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Abstract
BNIP3 is a dual function protein, able to activate autophagy and induce cell death. Upon ex-

pression of BNIP3, which is upregulated by hypoxia, the protein induces mitochondrial dys-

function, often leading to cell death. However, some highly respiring cells and cancer cells

tolerate BNIP3 expression, suggesting that a yet unknown mechanism exists to restrain the

lethal effects of BNIP3 on mitochondria. Here we present evidence that BNIP3 undergoes

several phosphorylation events at its C-terminus, adjacent to the transmembrane domain.

Phosphorylation at these residues inhibits BNIP3-induced mitochondrial damage, prevent-

ing a loss of mitochondrial mass and mitochondrial membrane potential, as well as prevent-

ing an increase in reactive oxygen species. This decrease in mitochondrial damage, as well

as the reduction of cell death upon C-terminal BNIP3 phosphorylation, can be explained by

a diminished interaction between BNIP3 and OPA1, a key regulator of mitochondrial fusion

and mitochondrial inner membrane structure. Importantly, phosphorylation of these C-termi-

nal BNIP3 residues blocks cell death without preventing autophagy, providing evidence that

the two functional roles of BNIP3 can be regulated independently. These findings establish

phosphorylation as a switch to determine the pro-survival and pro-death effects of the pro-

tein. Our findings also suggest a novel target for the regulation of these activities in trans-

formed cells where BNIP3 is often highly expressed.

Introduction
BNIP3 (BCL2/adenovirus E1B 19 kDa protein-interacting protein 3) expression is transcrip-
tionally upregulated by HIF-1α in hypoxic conditions [1]. Upon expression, BNIP3 localizes to
mitochondria, where it collapses mitochondrial membrane potential (ΔCm), increases genera-
tion of reactive oxygen species (ROS), induces mitochondrial swelling, promotes mitochondrial
fission, and stimulates mitochondrial turnover via autophagy (mitophagy) [2–6]. Furthermore,
when the damaging effects of BNIP3 exceed the ability of the cell to efficiently dispose of dam-
aged mitochondria via mitophagy, programmed cell death can ensue [7, 8]. Each of these
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effects, including BNIP3-induced mitochondrial damage, stimulation of autophagy, and activa-
tion of cell death, require the C-terminal transmembrane (TM) domain of BNIP3 [6, 9].

Evidence suggests that the mitophagy-inducing and the cell death-inducing activities of
BNIP3 can be independently regulated [10]. To stimulate activation of mitophagy, BNIP3
functions as a tether, linking BNIP3 localized on damaged mitochondria to LC3-II (microtu-
bule-associated protein 1A/1B-light chain 3) present on nascent autophagosomes [11]. It has
been reported that phosphorylation of BNIP3 at S17 and S24, which flank the LC3-II interact-
ing region (LIR, WVEL sequence at residues 18–21), promotes mitophagy through enhanced
BNIP3-LC3-II interaction [12]. BNIP3 is also known to increase the localization of DRP1
(Dynamin-related protein 1), a mitochondrial fission protein, to mitochondria, where it stimu-
lates fragmentation of the mitochondrial network to promote the engulfment of damaged mi-
tochondria [13]. This suggests a mechanism by which BNIP3 promotes the selective
mitophagy of small, depolarized mitochondria first by acting as a signal for DRP1 to fragment
damaged mitochondria, and second by tethering BNIP3-tagged mitochondria to LC3-II-deco-
rated autophagosomes [14].

In addition to the recruitment of DRP1 to the outer mitochondrial membrane to promote
mitochondrial fission, BNIP3 has been shown to interact in the mitochondrial intermembrane
space with OPA1 (Optic Atrophy 1 (Autosomal Dominant)), a mitochondrial fusion protein
localized to the inner mitochondrial membrane [15, 16]. The BNIP3-OPA1 interaction, which
inhibits mitochondrial fusion, occurs in the mitochondrial intermembrane space, and is depen-
dent on both the BNIP3 TM domain (residues 164–184) and the ten C-terminal residues distal
to the TM domain (residues 185–194) [16]. OPA1 oligomers are also involved in the storage of
cytochrome c, which is sequestered in pockets formed by the cristae junctions of the inner mi-
tochondrial membrane [17–19]. BNIP3 has been shown to disrupt these OPA1 oligomers,
causing cytochrome c release and activation of classical apoptosis [15, 16, 20]. However, BNIP3
induces cell death through several pathways, depending on the cell type and physiological con-
ditions [21]. In some cells, BNIP3-induces classical apoptosis, exhibiting characteristic features
including release of cytochrome c and caspase activation [22, 23]. In other cases, cells die via
autophagic cell death or programmed cell death type III, a caspase-independent cell death
mechanism characterized by discharge of ΔCm, loss of ATP generating capacity, externaliza-
tion of phosphatidylserine, and eventual permeabilization of the cell [24–26].

The dual role of BNIP3 in activating autophagy and/or cell death in the context of trans-
formed cells also appears to be dependent on cell type [27]. For example, BNIP3-induced acti-
vation of autophagy has been described as a mechanism used by transformed cells, including
colon carcinoma and breast cancer cells, to promote cell survival [28], whereas in some breast
and glioma cancer cell lines, BNIP3 promotes autophagic cell death [26]. Some cancer thera-
pies are now addressing the ways in which the balance between autophagy and cell death can
be manipulated to selectively sensitize transformed cells to cell death [29]. Here we present evi-
dence that phosphorylation at the extreme C-terminus of BNIP3 controls the ability of the pro-
tein to damage mitochondria and activate cell death without blocking its ability to stimulate
autophagy. Thus, phosphorylation acts as a switch to control the pro-survival and pro-death
functions of BNIP3.

Results

The BNIP3 C-terminus contains multiple phosphorylation sites
Although BNIP3 is known to be phosphorylated, little is understood about how specific phos-
phorylation events impact the death-inducing function of BNIP3 [5, 12, 30, 31]. However, it is
well established that the BNIP3 TM domain is necessary for BNIP3 function [32]. Interestingly,
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a series of six S/T residues, including a canonical protein kinase A (PKA) substrate recognition
sequence (RRLT, residues 185–188), are located immediately C-terminal to the BNIP3 TM do-
main. The close proximity of the RRLT sequence to the TM domain, which is required for
BNIP3 function, suggests that phosphorylation at this site could alter the activity of the protein.
To determine if this putative T188 phosphorylation site could be phosphorylated, we immuno-
precipitated His-tagged BNIP3 from HEK 293 cells and probed a Western blot with an α-PKA
substrate antibody, which recognizes the sequence RRXS/T only if the S/T residue is phosphor-
ylated. Treatment of cells with 8-Bromo-cAMP increased the amount of BNIP3 detected with
this antibody, indicating increased phosphorylation of T188 in response to elevated cAMP (Fig
1A). An increase in T188 phosphorylation of endogenous BNIP3 was also observed upon ele-
vation of cAMP in A549, MDA-MB-231, and AU565 cells, all of which are solid tumor cancer
cell lines that express endogenous BNIP3 (Fig 1A) [33, 34]. Furthermore, tandem mass spec-
trometry of His-tagged BNIP3 purified from HEK 293 cells pretreated with 8-Bromo-cAMP
identified multiple C-terminal BNIP3 phosphopeptides, each containing four phosphate
groups (Fig 1B and 1C). The limited accuracy of mass spectrometry to identify the specific resi-
dues bearing phosphate groups within this cluster of six S/T residues did not allow us to deter-
mine the exact combination of S/T residues that were phosphorylated. However, the data does
provide reliable evidence that the BNIP3 C-terminus undergoes multiple phosphorylation
events in response to cAMP, and supports our evidence of site-specific phosphorylation of
T188, detected by Western blot (Fig 1A).

To test the functional relevance of C-terminal BNIP3 phosphorylation, mutations to pre-
vent or mimic site-specific phosphorylation were generated. These included phosphomimetic
mutations at one (T188D) or six (6D) C-terminal phosphosites, and the corresponding non-
phosphorylated mutants (T188A and 6N, respectively), which cannot be phosphorylated (Fig
1D). The six S/T residues were replaced with asparagine instead of alanine to preserve the hy-
drophilic and hydrogen bonding nature of the C-terminal region of BNIP3. We also generated
a truncated BNIP3 (ΔR), lacking the 10 C-terminal residues (residues 185–194), as well as the
dominant negative ΔTM BNIP3, which lacks both the TM domain and the adjacent 10 C-ter-
minal residues (Fig 1D) [35]. Each construct was used to generate a stable doxycycline-induc-
ible (Tet On) HEK 293 cell line (Fig 1E), which does not express endogenous BNIP3 in
normoxic conditions [35–37]. The subcellular localization of each BNIP3 mutant was deter-
mined, and with the exception of ΔTM BNIP3, all BNIP3 mutants were found associated with
mitochondria (Fig 1F). Alkaline extraction of mitochondria determined that ΔR BNIP3 was
less tightly associated with mitochondria. However, each BNIP3 phosphomutant and WT
BNIP3 remained associated with the mitochondrial membrane after alkaline extraction of mi-
tochondria (Fig 1G).

C-terminal BNIP3 phosphorylation prevents a loss of mitochondrial
content
Upon expression of each BNIP3 phosphomutant in HEK 293 cells, mitochondrial morphology
and content were examined. Analysis of mitochondrial morphology using transmission elec-
tron microscopy revealed a disruption of the mitochondrial network, exemplified by rounding
of mitochondria and mitochondrial swelling in cells expressing WT, ΔR, T188A, or 6N BNIP3
(Fig 2A, white arrows). This is consistent with previous studies of WT BNIP3 by electron mi-
croscopy [7, 24, 35]. Conversely, the mitochondria of cells expressing T188D or 6D BNIP3
maintained a healthy mitochondrial network, exemplified by the retention of elongated mito-
chondria (Fig 2A, black arrows). Importantly, comparison of the average mitochondrial area
per field and the percent of elongated mitochondria per field revealed that expression of
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Fig 1. The BNIP3 C-terminus can be phosphorylated. (A) Western blot detection of immunoprecipitated BNIP3 using an α-PKA substrate antibody
specific to the phosphorylated RRXS/T sequence, located at the BNIP3 C-terminus and adjacent to the transmembrane (TM) domain. Results shown for 4
cell types: (left to right) HEK 293 cells expressing exogenous BNIP3 (dimer, 60 kD), and A549, MDA-MD-231, and AU565 cells expressing endogenous
BNIP3 (monomer, 30kD). Lane 1 of eachWestern blot contains the whole cell lysate (WCL). (B) LC-MS/MS analysis of BNIP3 phosphorylation in HEK 293
cells with normal or elevated cAMP (8-Bromo-cAMP), showing peptide coverage (gray) and phosphorylation sites (red). The TM domain is underlined. (C)
Table of BNIP3 phosphopeptides identified by LC-MS/MS, showing the percent probability, ion charge, actual and observed masses, and mass error (Da
and ppm) for each peptide. Peptides shown are from analysis of BNIP3 purified from HEK 293 cells with elevated cAMP levels. (D) Schematic of the BNIP3
protein sequence, showing each C-terminal mutation representing phosphomimetic or nonphosphorylated BNIP3. (E) Expression of BNIP3 phosphomutants
from stable doxycycline-inducible HEK 293 Tet On cells, treated with doxycycline (Dox) for 48 hr. (F) Subcellular localization of BNIP3 phosphomutants,
showingWestern blot of cytosolic and mitochondrial fractions. (G) Alkaline extraction of mitochondria-associated proteins, showing alkaline extract of the
mitochondrial pellet and the alkaline-resistant mitochondrial pellet from cells expressing each BNIP3 phosphomutant. All blots are representative of at least 3
independent experiments.

doi:10.1371/journal.pone.0129667.g001
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Fig 2. C-terminal BNIP3 phosphorylation prevents damage to the mitochondrial network. (A) Representative examples of mitochondrial morphology,
examined via transmission electron microscopy. Black arrows denote healthy, elongated mitochondria and white arrows denote rounded, swollen
mitochondria. Scale bar represents 2 μm. (B) Quantification of electron microscopy, showing the average mitochondrial area per field. At least 15 fields were
examined per cell type. (C) Percent elongated mitochondria per field, quantified from at least 15 microscope fields per cell type. (D) Mitochondrial mass of
HEK 293 cells expressing each BNIP3 mutant, measured by flow cytometric analysis of the mean fluorescence intensity (MFI) of Mitotracker Green FM. (E)
Mitochondrial protein levels in HEK 293 cells expressing each BNIP3 mutant, monitored by detection of mitochondrially-encoded cytochrome c oxidase
subunit II (MT-CO2). For bar graphs, significant differences between control cells (without BNIP3) and cells expressing each BNIP3 mutant are denoted by *
p<0.05, ** p<0.01, and *** p<0.001; significant differences between cells expressing WT BNIP3 and either control cells or cells expressing each BNIP3
mutant are denoted by # p<0.05, ## p<0.01, and ### p<0.001; significant differences between complementary pairs of BNIP3 mutants are shown in brackets.

doi:10.1371/journal.pone.0129667.g002
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T188D or 6D BNIP3 did not significantly reduce mitochondrial area or increase mitochondrial
fragmentation relative to control cells lacking BNIP3 (Fig 2B and 2C). Furthermore, expression
of WT or nonphosphorylated ΔR, T188A, or 6N BNIP3 resulted in decreased mitochondrial
mass, determined by Mitotracker Green FM fluorescence (Fig 2D). This is consistent with pre-
vious observations that WT BNIP3 induces a loss of mitochondrial mass [7]. In contrast, ex-
pression of the phosphomimetic T188D or 6D BNIP3 mutants did not significantly reduce
mitochondrial mass (Fig 2D). These results were confirmed by Western blot analysis of
MT-CO2 (mitochondrially encoded cytochrome c oxidase II) levels, where expression of WT
or nonphosphorylated BNIP3 reduced MT-CO2 protein levels relative to control cells lacking
BNIP3 (Fig 2E).

Finally, mtDNA content of HEK 293 cells expressing each form of BNIP3 was determined
by qPCR of ND1 (NADH dehydrogenase subunit 1), where the threshold cycle (Ct) values of
ND1 amplification were normalized to B2M (Beta 2 microglobulin) nuclear DNA. Consistent
with previous observations of reduced mtDNA content upon expression of WT BNIP3, a sig-
nificant loss of mtDNA was observed in HEK 293 cells expressing either WT or nonpho-
sphorylated BNIP3 (S1 Fig) [38, 39]. In contrast, the expression of phosphomimetic T188D or
6D BNIP3 did not significantly reduce mtDNA content relative to control cells (S1 Fig). To-
gether, the observed decrease of mtDNA content, mitochondrial area, Mitotracker Green FM
fluorescence, and reduced MT-CO2 protein levels in cells expressing WT or nonphosphory-
lated BNIP3 suggests that BNIP3 with a nonphosphorylated C-terminus continues to function
in a manner similar to WT BNIP3. In contrast, the cells expressing phosphomimetic T188D or
6D BNIP3 did not exhibit a significant decrease in mtDNA, mitochondrial area, Mitotracker
Green FM fluorescence, or MT-CO2 protein levels, suggesting that phosphorylation of the
BNIP3 C-terminus prevents a loss of mitochondrial content (Fig 2 and S1 Fig).

Mitochondrial damage is inhibited by C-terminal BNIP3 phosphorylation
BNIP3 is known to collapse ΔCm and increase ROS production [3, 22]. To determine the effect
of C-terminal BNIP3 phosphorylation on mitochondrial function, cells expressing each form
of BNIP3 were probed with JC1, a dual color potentiometric dye which forms red fluorescent
aggregates in polarized mitochondria and green fluorescent monomers in nonpolarized cellular
compartments. Here, it was observed that expression of WT or nonphosphorylated BNIP3
caused a reduction in JC1 aggregation (red fluorescence) comparable to the reduced JC1 red
fluorescence observed upon treatment of control cells with FCCP, a mitochondrial uncoupler.
Conversely, expression of the phosphomimetic T188D or 6D BNIP3 mutants did not reduce
red JC1 fluorescence, indicating a maintenance of polarized mitochondria in these cells (Fig
3A). The maintenance of polarized mitochondria in cells expressing T188D or 6D BNIP3 was
confirmed by quantification of the number of JC1 red puncta per cell, in which the number of
red JC1 puncta was not significantly different from control cells lacking BNIP3 (S2A Fig). This
pattern was also observed upon analysis of JC1 fluorescence by flow cytometry, where the ratio
of red:green JC1 fluorescence serves as an indicator of the ratio of polarized:depolarized mito-
chondria (Fig 3B). Importantly, expression of WT or nonphosphorylated BNIP3 mutants re-
duced mitochondrial membrane potential to a level similar to HEK 293 cells treated with
FCCP. In contrast, the mitochondrial membrane potential of cells expressing T188D or 6D
BNIP3 was not significantly different from cells expressing no BNIP3, and remained similar to
the mitochondrial membrane potential of control cells treated with Oligomycin A (Oligo A),
which causes mitochondrial hyperpolarization [40]. Finally, mitochondrial membrane poten-
tial was monitored by DiOC6 fluorescence, which accumulates in polarized mitochondria [40].
Consistent with the patterns observed using JC1 dual color fluorescence, cells expressing WT
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Fig 3. C-terminal BNIP3 phosphorylation inhibits BNIP3-induced loss of mitochondrial function. (A) Representative examples of JC1 dual color
fluorescence, examined by confocal microscopy. Red JC1 fluorescence is localized to polarized mitochondria whereas green fluorescence is independent of
membrane polarization. Scale bar represents 10 μm. Red JC1 insets, denoted by white outlines, provide examples of the mitochondrial network in cells
expressing each BNIP3 phosphomutant. Scale bar for inset is 5μm. Experimental controls included treatment of HEK 293 cells with Oligomycin A (Oligo A) or
FCCP to hyperpolarize and depolarize mitochondria, respectively. (B) Mitochondrial membrane potential (ΔΨm), quantified as a ratio of red:green JC1
fluorescence by flow cytometry, where the same positive and negative controls were used to confirm efficacy of the assay (C) Levels of reactive oxygen
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or nonphosphorylated BNIP3 exhibited significantly lower DiOC6 fluorescence compared to
control cells, indicating a loss of mitochondrial membrane potential. However, the phosphomi-
metic T188D and 6D BNIP3 mutants did not significantly reduce DiOC6 fluorescence relative
to control cells, suggesting that these cells maintain high mitochondrial membrane potential
(S2B Fig).

In addition to the loss of ΔCm, fragmentation of the mitochondrial network was visible in
cells expressing WT, ΔR, T188A, or 6N BNIP3 (Fig 3A, red inset). This result is consistent with
our observations that WT and nonphosphorylated BNIP3 mutants decrease the percent of elon-
gated mitochondria (Fig 2C), as well as previous reports that WT BNIP3 induces mitochondrial
fragmentation via increased fission events [14]. Since collapse of ΔCm can lead to the genera-
tion of excess reactive oxygen species, we determined levels of ROS using a series of fluorescent
probes. Consistent with previous evidence of increased ROS upon expression of WT BNIP3,
HEK 293 cells expressingWT or nonphosphorylated BNIP3 significantly increased whole cell
ROS, as measured by DHE and DCF fluorescence (Fig 3C and 3D) [3]. Additionally, the non-
phosphorylated BNIP3 mutants significantly increased mitochondrial ROS, quantified by Mito-
sox fluorescence (Fig 3E). Representative flow cytometry histograms of each ROS probe are
provided in S3 Fig. As predicted by their lack of effect on ΔCm, the phosphomimetic T188D
and 6D BNIP3 mutants did not significantly increase mitochondrial ROS (Fig 3E).

C-terminal BNIP3 phosphorylation does not prevent autophagy
BNIP3 has a well-established role in promoting autophagy [28]. Therefore, we determined the
level of autophagy activation in HEK 293 cells expressing each C-terminal BNIP3 phosphomu-
tant. With the exception of ΔTM BNIP3, which is known to be defective in promoting autop-
hagy [6], cells expressing each form of BNIP3 exhibited an increased number of GFP-LC3
puncta per cell (Fig 4A). Quantification of the number of GFP-LC3 puncta per cell confirmed
this phenotype, where WT and ΔR BNIP3 stimulated formation of LC3 puncta to the same ex-
tent as treatment with rapamycin, a well-known stimulator of autophagy that acts on the
mTOR pathway (Fig 4B) [41]. Further, the nonphosphorylated T188A and 6N BNIP3 mutants
stimulated LC3 puncta formation to levels similar to that of WT or ΔR BNIP3. In addition,
both T188D and 6D BNIP3 significantly increased LC3 puncta formation relative to control
cells not expressing BNIP3. Importantly, although fewer GFP-LC3 puncta were observed in
cells expressing T188D or 6D BNIP3 relative to the corresponding nonphosphorylated BNIP3
mutants, these differences were not significant (Fig 4B), suggesting that autophagy activation is
not blocked by C-terminal BNIP3 phosphorylation.

Next, we assessed autophagic flux using Western blot detection of LC3 and SQSTM1 in cells
treated with or without the lysosomal acidification inhibitor Bafilomycin A1 (BAF), which
blocks autophagic flux and prevents the degradation of LC3-II and SQSTM1 [42]. Consistent
with the results of GFP-LC3 puncta formation, cells expressing each BNIP3 phosphomutant
exhibited an increase in LC3-II and SQSTM1 upon treatment with BAF (Fig 4C). Additionally,
relative to control cells lacking BNIP3, the ratio of LC3-II in BAF treated cells/LC3-II in un-
treated cells increased upon expression of WT or phosphomutant BNIP3 (S4A Fig). Similar re-
sults were observed with respect to SQSTM1 protein levels (S4B Fig). Together, these results

species (ROS), measured by flow cytometric analysis of DHE fluorescence. (D) ROS levels, quantified by DCF fluorescence. (E) Mitochondrial ROS,
measured as a ratio of MitoSox mean fluorescence intensity/Mitotracker mean fluorescence intensity for cells expressing each BNIP3 phosphomutant. All
bar graphs represent the results observed in at least 3 independent experiments. Significant differences between control cells (without BNIP3) and cells
expressing each BNIP3 mutant are denoted by * p<0.05, ** p<0.01, and *** p<0.001; significant differences between cells expressingWT BNIP3 and cells
either lacking BNIP3 (None) or expressing each BNIP3 mutant are denoted by # p<0.05, ## p<0.01, and ### p<0.001; significant differences between pairs
of complementary BNIP3 mutants are shown in brackets.

doi:10.1371/journal.pone.0129667.g003
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Fig 4. C-terminal BNIP3 phosphorylation does not inhibit BNIP3-induced autophagy. (A) Representative images of GFP-LC3 puncta in HEK 293 cells
expressing each BNIP3 mutant, examined via confocal microscopy. At least 50 cells were examined per cell type, in 3 independent experiments. Rapamycin
(Rap) was used as a positive control. Scale bar represents 10 μm. (B) Quantification of the number of GFP-LC3 puncta per cell. (C) Western blot analysis of
autophagic flux, where cells expressing each BNIP3 phosphomutant were treated without or with 50 nM Bafilomycin A1 (BAF). Blots are representative of 4
independent experiments. Two exposures of the LC3Western blot are provided to show levels of LC3-II (short exposure) and LC3-I (long exposure). (D)
Representative images of HEK 293 cells probed with Lysotracker Red, examined by confocal microscopy. (E) Quantification of the number of lysotracker
puncta per cell, where a minimum of 30 cells were examined in 3 independent experiments. Scale bar represents 10 μm. (F) Quantification of mean
lysotracker fluorescence intensity, measured by flow cytometry in 3 independent experiments. For bar graphs, significant differences between control cells
(without BNIP3) and cells expressing each BNIP3 mutant are denoted by * p<0.05, ** p<0.01, and *** p<0.001; significant differences between cells
expressingWT BNIP3 and either control cells or cells expressing each BNIP3 mutant are denoted by # p<0.05, ## p<0.01, and ### p<0.001; significant
differences between complementary pairs of BNIP3 mutants are shown in brackets.

doi:10.1371/journal.pone.0129667.g004
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are consistent with previous observations of autophagy activation upon expression of WT
BNIP3, and suggest that expression of each BNIP3 phosphomutant increases autophagic flux,
which is the turnover of autophagosomes due to autophagy [8, 11]. Importantly, previous evi-
dence has demonstrated that expression of BNIP3 does not alter LC3 nor SQSTM1 transcrip-
tion, suggesting that the differences in protein levels observed here are due to protein
degradation and not due to altered transcription levels [8]. To determine whether the time
course of autophagy activation differed between cells expressing the panel of BNIP3 phospho-
mutants, GFP-LC3 puncta formation was observed 24, 48, and 72 hr after induction of BNIP3
expression. Consistent with previous observations, each BNIP3 phosphomutant significantly
increased the number of GFP-LC3 puncta at each time point relative to control cells (S4 Fig).
Together, these observations suggest that BNIP3-induced autophagic flux is not altered by
phosphorylation at the C-terminus.

The limiting factor for autophagosome processing in cells expressing BNIP3 is the availabili-
ty of lysosomes, which are consumed following fusion with autophagosomes [8]. To confirm
the autophagic phenotype of cells expressing BNIP3 phosphomutants, the availability of lyso-
somes was quantified. Confocal microscopy of HEK 293 cells probed with Lysotracker Red re-
vealed a significant decrease of the lysosomal population in cells expressing WT, ΔR, T188A,
or 6N BNIP3 (Fig 4D). Expression of phosphomimetic T188D or 6D BNIP3 also significantly
decreased the lysosome population in HEK 293 cells, but to a slightly lesser extent than WT
BNIP3 or the nonphosphorylated BNIP3 mutants. However, the differences between these
forms of BNIP3 were not significant (WT BNIP3 vs T188D or 6D BNIP3) (Fig 4E). These re-
sults were confirmed with Lysotracker fluorescence analyzed by flow cytometry, where each
BNIP3 phosphomutant significantly decreased lysotracker fluorescence (Fig 4F). Importantly,
the differences in lysosome populations among cells expressing WT, T188D or 6D BNIP3 were
not significant, providing evidence that C-terminal phosphorylation does not block BNIP3-in-
duced autophagy (Fig 4F).

Despite the lack of mitochondrial damage in cells expressing T188D or 6D BNIP3, these
phosphomutants continue to activate autophagy. This could occur due to the decoration of mi-
tochondria with the BNIP3 phosphomutants, which provide a link to LC3-II on nascent autop-
hagosomes and increase mitophagy [11, 12]. Additionally, BNIP3 can activate
macroautophagy through its interaction with BCL2, which causes the release of BECN1from
BCL2 and promotes BECN1-mediated autophagosome synthesis [28, 43, 44]. Importantly, pre-
vious evidence indicates that BNIP3-induced autophagy depends on BECN1 in both normoxic
and hypoxic conditions [6, 12, 28, 38, 45]. To address whether C-terminal BNIP3 phosphoryla-
tion alters this mechanism of autophagy activation, the ability of each BNIP3 phosphomutant
to interact with BCL2 was determined by co-immunoprecipitation. Both phosphomimetic and
nonphosphorylated BNIP3 mutants maintained their interaction with BCL2, suggesting that
this pathway of autophagy activation is intact (S5 Fig).

C-terminal BNIP3 phosphorylation regulates the activation of cell death
Given the differential ability of phosphomimetic and nonphosphorylated C-terminal BNIP3
mutants to damage mitochondria, levels of cell death in HEK 293 cells expressing each BNIP3
phosphomutant were measured by Annexin V fluorescence. Consistent with previous reports
of increased cell death upon expression of WT or ΔR BNIP3, the percent of Annexin V positive
cells was highest in HEK 293 cells expressing WT or nonphosphorylated BNIP3 (Fig 5A) [9,
32]. Conversely, expression of ΔTM, T188D, or 6D BNIP3 did not significantly increase cell
death (Fig 5A). Thus, under normal conditions, C-terminal BNIP3 phosphorylation prevents
cell death while allowing autophagy to proceed. Levels of HEK 293 cell death were also
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monitored upon exposure to stress conditions. The addition of H2O2 or FCCP to cells was cho-
sen to increase cellular oxidative stress and mitochondrial stress, respectively. Upon addition
of H2O2, cells expressing WT or nonphosphorylated BNIP3 exhibited significant increases in
Annexin V fluorescence, whereas cells expressing 6D BNIP3 exhibited full protection from

Fig 5. C-terminal BNIP3 phosphorylation inhibits BNIP3-induced cell death. (A) Quantification of the percent of Annexin V positive cells 24 hr after
induction of BNIP3 expression, analyzed by flow cytometry. Data is expressed as the average of 4 independent experiments. Significant differences between
control cells (no BNIP3) and cells expressing each form of BNIP3 are denoted by * p<0.05, ** p<0.01, and *** p<0.001; significant differences between
complementary pairs of BNIP3 mutants are shown in brackets. (B), (C), and (D): Percent Annexin V positive cells expressingWT or phosphomutant BNIP3
with or without the following treatments: (B) 150μMH2O2 for 120 min, (C) 10μM FCCP for 120 min, and (D) 48 hr hypoxia. In (B) and (C), significant
differences between control cells (without BNIP3) and cells expressing each BNIP3 mutant in normal conditions are denoted by * p<0.05, ** p<0.01, and
*** p<0.001; significant differences between control cells and cells expressing each BNIP3 mutant, all undergoing additional cellular stress (H2O2, or
FCCP), are denoted by $ p<0.05, $$ p<0.01, and $$$ p<0.001. Significant differences between cells expressingWT BNIP3 and cells either lacking BNIP3
(None) or expressing each BNIP3 mutant in normal conditions are denoted by # p<0.05, ## p<0.01, and ### p<0.001; significant differences between cells
expressingWT BNIP3 and cells either lacking BNIP3 (None) or expressing each BNIP3 mutant in the presence of H2O2 or FCCP are denoted by + p<0.05, +
+ p<0.01, and +++ p<0.001; significant differences between complementary pairs of BNIP3 mutants treated with H2O2 or FCCP are shown in brackets. In (D),
significant differences between control cells (without BNIP3) and cells expressing each BNIP3 mutant in normoxia are denoted by * p<0.05, ** p<0.01, and
*** p<0.001; significant differences between cells expressing ΔTM BNIP3 and cells expressing each other form of BNIP3, all cultured in hypoxia, are
denoted by & p<0.05, && p<0.01, and &&& p<0.001. Significant differences between cells expressingWT BNIP3 and cells either lacking BNIP3 (None) or
expressing each BNIP3 mutant in normal conditions are denoted by # p<0.05, ## p<0.01, and ### p<0.001; significant differences between cells expressing
WT BNIP3 and cells either lacking BNIP3 (None) or expressing each BNIP3 mutant in hypoxic conditions are denoted by + p<0.05, ++ p<0.01, and ++
+ p<0.001; significant differences between treatment conditions in cells expressing the same BNIP3 mutant are shown in brackets.

doi:10.1371/journal.pone.0129667.g005
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H2O2 toxicity (Fig 5B). In contrast, cells expressing T188D BNIP3 exhibited an intermediate
level of cell death during H2O2-induced cellular stress, with cell death being significantly in-
creased compared to H2O2-stressed control cells (not expressing BNIP3), but still significantly
lower compared to the level of cell death observed in the H2O2-treated cells expressing the
complementary T188A BNIP3 mutant (Fig 5B). Similar results were observed upon mitochon-
drial stress using FCCP (Fig 5C).

To determine whether the BNIP3 phosphomutants alter the function of endogenous (WT)
BNIP3, HEK 293 cells expressing each BNIP3 phosphomutant were exposed to hypoxia for 48
hr to induce endogenous BNIP3 [26, 35], and cell death was quantified by Annexin V fluores-
cence. Hypoxic cells expressing WT or nonphosphorylated BNIP3 exhibited the highest levels
of cell death (Fig 5D). Notably, a significant increase in cell death was observed in hypoxic con-
trol cells (no exogenous BNIP3), reflecting expression of endogenous BNIP3 during hypoxia
[36, 38]. As expected, co-expression of endogenous WT BNIP3 with exogenous ΔTM BNIP3
prevented hypoxia-induced cell death due to the known action of ΔTM BNIP3 as a dominant
negative form of BNIP3 [33, 36]. Interestingly, cells expressing 6D BNIP3 were protected from
the effect of endogenous BNIP3, suggesting that this phosphomimetic BNIP3 mutant blocks
the cytotoxic effects of WT BNIP3 in a manner similar to dominant negative ΔTM BNIP3 (Fig
5D). In contrast, cells expressing T188D BNIP3 exhibited significantly increased levels of death
during hypoxia relative to cells expressing T188D BNIP3 in normoxic conditions. However,
the level of death observed in the hypoxic T188D BNIP3 cells was not significantly different
from cells expressing ΔTM BNIP3 in hypoxia, and remained significantly lower than the level
of death observed in cells expressing WT BNIP3 during hypoxia (Fig 5D). Importantly, cells
expressing T188D BNIP3 during hypoxia exhibited lower levels of cell death relative to cells ex-
pressing the complementary T188A BNIP3 phosphomutant during hypoxia, suggesting that
T188D BNIP3 can partly counteract the toxicity of endogenous WT BNIP3. Together, this data
suggests that while 6D BNIP3 appears to offer full protection from the toxicity of endogenous
BNIP3, T188D BNIP3 offers partial protection from stress-induced cell death.

The BNIP3-OPA1 interaction is reduced by C-terminal BNIP3
phosphorylation
BNIP3 and OPA1 have been shown to interact in the intermembrane space of mitochondria,
in a manner dependent on the extreme C-terminus of BNIP3 [16]. To determine whether C-
terminal BNIP3 phosphorylation regulates the interaction of BNIP3 with OPA1, co-immuno-
precipitation assays were performed. Due to the reduced level of OPA1 present in HEK 293
cells expressing WT or nonphosphorylated BNIP3, the co-immunoprecipitation assays were
performed using HEK 293 cells expressing each BNIP3 mutant with simultaneous OPA1 over-
expression, thus minimizing differences in OPA1 availability between cell types (S6A Fig). Fol-
lowing immunoprecipitation of BNIP3 using an α-His tag antibody, OPA1 was detected by
Western blot. The highest amounts of co-immunoprecipitated OPA1 were detected in cells ex-
pressing WT, T188A, or 6N BNIP3 (Fig 6A). Consistent with previous reports, a markedly de-
creased amount of OPA1 co-immunoprecipitated with ΔR BNIP3, which lacks the extreme C-
terminus (Fig 1D) [16]. Importantly, the lowest amount of OPA1 was co-immunoprecipitated
from cells expressing T188D or 6D BNIP3, suggesting that C-terminal BNIP3 phosphorylation
decreases the BNIP3-OPA1 interaction (Fig 6A). The decreased interaction between ΔR,
T188D, or 6D BNIP3 with OPA1 was confirmed using the reverse co-immunoprecipitation
assay, in which an α-OPA1 antibody co-immunoprecipitated low levels of ΔR, T188D, and 6D
BNIP3 and higher levels of WT, T188A, and 6N BNIP3 (Fig 6B). In both co-immunoprecipita-
tion experiments, ΔTM BNIP3 did not interact with OPA1, as expected (Fig 6A and 6B).
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Fig 6. C-terminal BNIP3 phosphorylation decreases the BNIP3-OPA1 interaction at the mitochondrial membrane. (A) Detection of OPA1 by Western
blot following immunoprecipitation of BNIP3 with an α-His tag antibody. (B) Reverse co-immunoprecipitation in which OPA1 was immunoprecipitated (α-
OPA1 antibody), and co-immunoprecipitated BNIP3 was detected byWestern blot. Blots are representative of 3 experiments. WCL = whole cell lysate. (C)
Colocalization of BNIP3 and OPA1 at the mitochondria, examined by confocal microscopy following transient OPA1 overexpression. A minimum of 30 cells
expressing each BNIP3 mutant were examined in 3 independent experiments. Scale bar represents 10 μm. (D) Quantification of BNIP3-OPA1 colocalization,
expressed as the number of colocalized BNIP3-OPA1 pixels per cell. Significance of each cell type vs control cells (no BNIP3) is denoted by *** p<0.001;
significance of each cell type vs cells expressingWT BNIP3 is denoted by # p<0.05, ## p<0.01, and ### p<0.001. (E) Percent Annexin V positive cells
expressing BNIP3 with either normal levels of OPA1 (transfected with empty vector, EV) or high levels of OPA1 (transfected with OPA1) for 24 hr.
Significance of each cell type vs control cells (no BNIP3) with normal levels of OPA1 is denoted by * p<0.05, ** p<0.01, and *** p<0.001; significant
differences between each cell type overexpressing OPA1 vs control cells (no BNIP3) overexpressing OPA1 is denoted by $ p<0.05. Significant differences
between cells expressingWT BNIP3 with cells not expressing BNIP3 (None) or expressing each BNIP3 mutant, all with normal levels of OPA1 is denoted by
# p<0.05, ## p<0.01, and ### p<0.001; significant differences between each cell type overexpressing OPA1 vs cells expressingWT BNIP3 with exogenous
OPA1 are denoted by ++ p<0.01; significant differences between conditions (normal levels of OPA1 vs OPA1 overexpression) for each cell type are denoted
in brackets.

doi:10.1371/journal.pone.0129667.g006
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Additionally, the colocalization of BNIP3 and OPA1 was observed via confocal microscopy,
where WT, T188A and 6N BNIP3 exhibited strong colocalization with OPA1, and ΔR, T188D,
and 6D BNIP3 had decreased colocalization with OPA1 (Fig 6C). Quantification of the number
of colocalized BNIP3-OPA1 pixels per cell confirmed that ΔR, T188D, and 6D BNIP3 exhibited
significantly decreased colocalization with OPA1 relative to WT BNIP3 (Fig 6D). To ensure
the accuracy of these observations, the colocalization of WT or mutant BNIP3 with OPA1 at
mitochondria was also monitored using simultaneous detection of MT-CO2, BNIP3, and
OPA1 by confocal microscopy (S7 Fig).

The BNIP3-OPA1 interaction has been shown to promote fragmentation of the mitochon-
drial network and induce cell death [15, 16]. Importantly, this effect could be abrogated by in-
creased levels of OPA1 [16]. To address whether the expression of excess OPA1 could protect
cells from death caused by WT, T188A, or 6N BNIP3, cells expressing each BNIP3 mutant
were transiently transfected with OPA1, and Annexin V fluorescence measured 24 hr post-
transfection. Overexpression of OPA1 along with WT BNIP3 substantially decreased cell death
(Fig 6E), consistent with the literature [16]. Furthermore, cell death significantly decreased
upon OPA1 overexpression in cells expressing T188A or 6N BNIP3, but levels of death did not
decrease in cells expressing phosphomimetic T188D or 6D BNIP3 (Fig 6E). Together, these ex-
periments indicate that only BNIP3 with a nonphosphorylated C-terminal domain can strong-
ly interact with OPA1, leading to mitochondrial fragmentation and cell death.

Modulation of C-terminal BNIP3 phosphorylation occurs in physiological
conditions
Due to the observed increase in C-terminal BNIP3 phosphorylation upon cAMP elevation, we
examined whether the function of WT BNIP3 was altered following elevation of cAMP. To ad-
dress this question, HEK 293 cells expressing WT BNIP3 for 48 hr were treated with 8-Br-
cAMP for 2 or 4 hr, followed by fluorescence detection of ROS and cell death. Elevation of
cAMP significantly decreased levels of both ROS and Annexin V positivity in cells expressing
WT BNIP3 relative to untreated WT BNIP3 cells (Fig 7A and 7B). This is consistent with our
observations that cAMP increases C-terminal BNIP3 phosphorylation and that phosphomi-
metic mutation of the C-terminus prevents BNIP3 toxicity (Figs 1–3). Next, HEK 293 control
and WT BNIP3 cells were subjected to normoxia or hypoxia for 48 hr with or without cAMP
elevation for the last 6 hr of normoxia/hypoxia. Cells expressing WT BNIP3 and exposed to
hypoxia exhibited a significant loss of mitochondrial mass and ΔCm, but upon addition of
8-Br-cAMP, these cells exhibited partial rescue of both mitochondrial mass and ΔCm (Fig 7C
and 7D). These results are consistent with the observed inhibition of BNIP3 cytotoxicity upon
phosphomimetic mutation of the BNIP3 C-terminus (Figs 2, 3 and 5).

Two of the conditions in which BNIP3 expression and toxicity increase are nutrient depri-
vation and hypoxia, both of which frequently occur in solid tumor cells [46]. To further define
the physiological conditions in which C-terminal BNIP3 phosphorylation occurs, BNIP3 phos-
phorylation at residue T188 was monitored during each of these stresses. First, A549,
MDA-MB-231, and AU565 carcinoma cells, all of which express endogenous BNIP3, were sub-
jected to nutrient deprivation for 0, 30, or 120 min. Following immunoprecipitation of endoge-
nous BNIP3, Western blots were probed with an α-PKA substrate antibody to detect levels of
BNIP3 T188 phosphorylation. In each cell type, the amount of BNIP3 T188 phosphorylation
increased (Fig 7E), suggesting that C-terminal BNIP3 phosphorylation can be modulated by
nutrient deprivation. Second, T188 phosphorylation of endogenous BNIP3 was monitored in
the same three carcinoma cell lines following exposure to hypoxia for 0, 6, 24, or 48 hr. To ac-
count for the increased BNIP3 expression during long-term hypoxia, the ratio of T188
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Fig 7. C-terminal BNIP3 phosphorylation can be modulated by cellular stresses. (A) Levels of ROS, measured by the mean fluorescence intensity of
DHE. HEK 293 control cells and cells expressingWT BNIP3 for 48 hr were treated with 8-Br-cAMP for 0, 2, or 4hr immediately prior to analyzing DHE
fluorescence by flow cytometry. (B) Percent Annexin V positive cells undergoing the same 8-Br-cAMP treatment as described in (A). (C) Mitochondrial mass
of HEK 293 cells cultured in normoxia or hypoxia for 48 hr and with or without 8-Br-cAMP treatment for the last 6 hr of normoxia/hypoxia. (D) Mitochondrial
membrane potential of cells treated as described in (C). For each assay, a minimum of 30,000 events were collected per sample by flow cytometry. Data
represents results from at least 3 separate experiments. Significant differences between untreated control cells (without BNIP3) and cells expressingWT
BNIP3 are denoted by * p<0.05, ** p<0.01, and *** p<0.001; significant differences between treatment conditions are shown in brackets. (E)
Phosphorylation of endogenous BNIP3 at T188 following nutrient deprivation for 0, 30, or 120 min in three cell types: A549, MDA-MB-231, and AU565 cells,
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phosphorylated BNIP3/total BNIP3 is provided below each Western blot. In each case, expo-
sure to hypoxia increased T188 BNIP3 phosphorylation. However, while the breast carcinoma
MDA-MB-231 and AU565 cells exhibited a transient increase in T188 phosphorylation, T188
BNIP3 phosphorylation increased and remained high during extended hypoxia in lung carci-
noma A549 cells (Fig 7F). Together, this data suggests that while C-terminal BNIP3 phosphor-
ylation can be modulated in physiologically-relevant conditions, the use of this mechanism to
regulate BNIP3 function in short-term and long-term stress conditions may differ by cell type
and microenvironment.

Discussion
Here we present evidence that phosphorylation of the BNIP3 C-terminus prevents mitochon-
drial damage and cell death while still allowing a significant level of autophagy to proceed. The
identification of several C-terminal BNIP3 phosphorylation sites adds to our understanding of
how BNIP3 is post-translationally regulated in the cell. The presence of a canonical PKA recog-
nition sequence, along with evidence that elevated cAMP increases C-terminal BNIP3 phos-
phorylation, suggests that the BNIP3 C-terminus might be phosphorylated by cAMP-
dependent kinases, which are known to regulate local signaling dynamics at mitochondria (Fig
1) [47–49]. However, it is likely that other kinases are also involved to achieve the multiply
phosphorylated species observed at the BNIP3 C-terminus.

Upon expression of C-terminal phosphomimetic or nonphosphorylated BNIP3 mutants in
HEK 293 cells, several distinct phenotypes were observed. Expression of WT, ΔR, T188A, or
6N BNIP3 caused a significant fragmentation of the mitochondrial network and loss of mito-
chondrial mass, as well as a significant loss of mitochondrial function (Figs 2 and 3). These
phenotypes suggest that nonphosphorylated BNIP3 retains its ability to damage mitochondria.
In contrast, expression of phosphomimetic T188D or 6D BNIP3 did not significantly reduce
mitochondrial function, demonstrating that despite their localization to the mitochondrial
membrane, these BNIP3 phosphomutants are unable to damage mitochondria (Figs 2 and 3).
This suggests that phosphorylation of C-terminal BNIP3 S/T residues blocks the cytotoxic ef-
fects of BNIP3 by inhibiting mitochondrial damage.

With respect to the activation of autophagy, it was determined that each BNIP3 phospho-
mutant significantly increased levels of autophagy (Fig 4). Despite the lack of mitochondrial
damage in cells expressing phosphomimetic BNIP3, autophagy was activated in a BNIP3-de-
pendent manner, suggesting that the protein can activate autophagy via a mechanism indepen-
dent of mitochondrial damage. BECN1 (Beclin 1) is a key regulator of autophagosome
synthesis, thus regulating the activation of autophagy [43, 44]. One well-established inhibitor
of BECN1-mediated autophagy activation is BCL2, which interacts with BECN1 and causes it
to adopt an inactive state [50]. It has also been established that in the presence of BNIP3, BCL2
selectively interacts with BNIP3 and releases BECN1 from its inactive state [9, 38, 51]. Upon re-
lease from BCL2, BECN1 becomes available to interact with PtdIns3K (phosphatidylinositol
3-kinase) to induce autophagosome formation [43, 52]. Here, we provide evidence that C-ter-
minal BNIP3 phosphorylation does not prevent BNIP3 from interacting with BCL2, consistent
with evidence demonstrating that this protein-protein interaction is dependent on the BNIP3

detected by probing immunoprecipitated BNIP3 with an α-PKA substrate antibody. (F) Phosphorylation level of endogenous BNIP3 at T188 following hypoxia
for 0, 6, 24, or 48 hr in three cell types: A549, MDA-MB-231, and AU565 carcinoma cells, detected by probing immunoprecipitated BNIP3 with an α-PKA
substrate antibody. To account for the increased expression of BNIP3 during extended hypoxia, the relative level of T188 BNIP3 phosphorylation is provided
below each lane. The phosphorylation level, which represents the ratio of BNIP3 detected by α-PKA substrate antibody/total BNIP3, is expressed relative to
the 0 hr time point of each cell type.

doi:10.1371/journal.pone.0129667.g007
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TM domain but not the extreme BNIP3 C-terminus (S5 Fig) [9]. This suggests that C-terminal
BNIP3 phosphorylation does not alter the ability of BNIP3 to promote BECN1-mediated
autophagy, and is consistent with evidence that BNIP3 induces BECN1-dependent autophagy
before mitochondrial damage occurs [10, 12, 38].

In addition to activating autophagy via its interactions with BCL2, BNIP3 can promote
mitophagy via signals generated by mitochondrial damage and the BNIP3-LC3-II interaction.
Following BNIP3-induced mitochondrial damage, both DRP1 and PARK2 are recruited to mi-
tochondria with low ΔCm, where they increase mitochondrial fission and promote mitophagy
[14, 53]. This suggests that WT, ΔR, T188A, and 6N BNIP3 activate higher levels of autophagy
than the complementary phosphomimetic T188D and 6D BNIP3 mutants due to their ability
to damage mitochondria. However, since each BNIP3 phosphomutant localizes to mitochon-
dria, C-terminal BNIP3 phosphorylation is unlikely to alter the BNIP3-LC3-II interaction,
which is dependent on the LIR near the BNIP3 N-terminus [11, 12]. Thus, while nonpho-
sphorylated BNIP3 likely activates mitophagy through mitochondrial damage-associated sig-
nals, the protein retains its ability to activate macroautophagy via modulation of the
BCL2-BECN1 interaction independent of C-terminal BNIP3 phosphorylation.

Consistent with the mitochondrial damage observed in cells expressing WT or nonpho-
sphorylated BNIP3 mutants, levels of cell death also significantly increased. In addition, when
cells were subjected to stress conditions, including H2O2 or FCCP treatment or hypoxia, the
cells expressing WT or nonphosphorylated BNIP3 exhibited increased susceptibility to stress-
induced cell death compared to control cells exposed to the same stress conditions. However,
cells expressing 6D BNIP3 exhibited protection from cell death even under stress conditions,
suggesting that a fully phosphorylated BNIP3 C-terminus can block the cytotoxic effects of
BNIP3 during oxidative stress or hypoxia. Additionally, cells expressing T188D BNIP3 exhib-
ited partial protection from both oxidative stress and hypoxia (Fig 5B–5D). Together, these ob-
servations suggest that while T188D BNIP3 offers partial protection from damage caused to
the cell during stress conditions, 6D BNIP3 offers complete protection from BNIP3-induced
cell death in both normal and stress conditions. Finally, the observation that cell death was
higher in control cells exposed to hypoxia, in which endogenous BNIP3 is expressed, compared
to T188D or 6D BNIP3 cells exposed to hypoxia, in which both phosphomimetic and endoge-
nous BNIP3 are expressed, suggests that both the T188D and 6D BNIP3 have the ability to
block the cytotoxicity of endogenous BNIP3, similar to the dominant negative effect of ΔTM
BNIP3 (Fig 5D).

The BNIP3-OPA1 interaction in the intermembrane space has been suggested to regulate
BNIP3-induced cell death [16]. Here we showed that C-terminal BNIP3 phosphorylation alters
the extent of the BNIP3-OPA1 interaction. Co-immunoprecipitation assays confirmed that
phosphomimetic T188D and 6D BNIP3 exhibit weaker interactions with OPA1 than the non-
phosphorylated T188A and 6N BNIP3 (Fig 6A and 6B). The interaction between T188D or 6D
BNIP3 with OPA1 was also decreased compared to ΔR BNIP3, which lacks part of the BNIP3
C-terminus important for the protein interaction [16]. The strong colocalization of 6N BNIP3
with OPA1 and the weaker colocalization of 6D BNIP3 with OPA1 also provides evidence that
this interaction is reduced specifically by negative charge at the C-terminus, present when the
BNIP3 C-terminus is phosphorylated (Fig 6C and 6D).

The loss of the BNIP3-OPA1 interaction upon BNIP3 phosphorylation can also explain the
impaired ability of C-terminally phosphorylated BNIP3 to induce cell death. Landes et al. pre-
viously showed that the BNIP3-OPA1 interaction promotes mitochondrial fragmentation and
cell death [16]. Our data demonstrates that C-terminal BNIP3 phosphorylation reduces the in-
teraction with OPA1, decreases mitochondrial damage, and prevents cell death. Combined
with evidence that the BNIP3-OPA1 interaction promotes mitochondrial fragmentation and
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cell death, these observations suggest that although the phosphomimetic BNIP3 mutants local-
ize to the mitochondria, their decreased interaction with OPA1 prevents these BNIP3 mutants
from inducing mitochondrial damage and cell death [16]. Additionally, this supports a model
in which BNIP3-induced mitochondrial damage and cell death depend on the C-terminal BNI-
P3-OPA1 interaction, and BNIP3-induced autophagy depends on the N-terminal BNIP3-L-
C3-II interaction (Fig 6) [7, 11, 12, 16].

BNIP3 is uniquely positioned such that it can regulate both pro-survival and pro-death ac-
tivities. It was previously reported that phosphomimetic mutations of two serine residues (S17
and S24) flanking the LIR sequence near the BNIP3 N-terminus promotes BNIP3-induced
autophagy [12]. Importantly, the authors did not report any effects on mitochondrial damage
or cell death [12]. Here we have shown that phosphorylation of the BNIP3 C-terminus inhibits
BNIP3-induced cell death while allowing autophagy to proceed (Figs 4 and 5). Thus, phosphor-
ylation acts as a switch between the pro-survival (autophagy) and pro-death (cytotoxic) activi-
ties of the protein. Therefore, the net result of BNIP3 expression in any given cell will depend
upon the expression and activation status of kinases and phosphatases that regulate BNIP3
phosphorylation. Factors that might alter kinase activity include cAMP or cGMP levels, calci-
um availability, and growth factors, such as EGF or IGF, which have been shown to alter
BNIP3 function [31, 35]. For this reason, it is not surprising that the literature is often contra-
dictory in ascribing pro-survival and pro-death roles to BNIP3 in different cell types and mi-
croenvironments. This is particularly the case in oncology, where it is observed that in some
cancers, such as pancreatic, gastric, and colorectal cancers, BNIP3 expression is suppressed or
silenced by DNA methylation [54, 55], suggesting that the cells have blocked BNIP3 expression
to evade cell death. In other cases, including endometrial, breast, and lung cancers, high BNIP3
expression is associated with poorer prognosis and a more aggressive phenotype [33, 56–58].

The fact that some tumors tolerate BNIP3 expression suggests that these cells block the pro-
death functions of BNIP3. Our observation that C-terminal BNIP3 phosphorylation increases
in both lung carcinoma and breast cancer cells during nutrient deprivation and hypoxia sug-
gests that the cells might use C-terminal phosphorylation to block BNIP3 cytotoxicity (Fig 7E
and 7F). This is consistent with evidence that endometrial, breast, and lung cancers have in-
creased kinase activity relative to healthy tissue [59–61]. Similarly, some types of breast cancer
also have increased PKA and PKC activity, and evidence suggests that this increased PKA ac-
tivity contributes to the resistance of Her2-positive breast cancers to trastuzumab antibody
therapy [60, 62]. In these examples, the increased PKA activity in solid tumors, which often tol-
erate nutrient deprivation and hypoxia, could protect BNIP3-expressing cancer cells from cell
death in part by increasing phosphorylation of the BNIP3 C-terminus. These observations also
suggest that BNIP3 phosphorylation could represent a new therapeutic target in transformed
cells, where decreasing C-terminal BNIP3 phosphorylation could increase BNIP3-dependent
activation of cell death.

Methods

Materials
Bafilomycin A1, Rapamycin, and 8-Bromoadenosine-3',5'-cyclic monophosphate sodium salt
(8-Br-cAMP) were purchased from EMDMillipore (Darmstadt, Germany); 3-isobutyl-
1-methylxanthine (IMBX) was purchased from Cayman Chemical (Ann Arbor, MI). Fluores-
cent probes Mitotracker Green FM, Lysotracker Red DND-99, Dihydroethidium (DHE), and
MitoSOX Red mitochondrial superoxide indicator were purchased fromMolecular Probes
(Grand Island, NY). JC1 and DCF were purchased from Sigma (St Louis, MO), and Annexin V
was purchased from BD Biosciences (San Jose, CA). Antibodies were obtained as follows:
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mouse monoclonal anti-BNIP3 (Sigma, St Louis, MO, B7931), mouse monoclonal anti-His-tag
(Qiagen, Valencia, CA, 34650), rabbit polyclonal anti-VDAC1 (Novus Biologicals, Littleton,
CO, NB 100–695), rabbit monoclonal anti-PKA substrate (Cell Signaling Technology, Danvers,
MA, 9624S), rabbit polyclonal anti-LC3 (Novus Biologicals, Littleton, CO, NB 100–2220),
mouse monoclonal anti-SQSTM1 (Abcam, Cambridge, MA, ab56416), mouse monoclonal
anti-OPA1 (BD Biosciences, 612606), rabbit polyclonal anti-BCL2 (Santa Cruz Biotechnology,
Inc., Dallas, TX, sc-492), mouse monoclonal anti-MT-CO2 (Abcam, ab3298), rabbit monoclo-
nal anti-MT-CO2 (Abcam, ab79393), rabbit polyclonal anti-ACTB (actin, beta) (Cell Signaling
Technology, Danvers, MA, 4968), and mouse monoclonal anti-GAPDH (Acris, San Diego,
CA, ACR001PT).

Cloning
BNIP3 DNA (provided by Dr. Gerald Dorn, Washington University School of Medicine) was
inserted into pQE30 to generate N-terminal His-tagged BNIP3. This construct was transferred
to the pTre-Tight vector (Clontech Laboratories, Inc., Mountain View, CA) for expression in
mammalian cells, and the WT sequence mutated via PCR using the following mutagenesis
primers: ΔR (5’-GGA TCT ATA TTG GAT AGC GTC TGA CAA CCT CC-3’ and 5’-GGT
GCT GGT GGA GGT TGT CAG ACG CTA TCC AAT ATA G-3’), ΔTM (5’-GGC ATA TTC TCT
GCA GAA TTT CTG AAA TAG TGA CTT CCA TCT CTG CTG CTC-3’ and 5’- GAG AGA GCA
GCA GAG ATG GAA GTC ACT ATT TCA GAA ATT CTG CAG AG-3’), T188A (5’-TTG GAA
GGC GTC TGG CAA CCT CCA CC-3’ and 5’-GCT GGT GGA GGT TGC CAG ACG CCT T-
3’), T188D (5’-TTG GAA GGC GTC TGG ATA CCT CCA CC-3’ and 5’-GGT GCT GGT
GGA GGT ATC CAG ACG C-3’), 6N (5’-GGA AGG CGT CTG AAC AAC AAC AAC AAC AAC
TTT TGA AAG CTT GTC G-3’ and 5’-CGT CGA CAA GCT TTC AAA AGT TGT TGT TGT
TGT TGT TCA GAC GCC-3’), and 6D (5’-GGA AGG CGT CTG GAC GAC GAC GAC GAC GAC
TTT TGA AAG CTT GTC G-3’ and 5’-CGT CGA CAA GCT TTC AAA AGT CGT CGT CGT
CGT CGT CCA GAC GCC-3’). Each mutant was sequenced to confirm mutagenesis. Upon
generating 6N BNIP3, the six S/T residues were replaced with asparagine instead of alanine to
preserve the hydrophilic and hydrogen bonding nature of the C-terminus. The WT BNIP3-
dsRedmonomer C1 vector (Clontech, 632466), was provided by Dr. Abhinav Diwan (Wash-
ington University School of Medicine) [8], and site-directed mutagenesis was used to generate
the same BNIP3 mutants as described above. The pcDNA3 vector containing BCL2 was also
obtained from Addgene (plasmid 8768, provided by Stanley Korsmeyer) [63].

Cell Culture
HEK 293 Tet On cells (purchased from Clontech Laboratories, Inc., Cat # 631182) were main-
tained in α-MEM with 10% Tet system approved FBS (Clontech Laboratories, Inc.) and
100 μg/mL G418. Double stable HEK 293 Tet On cells expressing BNIP3 (WT or mutant) were
selected by the addition of 15 μg/mL hygromycin to the previously described media, and
BNIP3 expression was induced with doxycycline for 48 hr unless otherwise noted. Transfection
was performed using Lipofectamine 2000 (Life Technologies), according to manufacturer rec-
ommendations. 293T, A549, AU565, and MDA-MB-231 cells were purchased from the ATCC
(Manassas, VA) and maintained per ATCC guidelines. To monitor autophagy, GFP-LC3 (pro-
vided by A. Diwan) was transiently transfected in double stable HEK 293 Tet On-BNIP3 cells.
As a positive control, HEK 293 Tet On cells were treated with 100 nM Rapamycin for 18 hr to
activate autophagy. Autophagosome clearance was inhibited using 50 nM Bafilomycin A1 for
12 hr. A time course of autophagy activation was performed using GFP-LC3 by fixing cells
after BNIP3 expression for 24, 48, or 72 hr.
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Intracellular cAMP levels were elevated by treating cells with 1 mM 8-Br-cAMP and
100 μM IBMX. Cellular stress was induced by treating HEK 293 cells with 150 μMH2O2 for
120 min, or by treating cells with 10 μM FCCP for 120 min. Nutrient deprivation was achieved
by replacing cell culture media with Hank’s Balanced Salt Solution (Life Technologies), and
cells were subjected to hypoxia using a modular incubator chamber (Billups-Rothenberg, Inc.)
containing 5% CO2 and 95% N2 for up to 48 hr.

Confocal Microscopy
HEK 293 Tet On cells expressing each form of BNIP3 were grown on glass coverslips coated
with 50 mM poly-l-lysine (Sigma) for 24 hr. To examine GFP-LC3 puncta and BNIP3-OPA1
colocalization, cells were fixed using 4% electron microscopy grade paraformaldehyde (EMS)
for 10 min, quenched for 5 min using quenching buffer (50 mM Tris Cl, pH 7.5, 100 mM
NaCl) and nuclei stained with 0.5 μg/mL DAPI (Sigma). Coverslips were mounted using Pro-
long Gold (Molecular Probes, P36930). Colocalization analysis of OPA1 and BNIP3 with mito-
chondria was achieved by probing cells with 300 nMMitotracker CMXRos for 1 hr prior to
fixation. Live cell imaging using 2.5 μM JC1 or 1 nM Lysotracker Red was achieved by mount-
ing stained cells in Minimum Essential Medium, no phenol red, with 10% FBS. High resolution
images were collected using a Zeiss LSM 700, and quantification of fluorescence was performed
using ImageJ (NIH) [64]. In each case, autothresholding was applied prior to analysis using the
find maxima or analyze particles functions. Colocalization of BNIP3 or OPA1 with either
Mitotracker CMXRos or MT-CO2, as well as BNIP3-OPA1 colocalization, was quantified
using Zen software (Zeiss).

Transmission Electron Microscopy
HEK 293 cell pellets were fixed in a modified Karnovsky's fixative buffer (3% glutaraldehyde,
1% paraformaldehyde in 0.1 M sodium cacodylate), post-fixed in 2% osmium tetroxide in 0.1
M sodium cacodylate buffer for 1 hr., en bloc stained with 2% aqueous uranyl acetate for 30
min, dehydrated in graded acetone, and embedded in PolyBed 812 (Polysciences, 08792–1).
Cell pellet blocks were sectioned at 90 nm thick, post stained with Venable's lead citrate, and
viewed with a JEOL model 1400EX electron microscope. Digital images were acquired using
the Gatan Orius high definition CCD, 11 megapixel TEM camera. Quantification of mitochon-
drial elongation was performed independently by 5 individuals, and mitochondrial area was
measured using ImageJ (NIH).

Flow Cytometry
Flow cytometry was performed using an Accuri C6 flow cytometer. Fluorescent probes were
used as follows: 100 nMMitotracker Green FM, 30 min; 2.5 μM JC1, 30 min; 10 μMDHE, 10
min; 500 nM DCF, 10 min; 5 μMMitoSox, 15 min; 50 nM Lyostracker Red, 30 min; 20 nM
DiOC6, 15 min; Annexin V, per manufacturer recommendations. Controls for mitochondrial
membrane potential assays were employed using treatment of control cells with 5 μg/mL Oli-
gomycin A (Oligo A) and 10 μM FCCP for 30 min. A minimum of 30,000 events were collected
for each sample, and compensation was performed for JC1 dual color fluorescence. Data analy-
sis was performed using Accuri C6 software. JC1 fluorescence was quantified using the ratio of
red:green JC1 fluorescence, which represents the ratio of polarized:depolarized mitochondria.
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Mitochondrial Fractionation and Alkaline Extraction
Subcellular fractionation was performed using the protocol previously described, with minor
changes [65]. Briefly, cells were lysed in fractionation buffer (250 mM sucrose, 20 mMHEPES,
pH7.4, 10 mM KCl, 1.5 mMMgCl2, 1 mM EDTA, 1 mM EGTA, 1 mMDTT, cOmplete prote-
ase inhibitor (Roche, Basel, Switzerland), and 50 mM β-glycerophosphate). Following centrifu-
gation at 720g, the supernatant was centrifuged at 10,000g, and the mitochondrial pellet
washed with fractionation buffer. Samples were analyzed by Western blot. Alkaline extraction
of mitochondria was performed as previously described [65]. Briefly, isolated mitochondria
were suspended in 100 mMNa2CO3, pH 11.3, incubated on ice 20 min, and centrifuged at
10,000g for 15 min. Supernatant and pellet were solubilized in 2x Laemmli buffer and analyzed
via Western blot.

Quantitative PCR
Genomic DNA was purified from HEK 293 cells expressing each form of BNIP3 using a
DNeasy Blood and Tissue Kit (Qiagen). Mitochondrial DNA (mtDNA) was quantified by
qPCR, using primers specific for ND1 (mitochondrially-encoded NADH dehydrogenase, sub-
unit 1) 5’- CCCTAAAACCCGCCACATCT-3’ and 5’-GAGCGATGGTGAGAGCTAAGGT-3’
and a reference gene B2M (beta-2-microglobulin) 5’-TGCTGTCTCCATGTTTGATGTATCT-
3’ and 5’-TCTCTGCTCCCCACCTCTAAGT-3’, as previously described [66, 67]. Quantita-
tive PCR was achieved using a ViiA 7 Real Time PCR System (Applied Biosystems) with SYBR
Select Master Mix (Life Technologies). Melt curves were monitored to ensure specificity of the
primers. Relative quantification of mtDNA were calculated as 2ΔΔCt, where ΔΔCt represents
the difference between ΔCt control (no BNIP3) and ΔCt sample (each form of BNIP3) and ΔCt
represents the difference Ct target (ND1) and Ct endogenous control (B2M).

Co-immunoprecipitation
Co-immunoprecipitation assays were performed as previously described [16]. Cells were lysed
using lysis buffer (50 mM Tris-Cl, pH 7.5, 250 mMNaCl, 5mM EDTA, 5 mM EGTA, 1% Tri-
ton X-100, cOmplete protease inhibitor) and applied to antibody-coated Sheep anti-Mouse
IgG Dynabeads (Life Technologies) for 4 hr at 4°C. The samples were washed 3 times with
washing buffer (50 mM Tris-Cl, pH 7.5, 250 mMNaCl, 5mM EDTA, 5 mM EGTA, 0.05% Tri-
ton X-100, cOmplete protease inhibitor), eluted using 2x Laemmli buffer, and analyzed by
Western blot.

SDS PAGE andWestern Blotting
Protein extracts, prepared in 2x Laemmli buffer, were subjected to SDS PAGE using Mini-
PROTEAN TGX gradient (5–15%) gels (Bio-Rad, Hercules, CA) and transferred to PVDF
membrane for 1 hr. Lysates treated without or with BAF, to monitor conversion of LC3-I to
LC3-II, were separated on 16.5%Mini-PROTEAN Tris-Tricine gels for accurate detection of
both LC3 species. Membranes were blocked in SuperBlock blocking buffer in TBS (Pierce,
Rockford, IL). Following application of primary antibody (1:1000 dilution), either donkey anti-
rabbit (Pierce) or goat anti-mouse (Pierce) IgG HRP conjugated secondary antibody was ap-
plied, and blots were developed using SuperSignal West Pico Chemiluminescent Substrate
(Pierce). Densitometry was performed using ImageJ (NIH) [64].
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Mass Spectrometry
His-tagged WT BNIP3 was purified from HEK 293 Tet On cells under denaturing conditions
(8M urea). Following denaturation, the cellular lysate was passed through a Ni-NTA column
and washed extensively. Protein was eluted from the column using elution buffer (50 mM
NaH2PO4, 300 mMNaCl, 8 M urea, 1 M imidazole, pH 6.5) and the eluate reduced and alkyl-
ated. Peptides were generated using trypsin digestion, and the sample analyzed by LC-MS/MS
using a linear quadrupole ion-trap and an Orbitrap (LTQ-Orbitrap XL, Thermo Fisher Scien-
tific, Waltham, MA) as previously described [68].

Statistical Analysis
Statistical analysis was performed using Graph Pad (version 4.02). In each experiment, a one-
way ANOVA was performed, followed by a Dunnett test to compare cells expressing WT or
each BNIP3 mutant to control cells lacking BNIP3. In each comparison, p< 0.05 was consid-
ered significant. In each figure, significant differences between control cells (without BNIP3)
and cells expressing each BNIP3 mutant are denoted by � p<0.05, �� p<0.01, and ��� p<0.001.
Significant differences between HEK 293 cells expressing WT BNIP3 and either control cells
(without BNIP3) or cells expressing each BNIP3 mutant are denoted by #p<0.05, ##p<0.01,
###p<0.001. Post-hoc Tukey tests were performed for statistical analysis of paired samples, to
allow for the comparison of the complementary phosphomimetic and nonphosphorylated
BNIP3 mutants (ΔTM vs ΔR BNIP3, T188D vs T188A BNIP3, and 6D vs 6N BNIP3). In each
figure, significant differences between each complementary pair of nonphosphorylated and
phosphomimetic BNIP3 mutants are denoted by brackets. When applicable, additional statisti-
cal analysis between treatment conditions is noted in figure captions. Error bars represent
SEM.

Supporting Information
S1 Fig. Phosphomimetic mutation of the BNIP3 C-terminus prevents BNIP3-induced loss
of mtDNA content.Mitochondrial DNA content was quantified by PCR, using primers specif-
ic for ND1 (mitochondrially-encoded NADH dehydrogenase, subunit 1) and a reference gene
B2M (beta-2-microglobulin). Results are expressed as the relative quantification (RQ), calculat-
ed as 2ΔΔCt, where ΔΔCt represents the difference between ΔCt control (no BNIP3) and ΔCt sam-

ple (each form of BNIP3). The bar graph represents the average RQ from 4 independent
experiments. Significant differences between control cells (without BNIP3) and cells expressing
each BNIP3 mutant are denoted by � p<0.05, �� p<0.01, and ��� p<0.001. Significant differ-
ences between HEK 293 cells expressing WT BNIP3 and either control cells or cells expressing
each BNIP3 mutant are denoted by #p<0.05, ##p<0.01, ###p<0.001; significant differences
between pairs of complementary BNIP3 mutants are denoted in brackets.
(TIF)

S2 Fig. Phosphomimetic BNIP3 does not reduce the mitochondrial membrane potential of
HEK 293 cells. A) Quantification of red JC1 puncta, observed by confocal microscopy. Control
cells were treated with Oligomycin A1 (Oligo A) or FCCP to hyperpolarize or depolarize mito-
chondria, respectively. Bar graph represents results from 3 independent experiments in which
a minimum of 30 cells were observed. B) HEK 293 cells expressing each form of BNIP3 were
probed with DiOC6, and the fluorescence intensity measured by flow cytometry analysis of a
minimum of 30,000 events per sample. Results represent the mean fluorescence intensity, cal-
culated from 3 independent experiments. Control cells were treated with Oligomycin A1
(Oligo A) or FCCP to hyperpolarize or depolarize mitochondria, respectively. Significant
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differences between control cells (without BNIP3) and cells expressing each BNIP3 mutant are
denoted by � p<0.05, �� p<0.01, and ��� p<0.001; significant differences between cells express-
ing WT BNIP3 and either control cells or cells expressing each BNIP3 mutant are denoted by #
p<0.05, ## p<0.01, and ### p<0.001; significant differences between complementary pairs of
mutants are denoted in brackets.
(TIF)

S3 Fig. C-terminal BNIP3 phosphorylation prevents BNIP3-induced increases in ROS.
Representative flow cytometry histograms of HEK 293 cells expressing WT or phosphomutant
BNIP3, probed with (A) DHE, (B) DCF-DA, and (C) MitoSox to quantify ROS. For each fluo-
rescent probe, two histograms are provided to demonstrate the relative fluorescence intensities
of HEK 293 cells expressing either ΔTM, WT, T188A, or T188D BNIP3 (left histogram) or ei-
ther ΔTM, WT, 6N, or 6D BNIP3 (right histogram); to allow for comparison between histo-
grams, each pair of histograms contains the same ΔTM andWT BNIP3 examples. The red
vertical line denotes the mean fluorescence intensity of HEK 293 cells expressing ΔTM BNIP3.
Bar graphs displaying the full quantification of this data are provided in Fig 3C–3E.
(TIF)

S4 Fig. Phosphorylation of the BNIP3 C-terminus does not prevent the activation of autop-
hagy. A) HEK 293 cells expressing each form of BNIP3 were treated with or without BAF, and
LC3 was detected by Western blot. To quantify autophagic flux, the ratio of LC3-II/ACTB be-
tween BAF treated cells and untreated cells was calculated. B) Ratio of SQSTM1/ACTB be-
tween BAF treated and untreated cells expressing each form of BNIP3, calculated following the
same treatment as described in (A). C) The time course of autophagy activation, measured by
the number of GFP-LC3 puncta per cell in HEK 293 cells expressing each BNIP3 mutant for
24, 48, or 72 hr, is similar in cells expressing nonphosphorylated or phosphomimetic BNIP3.
In each condition, a minimum of 30 cells were observed in 3 independent experiments. Signifi-
cant differences between control cells (without BNIP3) and cells expressing each BNIP3 mu-
tant for 24 hr are denoted by � p<0.05, �� p<0.01, and ��� p<0.001; significant differences
between control cells and cells expressing each BNIP3 mutant for 48 hr are denoted by #
p<0.05, ## p<0.01, and ### p<0.001; significant differences between control cells and cells ex-
pressing each BNIP3 mutant for 72 hr are denoted by $ p<0.05, $$ p<0.01, and $$$ p<0.001.
(TIF)

S5 Fig. Phosphorylation of the BNIP3 C-terminus does not alter the BCL2-BNIP3 protein-
protein interaction. Detection of BCL2 by Western blot following immunoprecipitation of
WT or mutant BNIP3 using an α-HIS tag antibody. WCL = whole cell lysate.
(TIF)

S6 Fig. OPA1 remains localized to mitochondria following expression of WT or phospho-
mutant BNIP3. (A) Endogenous and exogenous OPA1 expression levels in HEK 293 cells ex-
pressing each form of BNIP3. To account for the reduced level of endogenous OPA1 in cells
expressing WT or nonphosphorylated BNIP3, co-immunoprecipitation assays and colocaliza-
tion analysis were performed following transient exogenous OPA1 expression. (B) Western
blot analysis of endogenous OPA1 subcellular localization in cells expressing each form of
BNIP3, showing cytosolic and mitochondrial pellet fractions. (C) Subcellular localization of
OPA1 in HEK 293 cells expressing each form of BNIP3 following transient transfection of
OPA1. Total OPA1 was detected using a monoclonal α-OPA1 antibody, and Mitotracker
CMXRos was used to detect mitochondria and monitor OPA1 localization at mitochondria by
confocal miscroscopy. Scale bar represents 10 μm. (D) Mitochondrial localization of BNIP3,
detected using Mitotracker CMXRos and an α-His antibody specific to His-tagged WT or
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mutant BNIP3. Scale bar represents 10 μm. (E) Quantification of OPA1-Mitotracker CMXRos
colocalization in HEK 293 cells expressing each form of BNIP3. (F) Quantification of BNIP3
localization to mitochondria, represented by the number of colocalized Mitotracker CMXRos-
BNIP3 pixels per cell. For each bar graph, significant differences in colocalization between con-
trol cells (without BNIP3) and cells expressing each BNIP3 mutant are denoted by � p<0.05, ��

p<0.01, and ��� p<0.001; significant differences between cells expressing WT BNIP3 and ei-
ther control cells (no BNIP3) or cells expressing each BNIP3 mutant are denoted by # p<0.05,
## p<0.01, and ### p<0.001.
(TIF)

S7 Fig. Phosphorylation of the BNIP3 C-terminus reduces the colocalization of BNIP3
with OPA1. (A) Analysis of mitochondrial localization of BNIP3 and OPA1 by confocal mi-
croscopy. BNIP3 (dsRed tagged) and OPA1 (α-OPA1, FITC secondary) both localize to mito-
chondria, visualized by MT-CO2 (α-MT-CO2, CF 405M secondary). A minimum of 30 cells
expressing each form of BNIP3 were examined in 3 independent experiments. Scale bar repre-
sents 10 μm. Traces of fluorescence intensity provide examples of the colocalization of
MT-CO2, OPA1, and BNIP3 in HEK 293 cells expressing each form of BNIP3. (B) Quantifica-
tion of OPA1 localization to mitochondria, calculated as the percent of OPA1 pixels colocalized
with MT-CO2 per cell. (C) Quantification of BNIP3 localization to mitochondria, calculated as
the percent of BNIP3 pixels colocalized with MT-CO2 per cell. (D) Quantification of BNI-
P3-OPA1 colocalization in cells probed with dsRed BNIP3, FITC-labeled OPA1, and CF-la-
beled MT-CO2, calculated as the percent of OPA1 pixels colocalized with BNIP3. For each bar
graph, significant differences in colocalization between control cells (without BNIP3) and cells
expressing each BNIP3 mutant are denoted by � p<0.05, �� p<0.01, and ��� p<0.001; signifi-
cant differences between cells expressing WT BNIP3 and either control cells or cells expressing
each BNIP3 mutant are denoted by # p<0.05, ## p<0.01, and ### p<0.001.
(TIF)

S8 Fig. Uncropped Western blots for Figs 1–7 and S5 and S6 Figs.
(TIF)

Acknowledgments
We thank Dr. Gerald Dorn for providing the WT BNIP3 DNA. Dr. Abhinav Diwan provided
the GFP-LC3 and dsRed WT BNIP3 constructs, as well as experimental advice. Dr. Jeffrey
Arbeit provided the modular incubator chamber for hypoxia studies. Electron microscopy was
performed with the help of the Research Electron Microscopy Core Facility in the Department
of Pathology and Immunology at Washington University School of Medicine. Confocal mi-
croscopy was performed using instrumentation in the lab of Dr. James Skeath (Washington
University School of Medicine), and qPCR was performed using the instrumentation of Dr.
Robert Mecham (Washington University School of Medicine). We thank the Alvin J. Siteman
Cancer Center at Washington University School of Medicine and Barnes-Jewish Hospital in
St. Louis, Mo., for the use of the Proteomics Core, which provided mass spectrometry analysis
of BNIP3 phosphorylation.

Author Contributions
Conceived and designed the experiments: KELWAF. Performed the experiments: KEL. Ana-
lyzed the data: KEL WAF. Contributed reagents/materials/analysis tools: KEL WAF. Wrote the
paper: KEL WAF.

BNIP3 Phosphorylation Inhibits Mitochondrial Damage

PLOSONE | DOI:10.1371/journal.pone.0129667 June 23, 2015 24 / 28

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0129667.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0129667.s008


References
1. Guo K, Searfoss G, Krolikowski D, Pagnoni M, Franks C, Clark K, et al. Hypoxia induces the expression

of the pro-apoptotic gene BNIP3. Cell Death Differ. 2001; 8(4):367–76. PMID: 11550088

2. Kim JY, Cho JJ, Ha J, Park JH. The carboxy terminal C-tail of BNip3 is crucial in induction of mitochon-
drial permeability transition in isolated mitochondria. Arch Biochem Biophys. 2002; 398(2):147–52.
PMID: 11831844

3. Ghavami S, Eshraghi M, Kadkhoda K, Mutawe MM, Maddika S, Bay GH, et al. Role of BNIP3 in TNF-in-
duced cell death–TNF upregulates BNIP3 expression. Biochim Biophys Acta. 2009; 1793(3):546–60.
doi: 10.1016/j.bbamcr.2009.01.002 PMID: 19321129

4. Ghavami S, Eshragi M, Ande SR, Chazin WJ, Klonisch T, Halayko AJ, et al. S100A8/A9 induces autop-
hagy and apoptosis via ROS-mediated cross-talk between mitochondria and lysosomes that involves
BNIP3. Cell Res. 2010; 20(3):314–31. doi: 10.1038/cr.2009.129 PMID: 19935772

5. Gustafsson AB. Bnip3 as a dual regulator of mitochondrial turnover and cell death in the myocardium.
Pediatr Cardiol. 2011; 32(3):267–74. doi: 10.1007/s00246-010-9876-5 PMID: 21210091

6. Hamacher-Brady A, Brady NR, Logue SE, Sayen MR, Jinno M, Kirshenbaum LA, et al. Response to
myocardial ischemia/reperfusion injury involves Bnip3 and autophagy. Cell Death Differ. 2007; 14
(1):146–57. PMID: 16645637

7. Rikka S, Quinsay MN, Thomas RL, Kubli DA, Zhang X, Murphy AN, et al. Bnip3 impairs mitochondrial
bioenergetics and stimulates mitochondrial turnover. Cell Death Differ. 2011; 18(4):721–31. doi: 10.
1038/cdd.2010.146 PMID: 21278801

8. Ma X, Godar RJ, Liu H, Diwan A. Enhancing lysosome biogenesis attenuates BNIP3-induced cardio-
myocyte death. Autophagy. 2012; 8(3). Epub 2012/02/04.

9. Ray R, Chen G, Vande Velde C, Cizeau J, Park JH, Reed JC, et al. BNIP3 heterodimerizes with Bcl-2/
Bcl-X(L) and induces cell death independent of a Bcl-2 homology 3 (BH3) domain at both mitochondrial
and nonmitochondrial sites. J Biol Chem. 2000; 275(2):1439–48. PMID: 10625696

10. Quinsay MN, Thomas RL, Lee Y, Gustafsson AB. Bnip3-mediated mitochondrial autophagy is indepen-
dent of the mitochondrial permeability transition pore. Autophagy. 2010; 6(7):855–62. PMID: 20668412

11. Hanna RA, Quinsay MN, Orogo AM, Giang K, Rikka S, Gustafsson AB. Microtubule-Associated Protein
1 Light Chain 3 (LC3) Interacts with Bnip3 to Selectively Remove Endoplasmic Reticulum and Mito-
chondria via Autophagy. J Biol Chem. 2012. Epub 2012/04/17.

12. Zhu Y, Massen S, Terenzio M, Lang V, Chen-Lindner S, Eils R, et al. Modulation of serines 17 and 24 in
the LC3-interacting region of Bnip3 determines pro-survival mitophagy versus apoptosis. J Biol Chem.
2013; 288(2):1099–113. Epub 2012/12/05. doi: 10.1074/jbc.M112.399345 PMID: 23209295

13. Twig G, Elorza A, Molina AJ, Mohamed H, Wikstrom JD, Walzer G, et al. Fission and selective fusion
govern mitochondrial segregation and elimination by autophagy. EMBO J. 2008; 27(2):433–46. Epub
2008/01/18. doi: 10.1038/sj.emboj.7601963 PMID: 18200046

14. Lee Y, Lee HY, Hanna RA, Gustafsson AB. Mitochondrial autophagy by Bnip3 involves Drp1-mediated
mitochondrial fission and recruitment of Parkin in cardiac myocytes. Am J Physiol Heart Circ Physiol.
2011; 301(5):H1924–31. Epub 2011/09/06. doi: 10.1152/ajpheart.00368.2011 PMID: 21890690

15. Frezza C, Cipolat S, Martins de Brito O, Micaroni M, Beznoussenko GV, Rudka T, et al. OPA1 controls
apoptotic cristae remodeling independently frommitochondrial fusion. Cell. 2006; 126(1):177–89. Epub
2006/07/15. PMID: 16839885

16. Landes T, Emorine LJ, Courilleau D, Rojo M, Belenguer P, Arnauné-Pelloquin L. The BH3-only Bnip3
binds to the dynamin Opa1 to promote mitochondrial fragmentation and apoptosis by distinct mecha-
nisms. EMBORep. 2010; 11(6):459–65. doi: 10.1038/embor.2010.50 PMID: 20436456

17. Olichon A, Baricault L, Gas N, Guillou E, Valette A, Belenguer P, et al. Loss of OPA1 perturbates the mi-
tochondrial inner membrane structure and integrity, leading to cytochrome c release and apoptosis. J
Biol Chem. 2003; 278(10):7743–6. Epub 2003/01/02. PMID: 12509422

18. Arnoult D, Grodet A, Lee YJ, Estaquier J, Blackstone C. Release of OPA1 during apoptosis participates
in the rapid and complete release of cytochrome c and subsequent mitochondrial fragmentation. J Biol
Chem. 2005; 280(42):35742–50. Epub 2005/08/24. PMID: 16115883

19. Scorrano L, Ashiya M, Buttle K, Weiler S, Oakes SA, Mannella CA, et al. A distinct pathway remodels
mitochondrial cristae and mobilizes cytochrome c during apoptosis. Developmental cell. 2002; 2(1):55–
67. Epub 2002/01/10. PMID: 11782314

20. Cipolat S, Rudka T, Hartmann D, Costa V, Serneels L, Craessaerts K, et al. Mitochondrial rhomboid
PARL regulates cytochrome c release during apoptosis via OPA1-dependent cristae remodeling. Cell.
2006; 126(1):163–75. Epub 2006/07/15. PMID: 16839884

BNIP3 Phosphorylation Inhibits Mitochondrial Damage

PLOSONE | DOI:10.1371/journal.pone.0129667 June 23, 2015 25 / 28

http://www.ncbi.nlm.nih.gov/pubmed/11550088
http://www.ncbi.nlm.nih.gov/pubmed/11831844
http://dx.doi.org/10.1016/j.bbamcr.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19321129
http://dx.doi.org/10.1038/cr.2009.129
http://www.ncbi.nlm.nih.gov/pubmed/19935772
http://dx.doi.org/10.1007/s00246-010-9876-5
http://www.ncbi.nlm.nih.gov/pubmed/21210091
http://www.ncbi.nlm.nih.gov/pubmed/16645637
http://dx.doi.org/10.1038/cdd.2010.146
http://dx.doi.org/10.1038/cdd.2010.146
http://www.ncbi.nlm.nih.gov/pubmed/21278801
http://www.ncbi.nlm.nih.gov/pubmed/10625696
http://www.ncbi.nlm.nih.gov/pubmed/20668412
http://dx.doi.org/10.1074/jbc.M112.399345
http://www.ncbi.nlm.nih.gov/pubmed/23209295
http://dx.doi.org/10.1038/sj.emboj.7601963
http://www.ncbi.nlm.nih.gov/pubmed/18200046
http://dx.doi.org/10.1152/ajpheart.00368.2011
http://www.ncbi.nlm.nih.gov/pubmed/21890690
http://www.ncbi.nlm.nih.gov/pubmed/16839885
http://dx.doi.org/10.1038/embor.2010.50
http://www.ncbi.nlm.nih.gov/pubmed/20436456
http://www.ncbi.nlm.nih.gov/pubmed/12509422
http://www.ncbi.nlm.nih.gov/pubmed/16115883
http://www.ncbi.nlm.nih.gov/pubmed/11782314
http://www.ncbi.nlm.nih.gov/pubmed/16839884


21. Zhang J, Ney PA. Role of BNIP3 and NIX in cell death, autophagy, and mitophagy. Cell Death Differ.
2009; 16(7):939–46. doi: 10.1038/cdd.2009.16 PMID: 19229244

22. Regula KM, Ens K, Kirshenbaum LA. Inducible expression of BNIP3 provokes mitochondrial defects
and hypoxia-mediated cell death of ventricular myocytes. Circ Res. 2002; 91(3):226–31. PMID:
12169648

23. Kubasiak LA, Hernandez OM, Bishopric NH, Webster KA. Hypoxia and acidosis activate cardiac myo-
cyte death through the Bcl-2 family protein BNIP3. Proc Natl Acad Sci U S A. 2002; 99(20):12825–30.
PMID: 12226479

24. Vande Velde C, Cizeau J, Dubik D, Alimonti J, Brown T, Israels S, et al. BNIP3 and genetic control of
necrosis-like cell death through the mitochondrial permeability transition pore. Mol Cell Biol. 2000; 20
(15):5454–68. PMID: 10891486

25. Lamy L, Ticchioni M, Rouquette-Jazdanian AK, Samson M, Deckert M, Greenberg AH, et al. CD47 and
the 19 kDa interacting protein-3 (BNIP3) in T cell apoptosis. J Biol Chem. 2003; 278(26):23915–21.
PMID: 12690108

26. Azad MB, Chen Y, Henson ES, Cizeau J, McMillan-Ward E, Israels SJ, et al. Hypoxia induces autopha-
gic cell death in apoptosis-competent cells through a mechanism involving BNIP3. Autophagy. 2008; 4
(2):195–204. PMID: 18059169

27. Azad MB, Gibson SB. Role of BNIP3 in proliferation and hypoxia-induced autophagy: implications for
personalized cancer therapies. Ann N Y Acad Sci. 2010; 1210:8–16. doi: 10.1111/j.1749-6632.2010.
05778.x PMID: 20973794

28. Bellot G, Garcia-Medina R, Gounon P, Chiche J, Roux D, Pouysségur J, et al. Hypoxia-induced autop-
hagy is mediated through hypoxia-inducible factor induction of BNIP3 and BNIP3L via their BH3 do-
mains. Mol Cell Biol. 2009; 29(10):2570–81. doi: 10.1128/MCB.00166-09 PMID: 19273585

29. Dalby KN, Tekedereli I, Lopez-Berestein G, Ozpolat B. Targeting the prodeath and prosurvival func-
tions of autophagy as novel therapeutic strategies in cancer. Autophagy. 2010; 6(3):322–9. Epub 2010/
03/13. PMID: 20224296

30. Mellor HR, Rouschop KM,Wigfield SM,Wouters BG, Harris AL. Synchronised phosphorylation of
BNIP3, Bcl-2 and Bcl-xL in response to microtubule-active drugs is JNK-independent and requires a mi-
totic kinase. Biochem Pharmacol. 2010; 79(11):1562–72. doi: 10.1016/j.bcp.2010.01.019 PMID:
20100468

31. Graham RM, Thompson JW, Wei J, Bishopric NH, Webster KA. Regulation of Bnip3 death pathways by
calcium, phosphorylation, and hypoxia-reoxygenation. Antioxid Redox Signal. 2007; 9(9):1309–15.
PMID: 17638546

32. Prabhakaran K, Li L, Zhang L, Borowitz JL, Isom GE. Upregulation of BNIP3 and translocation to mito-
chondria mediates cyanide-induced apoptosis in cortical cells. Neuroscience. 2007; 150(1):159–67.
PMID: 17980495

33. Vijayalingam S, Pillai SG, Rashmi R, Subramanian T, Sagartz JE, Chinnadurai G. Overexpression of
BH3-Only Protein BNIP3 Leads to Enhanced Tumor Growth. Genes & cancer. 2010; 1(9):964–71.
Epub 2011/07/23.

34. Wojtkowiak JW, Rothberg JM, Kumar V, Schramm KJ, Haller E, Proemsey JB, et al. Chronic autophagy
is a cellular adaptation to tumor acidic pH microenvironments. Cancer Res. 2012; 72(16):3938–47.
Epub 2012/06/22. doi: 10.1158/0008-5472.CAN-11-3881 PMID: 22719070

35. Kothari S, Cizeau J, McMillan-Ward E, Israels SJ, Bailes M, Ens K, et al. BNIP3 plays a role in hypoxic
cell death in human epithelial cells that is inhibited by growth factors EGF and IGF. Oncogene. 2003; 22
(30):4734–44. PMID: 12879018

36. Bristow N, Burton TR, Henson ES, Ong-Justiniano C, Brown M, Gibson SB. Truncated forms of BNIP3
act as dominant negatives inhibiting hypoxia-induced cell death. Biochim Biophys Acta. 2011; 1812
(3):302–11. doi: 10.1016/j.bbadis.2010.11.013 PMID: 21138765

37. Burton TR, Henson ES, AzadMB, BrownM, Eisenstat DD, Gibson SB. BNIP3 acts as transcriptional re-
pressor of death receptor-5 expression and prevents TRAIL-induced cell death in gliomas. Cell Death
Dis. 2013; 4:e587. Epub 2013/04/13. doi: 10.1038/cddis.2013.100 PMID: 23579274

38. Zhang H, Bosch-Marce M, Shimoda LA, Tan YS, Baek JH, Wesley JB, et al. Mitochondrial autophagy
is an HIF-1-dependent adaptive metabolic response to hypoxia. J Biol Chem. 2008; 283(16):10892–
903. doi: 10.1074/jbc.M800102200 PMID: 18281291

39. Maes H, Van Eygen S, Krysko DV, Vandenabeele P, Nys K, Rillaerts K, et al. BNIP3 supports melano-
ma cell migration and vasculogenic mimicry by orchestrating the actin cytoskeleton. Cell Death Dis.
2014; 5:e1127. Epub 2014/03/15. doi: 10.1038/cddis.2014.94 PMID: 24625986

BNIP3 Phosphorylation Inhibits Mitochondrial Damage

PLOSONE | DOI:10.1371/journal.pone.0129667 June 23, 2015 26 / 28

http://dx.doi.org/10.1038/cdd.2009.16
http://www.ncbi.nlm.nih.gov/pubmed/19229244
http://www.ncbi.nlm.nih.gov/pubmed/12169648
http://www.ncbi.nlm.nih.gov/pubmed/12226479
http://www.ncbi.nlm.nih.gov/pubmed/10891486
http://www.ncbi.nlm.nih.gov/pubmed/12690108
http://www.ncbi.nlm.nih.gov/pubmed/18059169
http://dx.doi.org/10.1111/j.1749-6632.2010.05778.x
http://dx.doi.org/10.1111/j.1749-6632.2010.05778.x
http://www.ncbi.nlm.nih.gov/pubmed/20973794
http://dx.doi.org/10.1128/MCB.00166-09
http://www.ncbi.nlm.nih.gov/pubmed/19273585
http://www.ncbi.nlm.nih.gov/pubmed/20224296
http://dx.doi.org/10.1016/j.bcp.2010.01.019
http://www.ncbi.nlm.nih.gov/pubmed/20100468
http://www.ncbi.nlm.nih.gov/pubmed/17638546
http://www.ncbi.nlm.nih.gov/pubmed/17980495
http://dx.doi.org/10.1158/0008-5472.CAN-11-3881
http://www.ncbi.nlm.nih.gov/pubmed/22719070
http://www.ncbi.nlm.nih.gov/pubmed/12879018
http://dx.doi.org/10.1016/j.bbadis.2010.11.013
http://www.ncbi.nlm.nih.gov/pubmed/21138765
http://dx.doi.org/10.1038/cddis.2013.100
http://www.ncbi.nlm.nih.gov/pubmed/23579274
http://dx.doi.org/10.1074/jbc.M800102200
http://www.ncbi.nlm.nih.gov/pubmed/18281291
http://dx.doi.org/10.1038/cddis.2014.94
http://www.ncbi.nlm.nih.gov/pubmed/24625986


40. Perry SW, Norman JP, Barbieri J, Brown EB, Gelbard HA. Mitochondrial membrane potential probes
and the proton gradient: a practical usage guide. BioTechniques. 2011; 50(2):98–115. Epub 2011/04/
14. doi: 10.2144/000113610 PMID: 21486251

41. Yang Z, Klionsky DJ. Mammalian autophagy: core molecular machinery and signaling regulation. Curr
Opin Cell Biol. 2010; 22(2):124–31. Epub 2009/12/26. doi: 10.1016/j.ceb.2009.11.014 PMID:
20034776

42. Mizushima N, Yoshimori T. How to interpret LC3 immunoblotting. Autophagy. 2007; 3(6):542–5. Epub
2007/07/06. PMID: 17611390

43. Decuypere JP, Parys JB, Bultynck G. Regulation of the autophagic bcl-2/beclin 1 interaction. Cells.
2012; 1(3):284–312. Epub 2012/01/01. doi: 10.3390/cells1030284 PMID: 24710477

44. Funderburk SF, Wang QJ, Yue Z. The Beclin 1-VPS34 complex–at the crossroads of autophagy and
beyond. Trends Cell Biol. 2010; 20(6):355–62. Epub 2010/04/02. doi: 10.1016/j.tcb.2010.03.002 PMID:
20356743

45. Hamacher-Brady A, Brady NR, Gottlieb RA. Enhancing macroautophagy protects against ischemia/re-
perfusion injury in cardiac myocytes. J Biol Chem. 2006; 281(40):29776–87. Epub 2006/08/03. PMID:
16882669

46. Liu J, Wang J, Zhou Y. Upregulation of BNIP3 and translocation to mitochondria in nutrition deprivation
induced apoptosis in nucleus pulposus cells. Joint, bone, spine: revue du rhumatisme. 2012; 79
(2):186–91. Epub 2011/06/17. doi: 10.1016/j.jbspin.2011.04.011 PMID: 21676641

47. Lefkimmiatis K, Leronni D, Hofer AM. The inner and outer compartments of mitochondria are sites of
distinct cAMP/PKA signaling dynamics. J Cell Biol. 2013; 202(3):453–62. Epub 2013/07/31. doi: 10.
1083/jcb.201303159 PMID: 23897891

48. Pidoux G, Tasken K. Specificity and spatial dynamics of protein kinase A signaling organized by A-ki-
nase-anchoring proteins. Journal of molecular endocrinology. 2010; 44(5):271–84. Epub 2010/02/13.
doi: 10.1677/JME-10-0010 PMID: 20150326

49. Merrill RA, Strack S. Mitochondria: a kinase anchoring protein 1, a signaling platform for mitochondrial
form and function. Int J Biochem Cell Biol. 2014; 48:92–6. Epub 2014/01/15. doi: 10.1016/j.biocel.2013.
12.012 PMID: 24412345

50. Pattingre S, Tassa A, Qu X, Garuti R, Liang XH, Mizushima N, et al. Bcl-2 antiapoptotic proteins inhibit
Beclin 1-dependent autophagy. Cell. 2005; 122(6):927–39. Epub 2005/09/24. PMID: 16179260

51. Wang Y, Han C, Lu L, Magliato S, Wu T. Hedgehog signaling pathway regulates autophagy in human
hepatocellular carcinoma cells. Hepatology. 2013; 58(3):995–1010. Epub 2013/03/19. doi: 10.1002/
hep.26394 PMID: 23504944

52. He C, Zhu H, Li H, Zou MH, Xie Z. Dissociation of Bcl-2-Beclin1 complex by activated AMPK enhances
cardiac autophagy and protects against cardiomyocyte apoptosis in diabetes. Diabetes. 2013; 62
(4):1270–81. Epub 2012/12/12. doi: 10.2337/db12-0533 PMID: 23223177

53. Narendra D, Tanaka A, Suen DF, Youle RJ. Parkin is recruited selectively to impaired mitochondria
and promotes their autophagy. J Cell Biol. 2008; 183(5):795–803. Epub 2008/11/26. doi: 10.1083/jcb.
200809125 PMID: 19029340

54. Okami J, Simeone DM, Logsdon CD. Silencing of the hypoxia-inducible cell death protein BNIP3 in
pancreatic cancer. Cancer Res. 2004; 64(15):5338–46. PMID: 15289340

55. Murai M, Toyota M, Suzuki H, Satoh A, Sasaki Y, Akino K, et al. Aberrant methylation and silencing of
the BNIP3 gene in colorectal and gastric cancer. Clin Cancer Res. 2005; 11(3):1021–7. PMID:
15709167

56. Giatromanolaki A, Koukourakis MI, Gatter KC, Harris AL, Sivridis E. BNIP3 expression in endometrial
cancer relates to active hypoxia inducible factor 1alpha pathway and prognosis. J Clin Pathol. 2008; 61
(2):217–20. PMID: 17513511

57. Giatromanolaki A, Koukourakis MI, Sowter HM, Sivridis E, Gibson S, Gatter KC, et al. BNIP3 expres-
sion is linked with hypoxia-regulated protein expression and with poor prognosis in non-small cell lung
cancer. Clin Cancer Res. 2004; 10(16):5566–71. PMID: 15328198

58. Sowter HM, Ferguson M, Pym C, Watson P, Fox SB, Han C, et al. Expression of the cell death genes
BNip3 and NIX in ductal carcinoma in situ of the breast; correlation of BNip3 levels with necrosis and
grade. J Pathol. 2003; 201(4):573–80. PMID: 14648660

59. Tsigginou A, Bimpaki E, Nesterova M, Horvath A, Boikos S, Lyssikatos C, et al. PRKAR1A gene analy-
sis and protein kinase A activity in endometrial tumors. Endocr Relat Cancer. 2012; 19(4):457–62.
Epub 2012/03/31. doi: 10.1530/ERC-11-0328 PMID: 22461635

60. Gordge PC, Hulme MJ, Clegg RA, Miller WR. Elevation of protein kinase A and protein kinase C activi-
ties in malignant as compared with normal human breast tissue. Eur J Cancer. 1996; 32A(12):2120–6.
Epub 1996/11/01. PMID: 9014755

BNIP3 Phosphorylation Inhibits Mitochondrial Damage

PLOSONE | DOI:10.1371/journal.pone.0129667 June 23, 2015 27 / 28

http://dx.doi.org/10.2144/000113610
http://www.ncbi.nlm.nih.gov/pubmed/21486251
http://dx.doi.org/10.1016/j.ceb.2009.11.014
http://www.ncbi.nlm.nih.gov/pubmed/20034776
http://www.ncbi.nlm.nih.gov/pubmed/17611390
http://dx.doi.org/10.3390/cells1030284
http://www.ncbi.nlm.nih.gov/pubmed/24710477
http://dx.doi.org/10.1016/j.tcb.2010.03.002
http://www.ncbi.nlm.nih.gov/pubmed/20356743
http://www.ncbi.nlm.nih.gov/pubmed/16882669
http://dx.doi.org/10.1016/j.jbspin.2011.04.011
http://www.ncbi.nlm.nih.gov/pubmed/21676641
http://dx.doi.org/10.1083/jcb.201303159
http://dx.doi.org/10.1083/jcb.201303159
http://www.ncbi.nlm.nih.gov/pubmed/23897891
http://dx.doi.org/10.1677/JME-10-0010
http://www.ncbi.nlm.nih.gov/pubmed/20150326
http://dx.doi.org/10.1016/j.biocel.2013.12.012
http://dx.doi.org/10.1016/j.biocel.2013.12.012
http://www.ncbi.nlm.nih.gov/pubmed/24412345
http://www.ncbi.nlm.nih.gov/pubmed/16179260
http://dx.doi.org/10.1002/hep.26394
http://dx.doi.org/10.1002/hep.26394
http://www.ncbi.nlm.nih.gov/pubmed/23504944
http://dx.doi.org/10.2337/db12-0533
http://www.ncbi.nlm.nih.gov/pubmed/23223177
http://dx.doi.org/10.1083/jcb.200809125
http://dx.doi.org/10.1083/jcb.200809125
http://www.ncbi.nlm.nih.gov/pubmed/19029340
http://www.ncbi.nlm.nih.gov/pubmed/15289340
http://www.ncbi.nlm.nih.gov/pubmed/15709167
http://www.ncbi.nlm.nih.gov/pubmed/17513511
http://www.ncbi.nlm.nih.gov/pubmed/15328198
http://www.ncbi.nlm.nih.gov/pubmed/14648660
http://dx.doi.org/10.1530/ERC-11-0328
http://www.ncbi.nlm.nih.gov/pubmed/22461635
http://www.ncbi.nlm.nih.gov/pubmed/9014755


61. Shaikh D, Zhou Q, Chen T, Ibe JC, Raj JU, Zhou G. cAMP-dependent protein kinase is essential for
hypoxia-mediated epithelial-mesenchymal transition, migration, and invasion in lung cancer cells. Cel-
lular signalling. 2012; 24(12):2396–406. Epub 2012/09/08. doi: 10.1016/j.cellsig.2012.08.007 PMID:
22954688

62. Gu L, Lau SK, Loera S, Somlo G, Kane SE. Protein kinase A activation confers resistance to trastuzu-
mab in human breast cancer cell lines. Clin Cancer Res. 2009; 15(23):7196–206. Epub 2009/11/19.
doi: 10.1158/1078-0432.CCR-09-0585 PMID: 19920112

63. Yamamoto K, Ichijo H, Korsmeyer SJ. BCL-2 is phosphorylated and inactivated by an ASK1/Jun N-ter-
minal protein kinase pathway normally activated at G(2)/M. Mol Cell Biol. 1999; 19(12):8469–78. Epub
1999/11/24. PMID: 10567572

64. Schneider CA, RasbandWS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nature
methods. 2012; 9(7):671–5. Epub 2012/08/30. PMID: 22930834

65. Ferecatu I, Le Floch N, Bergeaud M, Rodriguez-Enfedaque A, Rincheval V, Oliver L, et al. Evidence for
a mitochondrial localization of the retinoblastoma protein. BMC cell biology. 2009; 10:50. Epub 2009/
06/27. doi: 10.1186/1471-2121-10-50 PMID: 19555499

66. KaamanM, Sparks LM, van Harmelen V, Smith SR, Sjolin E, Dahlman I, et al. Strong association be-
tween mitochondrial DNA copy number and lipogenesis in human white adipose tissue. Diabetologia.
2007; 50(12):2526–33. Epub 2007/09/20. PMID: 17879081

67. Venegas V, Halberg MC. Measurement of mitochondrial DNA copy number. Methods Mol Biol. 2012;
837:327–35. Epub 2012/01/05. doi: 10.1007/978-1-61779-504-6_22 PMID: 22215558

68. Fentress SJ, Behnke MS, Dunay IR, Mashayekhi M, Rommereim LM, Fox BA, et al. Phosphorylation of
immunity-related GTPases by a Toxoplasma gondii-secreted kinase promotes macrophage survival
and virulence. Cell Host Microbe. 2010; 8(6):484–95. Epub 2010/12/15. doi: 10.1016/j.chom.2010.11.
005 PMID: 21147463

BNIP3 Phosphorylation Inhibits Mitochondrial Damage

PLOSONE | DOI:10.1371/journal.pone.0129667 June 23, 2015 28 / 28

http://dx.doi.org/10.1016/j.cellsig.2012.08.007
http://www.ncbi.nlm.nih.gov/pubmed/22954688
http://dx.doi.org/10.1158/1078-0432.CCR-09-0585
http://www.ncbi.nlm.nih.gov/pubmed/19920112
http://www.ncbi.nlm.nih.gov/pubmed/10567572
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://dx.doi.org/10.1186/1471-2121-10-50
http://www.ncbi.nlm.nih.gov/pubmed/19555499
http://www.ncbi.nlm.nih.gov/pubmed/17879081
http://dx.doi.org/10.1007/978-1-61779-504-6_22
http://www.ncbi.nlm.nih.gov/pubmed/22215558
http://dx.doi.org/10.1016/j.chom.2010.11.005
http://dx.doi.org/10.1016/j.chom.2010.11.005
http://www.ncbi.nlm.nih.gov/pubmed/21147463

