and mutually dependent on the alter-
native splicing that switches Bnip3 from cell death to survival. 
The preferential synthesis of the survival isoform Bnip3Δex3 
may explain more fundamentally how certain tumor cells over-
ride cell death during hypoxia.

Results

Glycolytic metabolism associated with the 
alternative splicing of Bnip3 in cancer cells
To begin to understand the biological significance of Bnip3Δex3 
isoform in cancer cells, we formally assessed the relative ex-
pression levels of the Bnip3FL and Bnip3Δex3 isoforms in 
several different human cancer cell lines. For these studies, 
we compared the expression levels of the Bnip3 mRNA iso-
forms in Panc-1, HCT116, and MCF-7 cancer cells to primary 
cultured postnatal cardiac myocytes. Interestingly, while low 
levels of Bnip3FL mRNA were detectable in cardiac myo-
cytes under basal conditions, it was virtually absent in Panc-1, 
HCT116, and MCF-7 cells, respectively (Fig. 1 A). Conversely, 
the Bnip3Δex3 isoform was highly expressed in each of the 
cancer cell lines tested compared with cardiac myocytes under 
basal conditions, with the highest level of Bnip3Δex3 expres-
sion observed in Panc-1 cells (Fig. 1 A). Further we detected 
the Bnip3Δex3 isoform in several different human breast tu-
mors and glioblastomas (Fig. S1, A and B). Collectively these 
findings verify that Bnip3Δex3 is constitutively present as the 
major Bnip3 isoform in human cancers.

Because we previously demonstrated that the spliced 
variant Bnip3Δex3 was generated preferentially under hypoxic 
conditions in postnatal cardiac myocytes, we reasoned that the 
unique metabolic profile of cancer cells (aerobic glycolysis) 
might provide the glycolytic environment to favor the splicing 
and generation of Bnip3Δex3 isoform. To test this possibility, 
we assessed whether PDK2 expression, the key glycolytic en-
zyme that regulates mitochondria pyruvate flux, is altered in 
postnatal cardiac myocytes and Panc-1 cancer cells. As shown 
in Fig. 1 B, in contrast to cardiac myocytes that exhibited low 
basal levels of PDK2, PDK2 was highly expressed in Panc-1 
cells, consistent with the higher levels of Bnip3Δex3 isoform 
observed in these cells (Fig. 1 A). Interestingly, however, PDK2 
expression was markedly increased in cardiac myocytes sub-
jected to hypoxia, coincident with an increase in Bnip3Δex3 
splicing. Further, overexpression of PDK2 in cardiac myocytes 
under normoxic conditions recapitulated the effects of hypoxia 
and shifted splicing toward the Bnip3Δex3 isoform (Fig. 1 C). 
To determine whether the high basal levels of PDK2 in cancer 
cells provides the metabolic switch that favors generation of 
Bnip3Δex3 isoform, we monitored Bnip3 mRNA splicing by 
real-time PCR in Panc-1 cells in the absence or presence of the 
PDK2 inhibitor DCA. To first prove that PKD2 activity is in-
hibited by DCA in cancer cells, we assessed PDK2 protein ex-
pression and kinase activity in Panc-1 cells treated with DCA. 
As shown by Western blotting (Fig.  1  D), PDK2 protein ex-
pression in cells treated with DCA was not appreciably differ-
ent from control; however, PKD2 kinase activity was markedly 
inhibited in cells treated with DCA or after PDK2 knockdown 
(Fig. 1 E). These findings verify that PDK2 kinase activity is 
indeed inhibited by DCA. Notably, inhibition of PDK2 activity 
in cells treated with DCA resulted in a dose-dependent reduc-
tion in Bnip3Δex3 splicing (Fig.  1  F). Because the direction 
of pyruvate flux controlled by the PDK–PDH pathway deter-
mines whether glucose oxidation via mitochondrial TCA will 
be complete or incomplete via cytoplasmic glycolysis, we 
reasoned that splicing of Bnip3Δex3 may be directly affected 
by pyruvate levels within cancer cells that exhibit high basal 
levels of PDK2. To test this possibility, we assessed whether 
altering cellular pyruvate levels would influence Bnip3Δex3 
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Figure 1.  Alternative splicing of Bnip3 in cancer cells. (A) Endogenous mRNA levels of Bnip3 full length (Bnip3FL) and Bnip3 spliced variant deleted for 
exon 3 (Bnip3Δex3) by qPCR in neonatal cardiac myocytes (NCMC), Panc-1, HCT-116, and MCF-7 cells. Data were obtained from at least n = 4–7 inde-
pendent experiments for each condition tested. Data are expessed as mean ± SD (error bars). *, statistically different from Bnip3FL of primary NCMC; **, 
statistically different from Bnip3Δex3 of NCMC. (B) Western blot analysis of endogenous PDK2 proteins in Panc-1 cells and NCMC under normoxia and 
hypoxia conditions. The filter was probed with an antibody directed against PDK2 (46 kD). GAP​DH served as a loading control for the Western blot. (C) 
Endogenous mRNA expression levels of Bnip3FL and Bnip3Δex3 isoforms in NCMC transfected with vector alone control (CTRL) or PDK2 eukaryotic expres-
sion plasmid. Data were obtained from at least n = 3 independent experiments for each condition tested. *, statistically different from CTRL. (D) Western 
blot analysis of endogenous PDK2 protein in Panc-1 cells treated with 1–5 mM DCA. The filter was probed with an antibody directed against PDK2 (46 
kD). β-Actin served as a loading control for the Western blot. (E) ELI​SA for PDK2 kinase activity in Panc-1 cells treated with 5 mM DCA or knocked down 
for PDK2. Data were obtained from at least n = 4 independent cell culture for each condition tested. *, statistically different from CTRL. (E, inset) Western 
blot analysis of endogenous PDK2 protein in Panc-1 cells in the absence or presence of siRNA-PDK2. (F) Real-time qPCR analysis of relative Bnip3Δex3 and 
Bnip3FL mRNA expression levels in Panc-1 cells. Cells were treated with 1–5 mM DCA. Data were obtained from at least n = 3 independent experiments 
for each condition tested. *, statistically different from CTRL in the absence of DCA. (G) Real-time qPCR analysis of relative Bnip3Δex3 mRNA and Bnip3FL 
mRNA in Panc-1 cells treated with pyruvate. Panc-1 cells were treated with 5 mM DCA or followed by knockdown of PDK2 with siRNA directed against 
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splicing (McFate et al., 2008). For these studies, Panc-1 cells 
were cultured in the presence of pyruvate in glucose and se-
rum-free DMEM. As shown in Fig. 1 G, in contrast to Panc-1 
cells grown in DMEM alone, a dose-dependent increase in exon 
3 splicing of Bnip3 mRNA was observed in cells supplemented 
with pyruvate. Importantly, however, Bnip3 mRNA splicing 
was suppressed by either DCA or knockdown of PDK2 with or 
without pyruvate supplementation. Collectively, these findings 
strongly suggest that the glycolytic metabolism and the resul-
tant increased PDK2 activity in cancer cells influences Bnip3 
mRNA splicing and Bnip3Δex3 synthesis.

Alternative splicing of Bnip3Δex3 on cell 
survival during hypoxia
Because cancer cells are inherently resistant to metabolic stress 
imposed during hypoxia (Gillies and Gatenby, 2007b), we rea-
soned that hypoxia may influence Bnip3 pre-mRNA splicing 
and cell viability. To test this possibility, we assessed expres-
sion of Bnip3 isoforms under normoxic and hypoxic condi-
tions. As shown in Fig.  1  H, in contrast to normoxic cells, a 
marked increase in both Bnip3FL and Bnip3Δex3 isoforms was 
detected in cardiac cells during hypoxia, a finding concordant 
with our previous work (Gang et al., 2011). Interestingly, how-
ever, Bnip3Δex3 isoform was highly expressed under normoxic 
conditions in Panc-1, HCT-116, and MCF-7 cells, and was fur-
ther increased in each of the cancer cell lines tested during hy-
poxia (Fig. 1 H). Interestingly, while the Bnip3FL isoform was 
the dominant Bnip3 isoform detected in cardiac myocytes, the 
Bnip3Δex3 variant was the major Bnip3 isoform detected in 
each of the cancers during hypoxia.

As a step toward ascertaining whether the Bnip3Δex3 
variant influences cell survival, we tested the impact of the 
Bnip3Δex3 isoform on cell viability during hypoxia. For these 
studies, cells were stained with vital dyes calcein-AM and ethid-
ium homodimer-1 to identify the number of living (green) and 
dead (red) cells, respectively. As shown by epifluorescence mi-
croscopy in Fig. 1 (I and J), in contrast to cardiac myocytes, 
Panc-1, HCT-116, and MCF-7 cells were resistant to hypoxia. 
Based on the resistance of Panc-1, HCT-116, and MCF-7 cells 
to hypoxic injury, we reasoned that the high expression levels 
of Bnip3Δex3 spliced isoform in these cancer cells may con-
fer a survival advantage during hypoxia. To test this possibility, 
we assessed whether selective knockdown of Bnip3Δex3 iso-
form would sensitize cancer cells to Bnip3FL and provoke cell 
death during hypoxia. For these studies, we generated siRNA 
directed against the unique exon 2–exon 4 junction sequences 
found exclusively in the Bnip3Δex3 isoform (Fig. 2 A). Previ-
ous work by our laboratory verified the specificity of the siRNA 
used for inhibiting the endogenous Bnip3Δex3 isoform in car-
diac myocytes (Gang et al., 2011). As shown in Fig.  2  B, in 
contrast to normoxic control cells, Bnip3FL isoform expression 
was markedly increased in Panc-1 cells subjected to hypoxia. 

Importantly, neither Bnip3FL mRNA (Fig. 2 B) nor protein ex-
pression (Fig.  2  C) were affected by siRNA directed against 
Bnip3Δex3 isoform during hypoxia. These findings are in com-
plete agreement with our previous work in cardiac myocytes 
demonstrating that siRNA used to knock down Bnip3Δex3 
isoform in cancer cells does not influence the Bnip3FL mRNA 
or protein expression (Gang et al., 2011). In contrast, however, 
expression of endogenous Bnip3Δex3 isoform was dramatically 
reduced in cells expressing siRNA directed against Bnip3Δex3 
isoform during hypoxia (Fig.  2, D and E). Notably, selective 
knockdown of endogenous Bnip3Δex3 isoform in Panc-1, 
HCT-116, and MCF-7 cells during hypoxia rapidly induced 
ROS production and cell death (Fig. 2, F–H; and Fig. S2, A–C). 
To further prove that cancer cells’ resistance to Bnip3FL and 
hypoxia-induced cell death was dependent on the presence of 
Bnip3Δex3 isoform, we performed reciprocal experiments in 
which we selectively knocked down the Bnip3FL isoform but 
not Bnip3Δex3 spliced variant during hypoxia. For these stud-
ies, we generated shRNA directed against exon 3 sequences that 
are present in the Bnip3FL isoform but absent in the Bnip3Δex3 
variant (Fig. 3 A). Notably, in contrast to control cells subjected 
to hypoxia, hypoxia-induced activation of endogenous Bnip3FL 
was markedly reduced by shRNA directed against the Bnip3FL 
isoform. Importantly, shRNA directed against Bnip3FL isoform 
had no effect on Bnip3Δex3 splicing during hypoxia (Fig. 2 C 
and Fig.  3, B and C). Furthermore selective knockdown of 
Bnip3FL isoform in Panc-1 and HCT-116 cells had no effect on 
hypoxia-induced cell death (Fig. 3, D and E). Collectively these 
findings strongly suggest that Bnip3FL provokes cell death in 
the absence of Bnip3Δex3 isoform. To validate these findings 
and the notion that the Bnip3Δex3 isoform confers a cell sur-
vival advantage in cancer cells by antagonizing the otherwise le-
thal effects of Bnip3FL isoform, we performed loss-of-function 
studies in which we knocked down Bnip3Δex3 variant in cancer 
cells overexpressing Bnip3FL. As shown in Fig. 4, knockdown 
of Bnip3Δex3 isoform sensitized Panc-1, HCT-116, and MCF-7 
to cell death induced by Bnip3FL, a finding concordant with our 
cell viability data during hypoxia. Earlier work by our laboratory 
demonstrated that overexpression of Bnip3FL triggered mito-
chondrial perturbations and cell death of cardiac myocytes that 
was suppressed by Bnip3Δex3 isoform. Interestingly, as shown 
in Fig. 4 (A and B), Panc-1, HCT-116, and MCF-7 cells overex-
pressing the Bnip3FL isoform were indistinguishable from vec-
tor-transfected controls with respect to cell viability. However, 
knockdown for Bnip3Δex3 in cells overexpressing Bnip3FL 
unmasked the cytotoxic actions of Bnip3FL, triggering mito-
chondrial ROS production and cell death (Fig. 4, A–C). These 
important findings support our contention that in the absence of 
the Bnip3Δex3 spliced variant, the Bnip3FL isoform is cytotoxic 
to cells and provokes death. Collectively, these findings strongly 
suggest that the Bnip3Δex3 confers a survival advantage to can-
cer cells by antagonizing the lethal actions of Bnip3FL.

PDK2 in the absence or presence of 0.1–2 mM pyruvate. Data were obtained from at least n = 3–4 independent cell cultures for each condition tested. 
*, statistically different from CTRL; NS, not statistically different from each other in the indicated group; **, statistically different from CTRL in the absence 
of pyruvate. (H) Real-time PCR analysis of Bnip3FL and Bnip3Δex3 isoforms in NCMC, Panc-1, HCT116, and MCF-7 cells subjected to hypoxia (HPX) 
for 18 h. Data were obtained from at least n = 3–4 independent experiments for each condition tested. *, statistically different from myocytes CTRL for 
Bnip3FL isoform; †, not statistically different from myocytes CTRL for Bnip3FL isoform; **, statistically different from myocytes CTRL for Bnip3Δex3 isoform. 
(I) Cell viability of cancer cells during hypoxia; shown are representative epifluorescence images of cells stained with vital dyes calcein-AM and ethidium 
homodimer-1 to visualize live (green) and dead (red) cells, respectively, as we described previously. Bar, 40 µm. (J) Histogram depicting quantitative data 
from I. Data were obtained from at least n = 3–4 independent experiments counting ≥500 cells from n = 3 glass coverslips for each condition tested. *, 
statistically different from myocytes CTRL.
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Inhibition of Bnip3Δex3 promotes 
doxorubicin-induced cell death of 
cancer cells
Because earlier work by our laboratory established that the 

widely used chemotherapeutic agent doxorubicin promotes car-
diac cell death by a mechanism contingent upon Bnip3FL (Dh-
ingra et al., 2014), we reasoned that the preferential synthesis of 
Bnip3Δex3 isoform in cancer cells may antagonize Bnip3FL and 

Figure 2.  Knockdown of Bnip3Δex3 isoform sensitizes cancer cells to hypoxia. (A) Schematic depicting the targeting strategy of siRNA for knockdown 
of endogenous Bnip3Δex3 isoform. siRNA was designed to specifically target sequences spanning the exon 2–exon 4 junction, which is unique to the 
Bnip3Δex3 isoform. Specificity of the siRNA was described previously. (B) Real-time qPCR analysis of relative mRNA levels of endogenous Bnip3FL isoform. 
Panc-1 cells were subjected to hypoxia for 18 h in the absence or presence of siRNA-Bnip3Δex3 (50 nM). RNA extracted from the cells was analyzed 
by real-time PCR. Data were obtained from at least n = 3–4 independent experiments for each condition tested. Data are expressed as mean ± SD (error 
bars). *, statistically different from control (CTRL); †, not statistically different from HPX. (C) Western blot analysis of Bnip3 proteins in panc-1 cells in the 
absence or presence of shRNA-Bnip3FL or siRNA-Bnip3Δex3 under the hypoxia condition; the filter was probed with a murine antibody directed against 
Bnip3 (∼30 kD). β-Actin (∼40 kD) served as a loading control for the Western blot. (D) Real-time qPCR analysis of relative mRNA levels of endogenous 
Bnip3Δex3 isoform. Panc-1 cells were subjected to hypoxia for 18 h in the absence or presence of siRNA-Bnip3Δex3 (50 nM). RNA extracted from the cells 
was analyzed by real-time PCR. Data were obtained from at least n = 3–4 independent experiments for each condition tested. *, statistically different from 
control (CTRL); **, statistically different from hypoxia (HPX). (E) Western blot analysis of Flag-Bnip3Δex3 expression levels in Panc-1 cells. Panc-1 cells were 
transfected with Flag-Bnip3Δex3 eukaryotic expression vector in the absence or presence of siRNA-Bnip3Δex3. Bnip3Δex3 was detected with the antibody 
directed against Flag-tag. (F) ROS in Panc1 cells after Bnip3Δex3 knockdown during hypoxia; ROS production was monitored by dihydroethidium (DHE, 
red fluorescence) staining. Bars, 40 µm. (G) Cell viability of Panc-1, HCT116, and MCF-7 cells after Bnip3Δex3 knockdown during hypoxia. Cell viability 
was shown by representative epifluorescence images of cells stained with vital dyes calcein-AM and ethidium homodimer-1 to visualize live (green) and 
dead (red) cells, respectively. Bars, 40 µm. (H) Histogram for quantitative data shown in E. Data were obtained from at least n = 3–4 independent exper-
iments counting ≥500 cells from n = 3 glass coverslips for each condition tested. *, statistically different from CTRL; †, not statistically different from CTRL.
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underlie the reported resistance of cancers to doxorubicin treat-
ment. Interestingly, a marked reduction in BrdU incorporation, 
Ki67 staining, and cell growth were observed in Panc-1 cells 
treated with doxorubicin, a finding concordant with the growth 
inhibitory effects of doxorubicin (Fig. 5, A–D). However, we 

observed no change in viability in either Panc-1 or HCT-116 
cells treated with doxorubicin (Fig. 6, A and B). We speculated 
that the resistance of cancer cells to doxorubicin may be related 
to the relatively high endogenous levels of the Bnip3Δex3 in 
these cells. To test this possibility, we compared in parallel ex-

Figure 3.  Resistance of cancer cells to Bnip3FL isoform and hypoxia-induced cell death. (A) Schematic depicting the targeting strategy of shRNA for knock-
down of endogenous Bnip3FL. shRNA was designed to specifically target sequences within exon 3 of Bnip3FL to knock down Bnip3FL without interfering 
with Bnip3Δex3, as we have previously reported (Gang et al., 2011). (B and C) Real-time qPCR analysis of Bnip3FL (B) and Bnip3Δex3 (C) mRNA levels 
in cancer cells. Cells were subjected to hypoxia condition for 18 h in the absence or presence of shRNA-Bnip3FL. Data are expressed as mean ± SD (error 
bars). *, statistically different from control (CTRL); **, statistically different from HPX; †, not statistically different from HPX. Data were obtained from at least 
n = 3–4 independent cell cultures for each condition tested. (D) Cell viability of cancer cells after Bnip3FL knockdown with shRNA-Bnip3FL under hypoxic 
conditions. Shown are representative epifluorescence images of cells stained with vital dyes calcein-AM and ethidium homodimer-1 to visualize live (green) 
and dead (red) cells, respectively. Bars, 40 µm. (E) Histogram for quantitative data shown in E. Data were obtained from at least n = 3–4 independent cell 
cultures counting ≥500 cells from n = 3 glass coverslips for each condition tested. 
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periments cell viability of Panc-1 and HCT-116 cancer lines to 
cardiac cells that express low basal levels of Bnip3Δex3 isoform 
to a wide dose range of doxorubicin. As shown in Fig. 6 (A and 
B), a marked dose-dependent increase in cardiac cell death was 
observed after doxorubicin treatment. This finding is in com-
plete agreement with our earlier work demonstrating that cardiac 
myocytes are sensitive to doxorubicin (Dhingra et al., 2014). 
In contrast, however, Panc-1 and HCT-116 cancer cells were 
resistant to doxorubicin-induced cell death (Fig. 6, A and B).

Notably, knockdown of the Bnip3Δex3 isoform sensi-
tized cancer cells to doxorubicin toxicity indicated by increased 
ROS production and cell death (Fig. 6, C–E). In converse ex-
periments, knockdown of Bnip3FL isoform completely abro-
gated doxorubicin-mediated cell death in Panc-1 and HCT-116 
cells (Fig.  6, F and G). These findings strongly suggest that 
Bnip3Δex3 isoform in cancer cells confers a survival advantage 
against doxorubicin-mediated cell death. Collectively, the data 
strongly support our contention that the preferential synthesis 

Figure 4.  Knockdown of Bnip3Δex3 sen-
sitizes cancer cells to Bnip3FL-induced cell 
death. (A) Cell viability of cancer cells express-
ing Bnip3FL in the absence and presence of 
siRNA-Bnip3Δex3. Representative epifluores-
cence images of various cancer cells stained 
with vital dyes calcein-AM and ethidium ho-
modimer-1 to visualize live (green) and dead 
(red) cells, respectively. Bars, 40 µm. (B) His-
togram for quantitative data shown in A. Data 
were obtained from at least n = 3–4 indepen-
dent cell cultures counting ≥500 cells from n 
= 3 glass coverslips for each condition tested. 
*, statistically different from control (CTRL). (C) 
ROS production in Panc-1 cells (red fluores-
cence) overexpressing Bnip3FL in the absence 
and presence of Bnip3Δex3 knockdown with 
siRNA-Bnip3Δex3. Bars, 40 µm.
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Figure 5.  Colony formation assay, BrdU incorporation, and Ki67 staining in HCT-116 and Panc-1 cancer cells. (A) Colony formation assay in HCT116 cells 
in the absence and presence of siRNA directed against Bnip3Δex3 isoform subjected to hypoxia, transfected with HA-Bnip3, or treated with doxorubicin 
(10 µM DOX), respectively. (B) Histogram represents quantitative data for A. Data were obtained from at least n = 3–4 independent experiments for each 
condition tested. Data are expressed as mean ± SD (error bars). *, statistically different from each other. (C) Quantitative data for BrdU incorporation in 
Panc-1 cells in the absence and presence of siRNA directed against Bnip3Δex3 isoform subjected to hypoxia, transfected with HA-Bnip3, or treated with 
doxorubicin (10 µM DOX), respectively. Data were obtained from three independent cell cultures for each condition tested. *, statistically different from 
each other; **, statistically different from CTRL; †, not statistically different from each other. (D) Epifluorescence microscopy of Panc-1 cells stained for Ki67 
protein (green) and Hoechst 33258 nuclear dye (blue). Cells were subjected to hypoxia, transfected with HA-Bnip3, or treated with doxorubicin (10 µM 
DOX) in the absence and presence of siRNA directed against Bnip3Δex3 isoform. Bars, 10 µm.
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Figure 6.  Knockdown of Bnip3Δex3 promotes cell death induced by doxorubicin. (A) Cell viability of neonatal cardiac myocytes (NCMC), Panc-1, and 
HCT116 cells treated with different concentrations of doxorubicin for 18 h. Representative epifluorescence images of cells stained with vital dyes calcein 
AM and ethidium homodimer-1 to visualize live (green) and dead (red) cells, respectively, are shown. Bars, 40 µm. (B) Histogram for quantitative data 
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of Bnip3Δex3 isoform in cancer cells confers a survival advan-
tage against doxorubicin.

Bnip3FL is required for DCA-induced death 
of cancer cells
It was previously demonstrated that inhibition of PDK with 
DCA sensitized certain cancer cell to apoptosis (Bonnet 
et al., 2007). Because DCA suppressed alternative Bnip3 
mRNA splicing and synthesis of Bnip3Δex3 survival isoform 
(Fig. 1 F), we reasoned that the cell death observed in cancer 
cells treated with DCA may be related to the unopposed actions 
of the Bnip3FL isoform. To test this possibility, we assessed 
the effects of DCA on cell viability in Panc-1 cells. As shown 
in Fig.  7 (A and B), a dose-dependent increase in cell death 
was observed in Panc-1 cells treated with DCA. Notably, this 
was accompanied by an increase in ROS production (Fig. 7 C). 
Interestingly, mitochondrial ROS production induced by DCA 
was completely abrogated by knockdown of Bnip3FL isoform. 
Notably, overexpression the Bnip3Δex3 isoform or knockdown 
of Bnip3FL abrogated cell death induced by DCA (Fig.  7, 
A–E). Further, the dependency of Bnip3 FL for the underly-
ing cytotoxic effects of DCA was not restricted to Panc-1 cells, 
since similar observations were observed in HCT-116 and 
MCF-7 cells treated with DCA (Fig. S2, A–C). These findings 
substantiate that in the absence of Bnip3Δex3 isoform synthe-
sis, DCA provokes cell death in cancer cells by a mechanism 
contingent upon Bnip3FL isoform.

Bnip3Δex3 promotes survival in cancer 
cells by suppressing mitochondrial 
targeting of Bnip3FL
Because our earlier work showed that interaction of the 
Bnip3Δex3 with Bnip3FL suppressed integration of Bnip3FL 
into mitochondrial membranes, as a central mechanism by 
which Bnip3Δex3 abrogates cell death induced by Bnip3FL, 
we tested whether the ability of the Bnip3Δex3 variant to sup-
press cell death in cancer cells was related to altered mitochon-
drial targeting of Bnip3FL. As shown by Western blot analysis 
in Fig. 8 A, Bnip3FL was predominately localized to the cyto-
solic fraction in Panc-1 cells under normoxic conditions. How-
ever, selective knockdown of endogenous Bnip3Δex3 isoform 
in cells subjected to hypoxia increased mitochondrial-associ-
ated Bnip3FL coincident with increased ROS production and 
cell death (Fig. 8, A–D), a finding concordant with our previ-
ous work in cardiac myocytes (Gang et al., 2011). Moreover, 
knockdown of Bnip3FL isoform in Panc-1, HCT-116, and 
MCF-7 cells that were also rendered deficient for Bnip3Δex3 
isoform abrogated hypoxia-induced ROS production and cell 
death (Fig. 8, B–D; and Fig. S2, A–C). These findings verify 
that Bnip3FL promotes mitochondrial injury and cell death 
in the absence of Bnip3Δex3 isoform. Collectively, these 

findings strongly support the notion that Bnip3Δex3 variant 
suppresses cell death in cancer cells by interfering with the cy-
totoxic actions of Bnip3FL.

Discussion

In this report, we provide compelling new evidence that alter-
native gene splicing of Bnip3 pre-mRNA provides a molecu-
lar switch that determines whether Bnip3 triggers cell survival 
or death. We specifically show that in contrast to normal cells, 
the Bnip3Δex3 spliced variant that promotes survival is con-
stitutively expressed and is the dominant Bnip3 mRNA iso-
form in cancer cells. Bnip3 is uniquely distinguished from 
other Bcl-2 proteins for several important and salient reasons. 
First, the Bnip3 promoter is transcriptionally silenced under 
basal normoxic conditions but is highly induced during hy-
poxia and ischemic stress. Second, Bnip3 can trigger perturba-
tions to mitochondria consistent with permeability transition 
pore opening, loss of ΔΨm, and ROS production (Shaw et al., 
2006). Notably, knockdown of Bnip3, mutations of Bnip3 de-
fective for mitochondrial targeting, or germ-line deletion of 
Bnip3 were each sufficient to suppress mitochondrial injury 
and cell death induced during hypoxia (Dhingra et al., 2014). 
Collectively these findings strongly support the notion and 
role for Bnip3 as a pro-death factor. However, despite these 
findings, certain cancer cells are reportedly resistant to cell 
death induced by Bnip3. In fact, there are some reports pur-
porting a survival role for Bnip3 through autophagy (Mazure 
and Pouysségur, 2009). The underlying mechanisms for these 
discordant and confounding observations are unknown. This 
raises the question of how Bnip3 can elicit such dramatic and 
varied effects on cell fate, on the one hand promoting survival 
while on the other promoting cell death. During the course of 
our investigations, we discovered a previously unrecognized 
Bnip3 transcript deleted for exon 3 (Bnip3Δex3) in normal 
cardiac cells in vitro and in vivo. Interestingly, the alterna-
tive spliced variant, Bnip3Δex3, was virtually undetectable in 
normal cells under basal normoxic conditions but was readily 
detected during ischemic or hypoxic stress. These findings in-
dicated that not only was Bnip3 gene transcription induced in 
response to hypoxia but that hypoxic stress provides a signal 
for alterative gene splicing of Bnip3 mRNA. Moreover, while 
the Bnip3 protein encoded by the full-length Bnip3 mRNA 
Bnip3FL provoked mitochondrial perturbations and wide-
spread cell death, the Bnip3 protein encoded by truncated 
spliced variant Bnip3Δex3 (deleted for exon 3) promoted cell 
survival. The significance of the Bnip3Δex3 isoform in tumor 
cells is unknown and had not been previously investigated. 
Considering that alternative gene splicing of metabolic, cell 
cycle, and growth-related genes are associated with tumori-

shown in A. Data were obtained from at least n = 3–4 independent experiments counting ≥500 cells from n = 3 glass coverslips for each condition 
tested. (C) ROS production by DHE staining in Panc-1 cells treated with DOX (10 µM) for 18 h in the absence or presence of Bnip3Δex3 knockdown with 
siRNA-Bnip3Δex3. Bars, 40 µm. (D) Cell viability of Panc-1 and HCT-116 cancer cells treated with doxorubicin (10 µM) for 18 h in the absence and pres-
ence of Bnip3Δex3 knockdown with siRNA-Bnip3Δex3. Representative epifluorescence images of cells stained with vital dyes calcein AM and ethidium 
homodimer-1 to visualize live (green) and dead (red) cells, respectively, are shown. Bars, 40 µm. (E) Histogram for quantitative data shown in D. Data 
were obtained from at least n = 3–4 independent experiments counting ≥500 cells from n = 3 glass coverslips for each condition tested. (F) Cell viability of 
cancer cells treated with doxorubicin (10 µM) for 18 h in the absence or presence of siRNA-Bnip3Δex3 and shRNA-Bnip3FL, respectively. Representative 
epifluorescence images of cells stained with vital dyes calcein AM and ethidium homodimer-1 to visualize live (green) and dead (red) cells, respectively, 
are shown. Bars, 40 µm. (G) Histogram for quantitative data shown in F. Data were obtained from at least n = 3–4 independent experiments counting 
≥500 cells from n = 3 glass coverslips for each condition tested. Data are expressed as mean ± SD (error bars). *, statistically different from control (CTRL).
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genesis, it would be reasonable to consider that preferential 
synthesis of the survival isoform of Bnip3Δex3 generated 
by alternative splicing would confer a growth advantage and 

adaptive resistance of tumor cells to hypoxia. Herein, we 
provide novel evidence that the Bnip3 mRNA spliced vari-
ant Bnip3Δex3, which promotes cell survival, is preferen-

Figure 7.  Selective knockdown of Bnip3FL rescues cell death induced by DCA. (A) Cell viability of Panc-1 cells expressing Bnip3Δex3 in the absence 
or presence of 1–5 mM DCA for 24 h. Representative epifluorescence images of cells stained with vital dyes calcein AM and ethidium homodimer-1 to 
visualize live (green) and dead (red) cells, respectively, are shown. Bars, 40 µm. (B) Histogram for quantitative data shown in A. Data were obtained 
from at least n = 3–4 independent experiments counting ≥500 cells from n = 3 glass coverslips for each condition tested. (C–E) ROS (C) and cell viability 
(D and E) of Panc-1 cells treated with 5 mM DCA for 24 h in the absence or presence of shRNA-Bnip3FL during hypoxia. Representative epifluorescence 
images of cells stained with vital dyes calcein AM and ethidium homodimer to visualize live (green) and dead (red) cells, respectively, are shown. ROS 
production was monitored by DHE staining. Bars, 40 µm. (E) Histogram for quantitative data shown in D. Data were obtained from at least n = 3–4 
independent experiments counting ≥500 cells from n = 3 glass coverslips for each condition tested. Data are expressed as mean ± SD (error bars). *, 
statistically different from CTRL.

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/210/7/1101/1599700/jcb_201504047.pdf by guest on 18 January 2026



JCB • VOLUME 210 • NUMBER 7 • 20151112

tially synthesized as the primary Bnip3 transcript in cancer 
cells. This is coincident with the resistance of these cells 
to hypoxic injury. Indeed, even under basal conditions, the 

Bnip3Δex3 isoform was highly expressed in several different 
cancers and tumor cell lines studied. That Bnip3Δex3 may 
provide a growth advantage to cancer cells is substantiated by 

Figure 8.  Mitochondrial targeting of Bnip3FL 
isoform in Panc-1 is increased in Panc-1 cells 
deficient for Bnip3Δex3 variant. (A) Mito-
chondrial targeting of Bnip3FL is increased in 
Panc-1 cells during hypoxia after knockdown 
of Bnip3Δex3 isoform. Western blot analysis of 
mitochondrial and cytoplasmic fractions under 
normoxic and hypoxic conditions in the ab-
sence and presence of Bnip3Δex3 knockdown 
is shown; the filter was probed with a murine 
antibody directed against mitochondrial pro-
tein VDAC1, or cytosolic protein GAP​DH was 
used to verify the integrity and purity of the cell 
fractionation. Bnip3FL was detected with a mu-
rine antibody directed against Bnip3. (B) ROS 
production in panc-1 cells after Bnip3Δex3 
knockdown with siRNA-Bnip3Δex3 under hy-
poxia conditions. Epifluorescence microscopy 
of Panc-1 cells monitored for ROS production 
by DHE (red fluorescence). Bars, 40 µm. (C) 
Cell viability. Representative epifluorescence 
images of cells stained with vital dyes calce-
in-AM and ethidium homodimer-1 to visualize 
live (green) and dead (red) cells for conditions 
shown in B are shown. Bars, 40 µm. (D) His-
togram for quantitative data shown in C. Data 
were obtained from at least n = 3–4 indepen-
dent experiments counting ≥500 cells from n 
= 3 glass coverslips for each condition tested. 
Data are expressed as mean ± SD (error bars). 
*, statistically different from control (CTRL).
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the unexpected decrease in cell proliferation in Panc-1 cells 
after Bnip3Δex3 knockdown. This raises the possibility that 
in addition to cell survival, Bnip3Δex3 may also play a role in 
cell growth. However, further studies are required to address 
this property of Bnip3Δex3.

While the mechanisms that underlie alternative splic-
ing of Bnip3 pre-mRNA in tumor cells were not studied here 
and were not an active area of investigation in our labora-
tory, we believe the elevated and preferential synthesis of the 
Bnip3Δex3 isoform over Bnip3FL likely reflects an intrinsic 
survival mechanism linked to metabolic remodeling that pro-
tects tumor cells against mitochondrial injury and that would 
otherwise occur during hypoxic tumorigenesis (Gatenby et 
al., 2007). The fact that splicing of Bnip3Δex3 was inhibited 
and cell death was increased by DCA treatment is compel-
ling and strongly supports our contention that the preferen-
tial synthesis of survival Bnip3Δex3 isoform in cancer cells 
is linked to the glycolytic phenotype and PDK2 for apoptosis 
resistance (Verduzco et al., 2015; Wojtkowiak et al., 2015). 
This view is further substantiated by the fact that cell death 
induced by DCA was completely abrogated in cells after in-
hibition of Bnip3FL, supporting our contention that in the ab-
sence of Bnip3Δex3 spliced isoform, Bnip3FL is cytotoxic to 
cells and promotes cell death. Indeed, we showed by not one 
but by three independent approaches that inhibition of PDK2, 
which inhibited Bnip3Δex3 mRNA splicing, decreased the 
ratio of Bnip3Δex3/Bnip3FL and sensitized cancer cells to 
Bnip3FL and hypoxia-induced cell death. Hence, the resis-
tance of certain cancer cells to hypoxia or chemotherapeutic 
agents may be related to the presence of Bnip3Δex3 and the 
ratio to the Bnip3FL isoform. Indeed, selective inhibition of 
the Bnip3Δex3 isoform in each of the cancer cell lines studied 
provoked widespread death in response to Bnip3FL or doxo-
rubicin. Interestingly, while cell proliferation and cell growth 
were inhibited in Panc-1 cells treated with doxorubicin, cell 
death induced by doxorubicin was not increased in these cells 
unless Bnip3Δex3 isoform was inhibited. These findings 
strongly suggest that preferential synthesis of Bnip3Δex3 iso-
form in cancer cells confers a survival advantage by opposing 
the lethal actions of the Bnip3FL isoform.

That mitochondrial-associated Bnip3FL was dramatically 
increased in the absence of Bnip3Δex3 isoform strongly sug-
gests that Bnip3Δex3 likely interferes with Bnip3FL’s ability to 
provoke mitochondrial perturbations and cell death. This view 
is consistent with increased cell death induced by Bnip3FL in 
cells deficient for Bnip3Δex3 subjected to hypoxia. Together, 
our data strongly suggest that Bnip3Δex3 variant, at least op-
erationally, promotes tumor cell survival during hypoxia by 
curtailing mitochondrial injury and activation of cell death 
pathways induced by Bnip3FL.

A recent study by Mazure and Pouysségur (2009) pur-
ported a survival role for Bnip3 through autophagy. This was 
based on an apparent increased cell death of MCF-7 cells 
after knockdown of Bnip3. However, the siRNA used to si-
lence Bnip3FL in that study was targeted against sequences 
within exon 4. Because exon 4 is also present in Bnip3Δex3 
survival isoform, we believe that the reported increased 
cell death was due to the inhibition of the survival isoform 
Bnip3Δex3, which predisposed cells to death and led Mazure 
and Pouysségur (2009) to inadvertently conclude that there 
was a survival role for Bnip3FL. This view is supported by 
our present findings in which cell death and not autophagy 

was dramatically increased in MCF-7 cells after inhibition 
of Bnip3Δex3 survival isoform. Further, the fact that knock-
down of Bnip3Δex3 sensitized cancer cells to hypoxia and 
doxorubicin-induced cell death supports our contention that 
the Bnip3FL isoform in the absence of Bnip3Δex3 spliced 
variant promotes cell death and not survival. We believe the 
Bnip3Δex3 isoform confers a survival advantage by dampen-
ing or curtailing mitochondrial injury triggered by Bnip3FL 
in a cell- and context-specific manner. In fact, in the absence 
of Bnip3Δex3 isoform, Bnip3FL triggered maladaptive auto-
phagy and necrotic cell death (unpublished data). Therefore, 
we believe the alternative spliced isoform of Bnip3Δex3 
promotes cell survival by antagonizing the otherwise lethal 
actions of Bnip3FL isoform. Therefore, we believe that the 
discordant and confounding reports on Bnip3′s ability to 
provoke cell death may be explained by the following: first, 
the unappreciated existence of the Bnip3Δex3 spliced vari-
ant, which promotes survival; second, the majority of stud-
ies concluding a role for Bnip3 in survival and/or autophagy 
were conducted in cell lines with high basal levels of the 
endogenous Bnip3Δex3 survival isoform, which would have 
blocked cell death induced by Bnip3FL.

Another interesting and important aspect the present 
study was the detection of Bnip3Δex3 variant in several dif-
ferent human breast and glioblastoma tumors. The signifi-
cance of this finding, however, is presently unknown. As we 
currently do not know whether the expression of Bnip3Δex3 
isoform correlated with the stage or invasiveness of the tumor, 
it will therefore be important to assess this aspect of the 
Bnip3Δex3 isoform in future studies. Based on the findings 
of the present study, we would predict that tumors expressing 
high basal levels of survival isoform of Bnip3Δex3 would ex-
hibit resistance to hypoxia and chemotherapy. Given the find-
ings of the present study as well as others (Gustafsson, 2011), 
we speculate that Bnip3FL may be important for regulating 
mitochondrial quality control by targeting removal of mito-
chondria during cellular stress that would promote glucose ox-
idation by glycolysis. Because unopposed actions of Bnip3FL 
would otherwise promote excessive mitochondrial loss during 
tumorigenesis, we believe that generation of the Bnip3Δex3 
isoform would allow cancer cells to modulate Bnip3FL lev-
els and fine tune mitochondrial numbers commensurate with 
the cell’s energy requirements for growth and proliferation. 
This view is consistent with the concept of mitochondrial cull-
ing by Nix for reticulocyte maturation (Novak et al., 2010; 
Bhandari et al., 2014).

To our knowledge, our data provide the first direct evi-
dence for the existence of a novel survival isoform of Bnip3 
generated by alternative gene splicing in cancer cells. We 
further demonstrate that the alternative splicing of Bnip3 
is linked to PDK2 and the unique glycolytic phenotype in 
cancer cells. We further show that expression of Bnip3FL 
isoform in the absence of Bnip3Δex3 spliced variant is cy-
totoxic and promotes widespread death of several differ-
ent human cancer cells. Hence, our findings may not only 
explain the discordant and confounding reports regarding 
Bnip3′s effects on cell fate but fundamentally explain how 
the glycolytic metabolism in cancer cells overrides cell death 
during hypoxia tumorigenesis. Therapeutic agents designed 
to selectively inhibit Bnip3Δex3 isoform may prove benefi-
cial in modulating cell death induced by Bnip3FL and tumor 
development during hypoxia.
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Materials and methods

Cell culture and transfection
Pancreatic ductal carcinoma (Panc-1), human colon carcinoma 
(HCT116), and human Caucasian breast adenocarcinoma (MCF-
7) cells were grown in DMEM 10% FBS as reported. Cells were 
treated with doxorubicin (DOX, 10  µM; Pfizer) or DCA (1–5  mM; 
Sigma-Aldrich) for up to 18  h (Dhingra et al., 2014). Cells were 
transfected with 0.2 µg plasmids of Bnip3FL or Bnip3Δex3 with an 
Effectene transfection kit (QIA​GEN; Gang et al., 2011). Postnatal ven-
tricular myocytes were isolated from 1–2-d-old Sprague-Dawley rats 
and cultured under serum-free DMEM/F12 medium as described pre-
viously. Cells were subjected to hypoxia for up to 24 h in an air-tight 
chamber under serum-free culture conditions continually gassed with 
95% N2-5% CO2, pO2 ≤ 2–5 mmHg, as we reported previously (Regula 
et al., 2002; Gang et al., 2011).

Quantitative real time PCR
Total RNA from cells was extracted with GenElute mammalian total 
RNA miniprep kit from Sigma-Aldrich. Then 1 µg of total RNA was 
reverse transcribed with oligo dT20 (Invitrogen), and one twentieth 
of the reaction was amplified with gene-specific primers for Bnip3, 
Bnip3Δex3, or housekeeping control gene L32, respectively. Real-time 
RT-PCR was performed using iQ5 multicolor Real-time PCR detection 
system (Bio-Rad Laboratories; Gang et al., 2011).

Cloning and constructs
The Bnip3 gene was amplified from rat genomic DNA while 
Bnip3Δex3 PCR product was purified from radioactive gel. Both 
PCR products were cloned into pcDNA3-HA expression vector or 
pcDNA3-Flag vector (CMV promotor and pcDNA backbone; In-
vitrogen) to generate expression plasmids encoded either Bnip3 or 
Bnip3Δex3 HA-tag or Flag-tag constructs. ShRNA-Bnip3FL was de-
signed to specifically target exon 3 of full-length Bnip3 (Bnip3FL), 
and the sequence was 5′-CAC​CGACA​CCACA​AGATA​CCAAC​
AGCGA​ACTGT​TGGTA​TCTTG​TGGTG​TC-3′. shRNA-Bnip3FL 
was constructed with BLO​CK-iT U6 RNAi entry vector kit (Invi-
trogen) and the control LacZ shRNA was provided in the kit. The 
sequence was 5′-CAC​CGCTA​CACAA​ATCAG​CGATT​TCGAA​
AAATC​GCTGA​TTTGT​GTAG-3′. siRNA-Bnip3Δex3 to knock 
down Bnip3 spliced variant (Bnip3Δex3) was designed to target the 
exon 2–4 junction and the sequence was 5′-CAC​TGTGA​CAGTC​
TGAGG​ATT-3′ (Gang et al., 2011); the scramble control siRNA 
sequence was 5′-CAC​CGCTA​CACAA​ATCAG​CGATT-3′. The siR-
NA-PDK2 oligo was purchased from Invitrogen (5′-GCC​TGCCT​
GTCTA​CAACAA-3′); the negative siRNA control sequence is 
5′-GCC​GTCCA​TCTAA​CGTCAA-3′. All the constructs were con-
firmed by DNA sequencing.

Cell viability
Cell viability was determined using the vital dyes calcein-ace-
toxymethyl ester (2  µM) to determine the number of living cells 
(green fluorescence) and ethidium homodimer-1 (2  µM) to deter-
mine the number of dead cells (red fluorescence; Molecular Probes), 
as we previously reported. Cells were visualized with a research 
fluorescence microscope (AX-70; Olympus) under the magnifica-
tion of 200× at room temperature in DMEM/F12 serum-free me-
dium. Image acquisition was accomplished by Image-Pro plus 5.0 
software. Cells were analyzed from at least n = 3–4 independent 
cultures counting ≥300 cells for each condition tested. Data are ex-
pressed as the mean ± SE percentage from control (Gang et al., 
2011; Dhingra et al., 2014).

ROS
Cells were visualized using a research-grade epifluorescence micro-
scope (AX-70; Olympus). To monitor ROS production, cells were  
incubated with 2.5 µM dihydroethidium (Molecular Probes) at 37°C for 
30 min (Dhingra et al., 2014). 

Western blot analysis and ELI​SA
Cell lysates (20 µg) were resolved on a 4–20% SDS-PAGE gel. Bnip3 
proteins were detected using a monoclonal murine antibody raised 
against amino acid residues 1–163 of human Bnip3 (Ray et al., 2000). 
Cytoplasmic and mitochondrial fractions of cell lysate were prepared 
as previously reported (Regula et al., 2002). Murine antibodies di-
rected toward GAP​DH (1 µg/ml; Sigma-Aldrich) or VDAC 1 (1 µg/ml; 
Cell Signaling Technology) were used to verify the integrity of the 
preparation. Bound proteins were visualized using enhanced chemi-
luminescence reagents ECL (Pharmacia, Inc.). The PDK2 kinase ac-
tivity was determined by ELI​SA using the phospho S293 PDH E1 α 
protein ELI​SA kit (Abcam). Cells were collected with NP-40 lysis 
buffer and 20 µg of the protein was used for the assay as per the man-
ufacturer’s instructions.

Colony proliferation assay
Cells were plated as single cell suspension at very low density (1,000 
cells in 2 ml medium on a 35-mm dish) for 7–9 d, after which cells 
were fixed in methanol containing 1% methylene blue in the absence 
and presence of interventions as detailed in the figure legends.

BrdU incorporation and Ki67 staining
The BrdU labeling and detection kit (Roche) was used to detect the 
BrdU incorporation into cellular DNA as per the manufacturer’s in-
structions. Cells were fixed and visualized with a research fluorescence 
microscope (AX10 Observer SD; Carl Zeiss) at 200× magnification at 
room temperature. Ki67 protein was detected by immunostaining of 
Panc-1 cells using a rabbit antibody directed against Ki67 (1:50 dilu-
tion; Abcam) and secondary goat anti–rabbit conjugated Alexa Fluor 
488 (1:200 dilution; Molecular Probe). Hoechst 33258 nuclear dye was 
used to visualize the nucleus. Cells were fixed and imaged with a re-
search fluorescence microscope (AX10 Observer SD) under the magni-
fication of 630× at room temperature. Image acquisition was performed 
using ZEN software (Carl Zeiss).

Radiolabeled RT-PCR for cells and breast tumors
Five tumors were randomly selected from the Manitoba Breast Tumor 
Bank, which operates with the approval of the Faculty of Medicine, 
University of Manitoba Research Ethics Board. Total RNA was ex-
tracted from frozen tissue sections using TRIzol reagent (GIB​CO BRL; 
as described previously). For radioactive RT-PCR, total RNA from 
cells and tissue was reverse transcribed and amplified in 25 cycles with 
Bnip3 primers, with the reverse primer 32P-labeled. The PCR products 
were resolved on 8% polyacrylamide/8 M Urea denaturing gels. The 
gel was dried, exposed, and scanned in a PhosphorImager (Fuji Med-
ical Systems). All 32P-labeled Bnip3 PCR products were verified by 
Sanger sequencing as we previously reported (Gang et al., 2011).

Statistical analysis
Multiple comparisons between groups were determined by analysis of 
variance (ANO​VA). An unpaired two-tailed Students t test was used 
to compare mean differences between groups. Differences were con-
sidered to be statistically significant to a level of P < 0.05. In all cases 
the data were obtained from at least n = 3–4 independent cell cultures 
using n = 3 replicates for each condition tested unless stated other-
wise in the figure legend.
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Online supplemental material
Fig. S1 shows that Bnip3Δex3 is constitutively present in human 
cancers. Fig. S2 shows the effects of Bnip3Δex3 spliced variant 
on cell survival of HCT-116 and MCF-7 cancer cells. Online sup-
plemental material is available at http://www.jcb.org/cgi/content/
full/jcb.201504047/DC1.
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