
Bnip3 impairs mitochondrial bioenergetics and
stimulates mitochondrial turnover
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Bnip3 (Bcl-2/adenovirus E1B 19-kDa-interacting protein 3) is a mitochondrial BH3-only protein that contributes to cell death
through activation of the mitochondrial pathway of apoptosis. Bnip3 is also known to induce autophagy, but the functional role of
autophagy is unclear. In this study, we investigated the relationship between mitochondrial dysfunction and upregulation of
autophagy in response to Bnip3 in cells lacking Bax and Bak. We found that Bnip3 induced mitochondrial autophagy in the
absence of mitochondrial membrane permeabilization and Bax/Bak. Also, co-immunoprecipitation experiments showed that
Bnip3 interacted with the autophagy protein LC3 (microtubule-associated protein light chain 3). Although Bax-/Bak-deficient
cells were resistant to Bnip3-mediated cell death, inhibition of mitochondrial autophagy induced necrotic cell death. When
investigating why these mitochondria had to be removed by autophagy, we discovered that Bnip3 reduced both nuclear- and
mitochondria-encoded proteins involved in oxidative phosphorylation. Interestingly, Bnip3 had no effect on other mitochondrial
proteins, such as Tom20 and MnSOD, or actin and tubulin in the cytosol. Bnip3 did not seem to reduce transcription or
translation of these proteins. However, we found that Bnip3 caused an increase in mitochondrial protease activity, suggesting
that Bnip3 might promote degradation of proteins in the mitochondria. Thus, Bnip3-mediated impairment of mitochondrial
respiration induces mitochondrial turnover by activating mitochondrial autophagy.
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Autophagy is a highly conserved process that is involved in

the degradation of long-lived proteins and removing damaged

organelles.1 In this process, a double-membrane structure

called the autophagosome sequesters cytoplasmic compo-

nents such as ubiquitinated protein aggregates or organelles

including mitochondria, peroxisomes, and endoplasmic

reticulum. The autophagosome then fuses with a lysosome,

resulting in the destruction of its content by the acid

hydrolases provided by the lysosome. Although autophagy

is generally considered nonspecific, there appears to be

selection for specific organelles, such as the mitochondria,

under certain conditions.2 Autophagy occurs constitutively

in most cells, but is rapidly upregulated when there is a

change in the cellular environment, such as a reduction in

nutrients or oxygen. However, the functional role of this

enhancement is not clear and increased autophagy has

been reported to be both protective and detrimental. For

instance, autophagy is an important survival mechanism

during nutrient deprivation when the cell needs to recycle

fatty acids and amino acids from lipids and proteins for

survival.1 Autophagy can also promote survival by removing

protein aggregates and damaged mitochondria that may

be harmful to the cell.2 In contrast, autophagy has

been implicated as a death mechanism in response to

cardiac pressure overload3 and during reperfusion after

ischemia.4

The Bcl-2 family of proteins has a key role in regulating the

intrinsic (mitochondrial) apoptotic pathway,5 and display

either anti- or pro-apoptotic function. Anti-apoptotic members,

such as Bcl-2 and Bcl-XL, protect mitochondrial integrity,

whereas pro-apoptotic proteins promote the release of

apoptogenic factors from the mitochondria.5 The pro-apopto-

tic proteins can be divided into the BH3-only proteins including

Bid, Bad, and Bim, and their effectors Bax and Bak. Studies

using cells derived from knockout mice lacking both Bax

and Bak have demonstrated that Bax and Bak are essential

for the initiation of apoptosis through the mitochondria.6 The

Bcl-2 proteins have also been shown to regulate autophagy.

Bcl-2 and Bcl-XL can inhibit autophagy by sequestering

Beclin-1,7 whereas BH3-only proteins can induce autophagy

by competitively disrupting the interaction between Beclin-1

and Bcl-2/Bcl-XL.
8

Bcl-2/adenovirus E1B 19-kDa-interacting protein 3 (Bnip3)

is an atypical pro-apoptotic BH3-only protein and has a key

role in the pathogenesis of many diseases, such as heart

failure9 and cancer.10 Bnip3 is primarily localized to the

mitochondria and it is well documented that Bnip3 induces

loss of mitochondrial membrane potential (DCm) and cell

death.9,11,12 In addition, several studies have reported that

Bnip3 is a potent inducer of autophagy in many different cell

types.13–17 However, the functional role of Bnip3-mediated

autophagy is not clear. Kanzawa et al.16 reported that Bnip3
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induced autophagic cell death inmalignant glioma cells. Bnip3

was also reported to contribute to autophagic cell death during

hypoxia.15 In contrast, Bellot et al.14 found that Bnip3-induced

autophagy during hypoxia was a survival mechanism that

promoted tumor progression. We also found that autophagy

protected against Bnip3-mediated cell death in HL-1 cells.13

As Bnip3 may represent a potential therapeutic target in both

heart disease and cancer, it is important to understand how

Bnip3 regulates mitochondrial function and autophagy. In this

study, we investigated the functional role of Bnip3-induced

mitochondrial autophagy in apoptosis resistant cells lacking

Bax and Bak.

Results

As Bnip3 is well known to induce mitochondrial dysfunc-

tion,9,11,12 we investigated the relationship between loss

of DCm and upregulation of autophagy in response to Bnip3

in HL-1 cells. We found that overexpression of Bnip3 in

HL-1 myocytes led to the loss of DCm as measured by

loss of tetramethylrhodamine methyl ester (TMRM) uptake

(Figure 1a). The microtubule-associated protein light chain 3

(LC3) is recruited to autophagic vesicles upon the initiation of

autophagy, which can be detected as punctate accumulations

of GFP-LC3.18 Using GFP-LC3 to monitor formation of

autophagosomes, we confirmed that Bnip3 is a potent inducer

of autophagy in HL-1 cells (Figure 1b). Interestingly, over-

expression of the anti-apoptotic protein Bcl-2 preserved DCm

(Figure 1a), but did not prevent upregulation of autophagy

in response to Bnip3 (Figure 1b). We found that the cellular

localization of the autophagosomes changed over time in

HL-1 cells. At 24 h, the autophagosomes were distributed

throughout the cytosol, but by 36 h they started to aggregate

in the perinuclear region (Figure 1c). We observed a similar

aggregation of autophagosomes in cardiac myocytes,17 but it

is currently unknown why the autophagosomes accumulates

in the perinuclear region.

Studies using cells derived from knockout mice lacking

both Bax and Bak have demonstrated that Bax and Bak

are essential for the initiation of cell death through the

mitochondrial pathway.6 In our previous work, we found that

Bax/Bak are essential downstream effectors of Bnip3-

mediated mitochondrial permeabilization and cell death.11,19

Therefore, we investigated whether Bnip3 could induce

autophagy in mouse embryonic fibroblasts (MEFs) derived

from Bax/Bak double knockout (DKO) mice. Although DCm

was preserved in cells overexpressing Bnip3 (Figure 2a),

autophagy was still significantly upregulated (Figure 2b).

Upregulation of autophagy by Bnip3 in Bax/Bak DKO MEFs

was also confirmed by acridine orange staining which showed

increased presence of acidic vesicular organelles, a character-

istic of autophagy (Supplementary Figure S1). The Bnip3

homolog Nix (also called Bnip3L) also mediates cell death via

activation of Bax/Bak,20 but induces autophagy independent of

Bax/Bak in erythrocytes.21 In this study, we confirmed that Nix

induced significant autophagy in Bax/Bak DKO MEFs (Sup-

plementary Figure S2). This suggests that autophagy is

induced in response to Bnip3 and Nix whether or not the

intrinsic (mitochondrial) cell death pathway is activated.

The increased levels of autophagosomes in the

Bax/Bak MEFs overexpressing Bnip3 could reflect either

increased autophagosome formation due to enhanced

autophagic activity, or an accumulation of autophagosomes

because of an impairment in the degradation pathway.

Therefore, we investigated the effect of Bnip3 on autophagic

flux in Bax/Bak DKO MEFs. The proton ATPase inhibitor

Bafilomycin A1 prevents lysosomal acidification, which

inhibits lysosomal degradation and results in accumulation

of autophagosomes.22 Lysotracker red (LTR) accumulates in

acidic compartments in the cell and we confirmed that the

presence of Bafilomycin A1 abolished labeling of lysosomes

with LTR (Figure 3a). Moreover, the presence of Bafilomycin

A1 significantly increased the percentage of cells exhibiting

GFP-LC3-positive autophagosomes in cells overexpressing

Figure 1 Overexpression of Bcl-2 protects against Bnip3-mediated loss of
mitochondrial membrane potential but does not prevent induction of autophagy in
HL-1 myocytes. HL-1 cells were cotransfected with pcDNA3.1 or Bnip3, and vector
or Bcl-2 plus GFP-LC3 for 24 h. (a) The mitochondrial membrane potential was
measured by TMRM fluorescence and (b) autophagy was determined by analyzing
staining patterns of GFP-LC3. Cells were examined at � 60 magnification, and
classified as cells with diffuse GFP-LC3 fluorescence, or as cells with numerous
GFP-LC3 puncta (430 dots/cell) representing autophagosomes. (c) Representa-
tive images of HL-1 cells. Data are mean ± S.D. (n¼ 3, *,**Po0.05 compared
with con and conþ Bcl-2)
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Bnip3 (Figure 3b) and increased the conversion of endogen-

ous LC3-I to LC3-II as assessed by western blotting

(Figure 3c). The LC3-II abundance was increased in cells

overexpressing Bnip3, and the LC3-II levels were increased

even further when degradation was inhibited by Bafilomycin

A1, consistent with the flux measurements made by fluores-

cence microscopy. This suggests that Bnip3 increases

autophagic activity in the cells.

The autophagy–lysosomal pathway is important in remov-

ing damaged organelles, such as mitochondria. We have

previously found that Bnip3 induces mitochondrial autophagy

in HL-1 cells and cardiac myocytes.13,17 Co-localization

experiments confirmed that GFP-LC3-positive autophago-

somes co-localizedwithmitochondria (see arrows) in Bax/Bak

DKOMEFs overexpressing Bnip3 (Figure 4a) suggesting that

mitochondrial autophagy occurs even in the absence of Bax/

Bak. Electron microscopy (EM) confirmed the presence of

numerous autophagic vacuoles containing mitochondria in

Bax/Bak DKO MEFs overexpressing Bnip3 (Figure 4b). Nix

was recently reported to interact directly with the autophagy

proteins LC3 and GABARAP.23 To investigate whether Bnip3

also interacts with LC3, we performed co-immunoprecipi-

tation experiments of Bnip3 and LC3. We found that Bnip3

co-immunoprecipitated with GFP-LC3when overexpressed in

Bax/Bak DKO MEFs (Figure 4c). This suggests that both

Nix and Bnip3 might be functioning as receptors for

autophagosomes.

The functional role of autophagy is not clear and has been

reported to contribute to as well as protect against cell death.

To investigate the functional significance of mitochondrial

autophagy in Bax/Bak DKOMEFs, we tested the effect of two

different inhibitors of autophagy on cell viability. Although Bax/

Bak DKO MEFs were resistant to Bnip3-mediated cell death,

the presence of the autophagy inhibitor 3-methyladenine

(3-MA) resulted in significant cell death in cell overexpressing

Bnip3 (Figure 5a and b). Similarly, overexpression of

ATG5K130R, a dominant negative of ATG5 previously shown

to suppress vacuole formation,24 also led to activation of cell

death (Figure 5c and d). This suggests that Bnip3-mediated

mitochondrial autophagy is an important protective response

and preventing removal of these mitochondria by autophagy

leads to necrotic cell death.

Bnip3 is unable to induce permeabilization of the mitochon-

drial membrane in the absence Bax/Bak.11,19 This suggests

that Bnip3 has impaired these mitochondria by some other

unknown mechanism which requires their removal by

autophagy. As the synthesis of ATP in eukaryotic cells occurs

mainly through oxidative phosphorylation in mitochondria,

we investigated whether Bnip3 had an effect on ATP levels in

Bax/Bak DKOMEFs. Although cells were still viable, we found

that the cellular levels of ATP were significantly reduced at

48 h after infecting cells with an adenovirus encoding Bnip3

compared with cells that were infected with b-galactosidase

(b-gal; Figure 6a). Moreover, 50-AMP-activated protein kinase

(AMPK) is activated in response to a reduction in cellular ATP

levels and has been reported to have an important role in the

induction of autophagy during ischemia in cardiac myocytes.4

Although Bnip3 reduced cellular ATP levels, there was only a

small (but not significant) increase in AMPK activation in cells

overexpressing Bnip3 and inhibiting AMPK with compound C

had no effect on cell viability (Supplementary Figure S3). To

investigate whether the reduced ATP level was due to excess

removal of mitochondria by autophagy, we assessed the

number of mitochondria in the cells by measuring mitochon-

drial DNA (mtDNA) content. Surprisingly, we found that the

mtDNA copy number was not significantly different in these

cells (Figure 6b and c). In addition, there was no significant

difference in citrate synthase activity, a key enzyme in the

Krebs cycle and a commonly used marker for mitochondrial

matrix proteins, between b-gal- and Bnip3-overexpressing

cells (Figure 6d). This suggests that the reduced ATP level

was not due to fewer mitochondria but a diminished capacity

to produce ATP. Uncoupling proteins (UCPs) are inner

mitochondrial membrane proton carriers that uncouple ATP

synthesis. However, there were no differences in UCP2 and

UCP3 protein levels in Bax/Bak DKO MEFs overexpressing

Bnip3 (Supplementary Figure S4).

The oxidative phosphorylation system in the inner mito-

chondrial membrane is responsible for generating ATP and

consists of five major membrane protein complexes, the

mitochondrial complexes I–V. Thus, we investigated whether

Bnip3 had affected the proteins involved in oxidative

phosphorylation. Western blot analysis revealed that both

nuclear- and mitochondria-encoded subunits in complex III

Figure 2 Bax/Bak DKO MEFs are resistant to Bnip3-mediated loss of
mitochondrial membrane potential but not to Bnip3-induced autophagy. Bax/Bak
DKOMEFs were cotransfected with vector or Bnip3 plus GFP-LC3 and (a) theDCm

was measured by TMRM fluorescence and (b) autophagy was determined by
analyzing GFP-LC3 fluorescence. Data are mean±S.D. (n¼ 3, *Po0.05
compared with control)
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and IV were reduced in Bax/Bak DKO MEFs overexpressing

Bnip3 at 24 h and 48 h after infection (Figure 7a). However, the

protein levels of all three subunits were restored to normal 5

days after infection when Bnip3 was no longer expressed

(Figure 7a). Bnip3 also reduced the ATP synthase a-subunit

(complex V) and subunits in complex I and II (Figure 7b).

In addition, silencing of endogenous Bnip3 under normal

conditions resulted in an increase in the mitochondrial

subunits (Figure 7c). Interestingly, levels of other mitochon-

drial proteins, such as Tom20 and MnSOD, which are not

involved in oxidative phosphorylation as well as cytosolic actin

and tubulin were unaffected by elevated Bnip3 (Figure 7d).

This suggests that the reduction in protein levels by Bnip3

were limited to proteins involved in oxidative phosphorylation.

Also, inhibiting mitochondrial autophagy with 3-MA did not

restore complex IV subunit 4 levels (Supplementary Figure

S5), confirming that the reduced level of this subunit was not

due to excessive mitochondrial autophagy. Consistent with

our observations of lower levels of components of complexes

I-V, maximal (uncoupler stimulated) rates of respiration in

intact Bax/Bak DKO MEFs overexpressing Bnip3 were

significantly lower (Po0.01) by an average of 59%±2 than

in b-gal-overexpressing cells (Figure 7e). Moreover, Bellot

et al.14 recently reported that both Bnip3 and Nix are involved

in hypoxia-mediated autophagy in MEFs, and we found that

48 h of hypoxia caused upregulation of both Bnip3 and Nix.

We also found that hypoxia caused a reduction in both nuclear

and mitochondrial encoded subunits in complexes III and IV

(Supplementary Figure 6S) and that silencing of Bnip3 or Nix

using small interfering RNA (siRNA) reduced the hypoxia-

mediated decrease in the protein levels. However, silencing of

Bnip3 and/or Nix did not fully restore protein levels to levels

observed during normoxia, suggesting that other proteins

involved in protein degradation and/or stabilization are

activated during hypoxia.

Next, we investigated potential mechanisms bywhich Bnip3

might cause a reduction in the components of the respiratory

complexes. First, we examined the effects of Bnip3 on

transcription in Bax/Bak DKO MEFs. Real-time quantitative

PCR revealed that Bnip3 overexpression did not reduce

transcription of nuclear and mitochondrial genes involved in

oxidative phosphorylation (Figure 8a). Next, we investigated

the effect of Bnip3 on protein translation. Treatment of cells

with chloramphenicol (CAP), an inhibitor of mitochondrial

Figure 3 Bnip3 increases autophagic activity in cells. Bax/Bak DKO MEFs were infected with adenoviruses encoding b-gal or Bnip3 plus GFP-LC3 for 24 h and treated
with 100 nM Bafilomycin A1 for 1 h. (a) Representative images of live cells stained with 50 nM lysotracker red. (b) Quantitation of autophagy in the presence and absence of
Bafilomycin A1 (n¼ 3). (c) Western blot analysis and quantitation of LC-II/LC3-I levels (n¼ 4, *Po0.05 compared with b-gal, **Po0.05 compared with Bnip3). Data are
mean±S.D.
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protein synthesis, reduced themitochondrial-encoded subunit

in b-gal-infected cells as expected, but had no effect on the

nuclear encoded subunits. Moreover, treatment of cells with

cyclohexamide (CHX), an inhibitor of translation of nuclear

encoded proteins, did not reduce levels of complex III and IV

subunits in b-gal-infected cells (Figure 8b). As the inhibition

of mitochondrial and nuclear translation failed to mimic the

effect of Bnip3, it suggests that Bnip3 did not reduce the levels

of these proteins by inhibiting translation. To investigate

whether the reduced protein levels were due to increased

degradation, we treated cells with MG-132 to inhibit protea-

somal degradation. However, inhibition of the proteasome

with MG-132 treatment had no effect on the protein levels

in Bnip3-overexpressing cells (Supplementary Figure S7),

suggesting that these proteins were not subjected to

increased proteasomal degradation. Themitochondrial matrix

contains proteases that are involved in degrading proteins in

the matrix and inner membrane.25 Interestingly, we found

that there was a significant increase in mitochondrial

proteolytic activity in Bax/Bak DKO MEFs overexpressing

Bnip3 (Figure 8c), suggesting that the reduction of compo-

nents of complexes I–V might be due to increased degrada-

tion in the mitochondria.

Discussion

This study reports several new and important findings. First,

Bnip3-mediated mitochondrial autophagy is not dependent on

mitochondrial membrane permeabilization and activation of

the mitochondrial cell death pathway. Second, Bnip3 reduces

levels of essential proteins involved in mitochondrial respira-

tion, which leads to reduced mitochondrial oxidative phos-

phorylation and cellular ATP levels. Third, removal of these

dysfunctional mitochondria by autophagy is an essential

survival response and inhibition of autophagy triggers necrotic

cell death. Thus, our data suggest that maintaining a healthy

population of mitochondria is essential for the survival of these

cells and impairment of mitochondrial function by Bnip3

stimulates mitochondrial turnover.

The question of whether autophagy is a cell death or

survival mechanism appears to be context dependent. We

previously found that autophagy protects against Bnip3-

mediated cell death in HL-1 cells.13 In this study, we provide

further evidence that mitochondrial autophagy is a protective

response against Bnip3 in Bax/Bak DKO MEFs, which are

resistant to Bnip3-mediated cell death. As genetic deletion of

Bax/Bak prevents activation of the mitochondrial apoptotic

pathway, it suggests that necrotic cell death is activated when

the defective mitochondria cannot be removed in these cells.

Similarly, Huang et al.26 found that autophagy has a

pro-survival role in H2O2-treated Bax/Bak DKO MEFs, in

whom suppression of autophagy by knockdown of essential

autophagy genes enhanced H2O2-induced cell death. In

contrast, Shimizu et al.27 found that etoposide treatment

induced a non-apoptotic cell death in Bax/Bak DKOMEFs that

was dependent on autophagy. These studies demonstrate

that autophagy can be both protective and detrimental in the

same cell type depending on the stimulus.

Figure 4 Bnip3 induces mitochondrial autophagy in Bax/Bak DKO MEFs. Cells were infected with b-gal or Bnip3 plus and GFP-LC3. (a) GFP-LC3 labeled
autophagosomes colocalize (marked by arrows) with COX IV positive mitochondria in cells overexpressing Bnip3. Images show representative cells overexpressing Bnip3
from two separate experiments. (b) Electron micrographs reveal extensive mitochondrial autophagy in cells overexpressing Bnip3. (c) Co-immunoprecipitation of GFP-LC3
and Bnip3
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Bnip3 and its homolog Nix/Bnip3L share several features

with the BH3-only proteins of the Bcl-2 family, such as

sequence homology in the BH3 domain,28,29 residence in the

mitochondrial membrane,30 and the ability to interact with

Bcl-2 and Bcl-XL.
28,31 However, studies have revealed that

Bnip3 and Nix do not function similar to typical BH3-only

proteins, such as tBid. For instance, the transmembrane

domains, but not the BH3 domains, of Bnip3 and Nix, have a

major role in the induction of cell death.30 Bnip3 and Nix are

weak inducers of cell death that induce opening of the

mPTP,9,12,28 and they are strong activators of mitochondrial

autophagy.13,17,21 We have also found that Bnip3 induces

mPTP-independent permeabilization of the inner mitochon-

drial membrane.19 In addition, the BH3-only protein PUMA

was found to induce autophagy, which was dependent on the

presence of Bax/Bak.32Although Bnip3-mediated cell death is

dependent on Bax/Bak,11 we found that Bnip3-mediated

autophagy is independent of Bax/Bak. Similarly, Nix was

recently reported to be essential for mitochondrial autophagy

during reticulocyte maturation, and this process was

independent of Bax/Bak.21 In this study, we confirmed that

Nix induces autophagy in the absence of Bax/Bak. Clearly,

these two proteins are atypical BH3-only proteins and their

function may not be limited to a pro-death role. On the basis of

our study and others, it is clear that Nix and Bnip3 are also

important regulators of mitochondrial turnover. Recently, Nix

was reported to interact directly with the autophagy proteins

LC3 and GABARAP, and to recruit GABARAP to depolarized

mitochondria.23 In this study, we demonstrate that Bnip3 can

also interact with LC3. This suggests Nix and Bnip3 might

function as receptors for autophagosomes and that binding of

Nix or Bnip3 to LC3 on the autophagosome tethers the

mitochondrion to the autophagosome. Although our data

suggest that mitochondria in the Bax/Bak DKO MEFs

overexpressing Bnip3 retain their DCm, the impairment of

the electron transport chain and ATP synthesis will likely

reduce the DCm. Interestingly, a reduction in DCm has been

reported to target the mitochondria for degradation by the

autophagosome.33 Thus, this could be a potential mechanism

by which Bnip3 targets mitochondria for degradation.

Figure 5 Bnip3 induces cell death when autophagy is inhibited in Bax/Bak DKO MEFs. Cells were infected with an adenovirus encoding b-gal or Bnip3 in the presence of
10mM 3-MA. Cell death was assessed at 24 h and 48 h by measuring LDH release (a) or PI uptake (b). Cells were cotransfected with pcDNA3.1 or Bnip3, and GFP
or GFP-ATG5K130R and cell death was measured after 48 h by analyzing nuclear condensation (c) or PI uptake (d). Data are mean±S.D. (n¼ 3, *Po0.05 compared with
Bnip3 alone)
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It is interesting that Bnip3 reduced the levels of both nuclear-

and mitochondrial-encoded proteins involved in oxidative

phosphorylation, but had no effect on other mitochondrial

proteins such as Tom20 and MnSOD in Bax/Bak DKO MEFs.

The oxidative phosphorylation system is composed of five

majormembrane protein complexes. Biogenesis and assembly

of these complexes is a complex process involving the

coordination of two different genomes. The majority of the

subunits for the different complexes are encoded by nuclear

genes, but 13 subunits are encoded by the mitochondrial

genome. Interestingly, we found that Bnip3 did not disrupt

transcription or translation of nuclear and mitochondrial

encoded subunits. Mitochondria contain endogenous pro-

teases, such as the AAA proteases and the Lon protease, that

are responsible for the degradation of internal mitochondrial

proteins, including proteins in the electron transport chain.25,34

The proteolysis products are transported to the cytosol by a

specific peptide transporter, wherein they are degraded by the

proteasome.35 Our data suggest that Bnip3 overexpression

increases protease activity in the mitochondria. Thus, we

hypothesize that this might lead to increased degradation of

proteins in the mitochondria. However, further studies are

required to determine exactly how Bnip3 activates mitochon-

drial proteases and whether it leads to specific degradation of

proteins involved in oxidative phosphorylation.

It is clear that Bnip3 can perturb mitochondria by multiple

mechanisms. First, Bnip3 can induce mitochondrial membrane

permeabilization via Bax/Bak11 or via opening of the mPTP,9,12

which leads to release of mitochondrial pro-death proteins and

activation of cell death. In this study, we have discovered a

novel function of Bnip3, wherein Bnip3 affects mitochondrial

function by specifically reducing the levels of proteins involved in

oxidative phosphorylation. Bnip3 contributes to the loss of cells

in myocardial ischemia/reperfusion-injury11,13 and post-infarct

remodeling.36 Bnip3 also has a role in many cancers, wherein

alteration in Bnip3 expression and localization contributes to

the deregulation of cell death.10 Thus, our findings emphasize

the importance of gaining an increased understanding of how

Bnip3 regulatesmitochondrial function andautophagy, asBnip3

may represent a potential therapeutic target in both heart

disease and cancer.

Materials and Methods
Cell culture. Bax/Bak DKO MEFs were generously provided by Dr. Craig B.
Thompson and maintained in DMEM supplemented with 10% FBS, 100 U/ml
penicillin and 100mg/ml streptomycin. Atrial-derived HL-1 myocytes were obtained
from Dr. WC Claycomb37 and cultured in Claycomb medium (JHR Biosciences,
Lenexa, KS, USA) supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml
penicillin, 100mg/ml streptomycin, 0.25 mg/ml amphotericin B, and 100mM
norepinephrine (Sigma, St Louis, MO, USA).

Transient transfections and adenoviral infections. MEFs were
transiently transfected using Lipofectamine2000 (Invitrogen, Carlsbad, CA, USA)
and HL-1 cells were transfected with Effectene (Qiagen, Valencia, CA, USA)
according to the manufacturers’ instructions. The transfection efficiency MEFs and
HL-1 cells wereB40%. For adenoviral infections, the MEFs were incubated with an
adenovirus encoding b-gal or Bnip3 for 2 h in DMEMþ 2% heat inactivated FBS.
After infection, the cells were rinsed and then incubated in regular cell culture media.

siRNA and hypoxia. A mixture of four ON-TARGETplus SMARTpool siRNAs
(Dharmacon) specific to Bnip3, Bnip3L/Nix or non-targeting control was used for
silencing experiments. The siRNA sequences are described in Supplementary
Table S1. Bax/Bak DKO MEFs were transfected with 100 nM of each siRNA pool
using DharmaFECT 4 (Dharmacon, Lafayette, CO, USA) and downregulation of
Bnip3 and Bnip3L was verified by western blotting at 72 h after transfection. For
hypoxia experiments, Bax/Bak DKO MEFs were transfected with the siRNA for 24 h
before deprived of oxygen in hypoxic pouches (GasPakTM EZ; BD Biosciences,
San Diego, CA USA) at 371C. Cell lysates for western blotting experiments were
prepared at after 48 h of hypoxia.

Figure 6 Bnip3 reduces cellular ATP levels without decreasing the number of mitochondria. (a) At 48 h after infection, cellular ATP levels were measured in Bax/Bak DKO
MEFs overexpressing b-gal or Bnip3 (n¼ 6). (b) Mitochondrial DNA content in Bax/Bak DKO MEFs. Shown is a representative gel of PCR for mitochondrial cytochrome b
(cyt b) and nuclear 18 s rRNA. Densitometry of cyt b normalized to 18S rRNA (n¼ 3). (c) Real-time quantitative PCR of mtDNA levels at 24 h after infection (n¼ 3). (d) Citrate
synthase activity in cells after 48 h of b-gal or Bnip3 overexpression (n¼ 4). Data are mean±S.D. (*Po0.05 compared with b-gal)
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Assessment of autophagy, DWm, propidium iodide (PI) uptake,
and nuclear condensation. To assess autophagy cells overexpressing
LC3-GFP were examined at � 60 magnification and classified as: (a) cells with diffuse
LC3-GFP fluorescence, or as (b) cells with numerous LC3-GFP puncta (430 dots/cell),
representing autophagosomes. For analysis of DCm, 24 h after transfection live cells
were loaded with 20 nM TMRM, which accumulates within the matrix of respiring
mitochondria for 20min at 371C. Only GFP-positive cells were scored for TMRM
fluorescence. To measure PI uptake or nuclear condensation, live cells were stained
with 30mg/ml Hoechst 33342 for 5min at room temperature and then examined by
fluorescence microscopy. For transfected cells, only GFP-positive cells were scored and

at least 150 cells were scored from two replicate dishes in three independent

experiments. Cells were observed through a Nikon TE300 fluorescence microscope

(Nikon, Melville, NY, USA) equipped with a � 10 lens (0.3 NA, Nikon), a � 40 Plan

Fluor and a � 60 Plan Apo objective (1.4 and 1.3 NA oil immersion lenses; Nikon),
a Z-motor (ProScanII, Prior Scientific, Rockland, MA, USA), and a cooled CCD camera
(Orca-ER, Hamamatsu, Bridgewater, NJ, USA). Alternatively, cells were observed a
Carl Zeiss AxioObserver Z1 (Carl Zeiss, Göttingen, Germany) fitted with a motorized
Z-stage and an apotome for optical sectioning. For high-resolution microscopy,
Z-stacks were acquired at � 63 magnification with 0.6mm increments in ApoTome
mode using a high-resolution AxioCam MRm digital camera, a � 63 Plan-Apochromat
(Carl Zeiss) (oil immersion) objective and Zeiss AxioVision 4.8 software (Carl Zeiss).

Transmission EM. Bax/Bak DKO MEFs were fixed in 2.5% glutaraldehyde in
0.1 M cacodylate buffer, after fixed in 1% osmium tetroxide, and then treated with
0.5% tannic acid, 1% sodium sulfate, cleared in 2-hydroxypropyl methacrylate and
embedded in LX112 (Ladd Research, Williston, VT, USA). Sections were mounted

Figure 7 Bnip3 reduces levels of both nuclear- and mitochondria-encoded proteins involved in mitochondrial respiration. Bax/Bak DKO MEFs were infected with
adenoviruses encoding b-gal or Bnip3 for the indicated times and protein levels were analyzed by western blot analysis. (a) Increased levels of Bnip3 reduced the expression
of both nuclear- (n) and mitochondrial (m)-encoded subunits in complex III and IV. The protein levels were restored to normal when Bnip3 levels were reduced 5 days after
infection. (b) Bnip3 reduced the levels of subunits in complex V (ATP synthase), II, and I. (c) Downregulation of endogenous Bnip3 using siRNA for 72 h results in increased
levels of both nuclear (n) and mitochondrial (m) encoded subunits in complex III and IV. (d) Mitochondrial proteins Tom20 and MnSODwere unchanged in response to Bnip3 in
Bax/Bak DKO MEFs. (e) O2 consumption in Bax/Bak DKO MEFs was assessed in a Seahorse (North Billerika, MA, USA) XF24 extracellular analyzer. The graph is a
representative experiment showing rates of endogenous, state 4 (oligo), maximal uncoupler-stimulated (FCCP), and non-mitochondrial (Rot/Anti-A) respiration
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on copper slot grids coated with parlodion and stained with uranyl acetate and lead
citrate for examination on a Philips CM100 EM (FEI, Hillsbrough, OR, USA).

Lactate dehydrogenase (LDH) release. Bax/Bak DKO MEFs in growth
medium without phenol red were infected with b-gal or Bnip3. Leakage of LDH from
dead or dying cells was assessed at 24 and 48 h after infection by measuring LDH
release into the medium using a cytotoxicity detection kit according to the
manufacturer’s protocol (Roche Applied Bioscience, Indianapolis, IN, USA). The
released LDH is expressed as a percentage of total LDH in the well.

Immunoprecipitation. Bax/Bak DKO MEFs cultured in 60mm dishes were
co-transfected with vector or Bnip3 plus GFP-LC3 using Lipofectamine 2000. After
24 h, cells were lysed in buffer containing 50mM Tris-HCl (pH 7.4) 150mM NaCl,
1 mM EGTA, 1mM EDTA, 1% Triton X-100, and complete protease inhibitor cocktail
(Roche Applied Bioscience) and the concentrations were adjusted to 1mg/ml. Cell
lysates were precleared with protein G PLUS agarose (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) for 1 h, and then incubated with anti-GFP o/n to
immunoprecipitate GFP-LC3. Immune complexes were captured with protein G
PLUS agarose beads, centrifuged, washed four times in PBS, and solubilized in
2� SDS sample buffer. Proteins were analyzed by western blotting with anti-Bnip3
to determine how much of Bnip3 co-immunoprecipitated with GFP-LC3, or anti-GFP
to verify that equal amounts of GFP-LC3 was immunoprecipitated.

Western blotting. Cells were lysed in buffer containing 50mM Tris-HCl (pH
7.4) 150mMNaCl, 1mM EGTA, 1mM EDTA, 1% Triton X-100, and complete protease
inhibitor cocktail (Roche Applied Bioscience), and cleared by centrifugation at
20 000� g for 20min.11 Proteins in the supernatants were separated by SDS-PAGE,
transferred to nitrocellulose, and immunoblotted with an antibody against Bnip3
(1 : 1000, Sigma), LC3 (1 : 1000, Cell Signaling Technology, Danvers, MA, USA),
complex III subunit 2 (1 : 1000, Invitrogen), complex IV subunit 1 (1 : 1000, Invitrogen),
complex IV subunit 4 (1 : 1000, Invitrogen), Mitoprofile Total OXPHOS Rodent WB
Antibody Cocktail (1 : 200, MitoSciences, Eugene, OR, USA), UCP-2 (1 : 200, Santa
Cruz Biotechnology), UCP-3 (1 : 200, Santa Cruz Biotechnology), P-AMPK/AMPK
(1 : 1000, Cell Signaling Technology), GAPDH (1 : 1000, Cell Signaling Technology),
tubulin (1 : 1000, Sigma), or actin (1 : 1000, Sigma).

ATP Measurements. Bax/Bak DKO MEFs overexpressing b-gal or Bnip3
were counted at 48 h after infection and lysates from 5� 104 cells were used per well
(96-well plate). Cellular ATP levels were quantified using a luciferase reaction-based
assay kit (CellTiter-Glo Reagent, Promega Biosciences, San Luis Obispo, CA, USA).

Citrate synthase assay. Citrate synthase activity was measured using a
Citrate Synthase Activity kit (Sigma). Bax/Bak DKO MEFs were homogenized in the
CelLytic MT Cell Lysis Reagent. The supernatant was transferred to the kit assay
buffer supplemented with acetyl CoA (0.3 mM), and 5,50-dithiobis-(2-nitrobenzoic
acid; 0.1 mM). Oxaloacetate (0.1 mM) was added to start the reaction and changes
in absorbance at 420 nm at 251C were measured using a SpectraMax plate
reader (Molecular Devises, Sunnyvale, CA, USA). The activity is expressed as
mmol/min/mg protein.

Oxygen consumption. An XF24 extracellular flux analyzer (Seahorse
Biosciences, North Billerica, MA, USA) was used to measure the rates of O2

consumption by monolayers of cells. Bax/Bak DKO MEFs infected with b-gal or
Bnip3 were plated at 6� 104 cells/well the day before the experimentation.
Respiration was measured at 48 h after infection in unbuffered, serum-free DMEM
(Sigma) supplemented with 10mM glucose, 10mM pyruvate, and 2mM glutaMAX
(Invitrogen; pH 7.4). Rates of endogenous respiration were initially measured
followed by state 4 (resting) respiration by the addition of 1mM oligomycin (Sigma).
To measure maximal respiration, a titrated concentration of the uncoupler carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP, Sigma) was added, followed
by measurement of non-mitochondrial O2 consumption in the presence of 200 nM
rotenone and 4mM antimycin A (Sigma). O2 consumption was measured in four to
six replicate wells using cells from three separate experiments. An updated
algorithm that accounts for oxygen diffusion through the plastic plate was used for
data analysis.38

Analysis of mtDNA. Genomic DNA was extracted from MEFs using GenElute
Mammalian Genomic DNA Kit (Sigma). Following the extraction, traditional
PCR amplification was performed on 1 mg genomic DNA using PCR Master
Mix (Fermentas, Glen Burnie, MD, USA). 18 s rRNA (aaacggctaccacatccaag and
cctccaatggatcctcgtta) was used as a control for nuclear DNA and Cyt b
(ttctgaggtgccacagttatt and gaaggaaaggtattagggctaaa) for mtDNA quantification.
For real-time PCR experiments, primers were designed using Primer Express
Software (Applied Biosystems, Carlsbad, CA, USA) and are described in
Supplementary Table S1. In all, 40 ng of DNA were used as template in real-time
PCR reaction and performed using an ABI PRISM 7500 (Applied Biosystems).

Quantification of RNA by quantitative real-time PCR. Total RNA
was extracted from Bax/Bak DKO MEFs cells using TRIzol Reagent (Invitrogen)
according to the manufacturer’s instructions. First strand cDNA synthesis from total

Figure 8 Bnip3 overexpression activates mitochondrial proteases in Bax/Bak DKO MEFs. (a) Real-time PCR for mRNA levels at 24 h after infection (n¼ 3).
(b) Representative western blot of cells treated with or without 50 mg/ml chloramphenicol (CAP) or 40 mg/ml cyclohexamide (CHX) for 24 h. (c) Mitochondrial protease activity
assay (n¼ 4). Values are expressed as mean±S.D.
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RNA was performed using High Capacity RNA-to-cDNA Master Mix (Applied
Biosystems). Primers and probes for real-time PCR were designed by Applied
Biosystems and are described in Supplementary Table S1. Real-time PCR was
performed using ABI PRISM 7500 and relative quantification of RNA amount was
accomplished by using the comparative Ct method (2�DDCt ). Relative amounts of
mRNA for genes of interest were normalized to housekeeping gene GAPDH and
expressed relative to the calibrator using the arithmetic formula:

Fold difference ¼ 2�DCt ðBnip3 treatedÞ�DCt ðb-gal treatedÞ;

where DCt ¼ Ct (gene of interest) � Ct (GAPDH).

Inhibition of mitochondrial translation. Cells were infected with
adenoviruses encoding b-gal or Bnip3 for 24 h and then treated with vehicle
(DMSO), 50mg/ml chloramphenicol or 40mg/ml CHX to inhibit translation of nuclear
and mitochondrial encoded proteins. These concentrations have previously been
reported to inhibit protein translation in fibroblasts.39,40 The inhibition was verified by
western blotting for nuclear and mitochondrial encoded proteins. After 24 h of
treatment with inhibitors, cell lysates were prepared for western blot analysis.

Mitochondrial protease assay. Protease activity was measured in isolated
mitochondria using the Pierce Fluorescent Protease Assay Kit (Thermo Scientific,
Pittsburg, PA, USA). Mitochondria were isolated from Bax/Bak MEFs
overexpressing b-gal or Bnip3 at 48 h after infection. Cells were homogenized in
a glass douncer in buffer containing 10mM Tris-HCl (pH 7.4), 0.25M sucrose, and
1mM EDTA. The homogenates were centrifuged at 300� g for 5 min to pellet
unbroken cells. The supernatant was further spun at 6000� g for 15min to pellet
mitochondria. The mitochondria were resuspended in assay buffer (50mM Tris-Hcl,
pH 7.9, 10mM MgCl2, 1 mM DTT and 0.05% Triton X-100). Cleavage of FTC-
casein was measured in a fluorescent plate reader (Molecular Devices) equipped
with fluorescein excitation/emission filters (485/538 nm). TPCK trypsin was used as
a positive control.

Statistical analysis. All values are expressed as means±S.D. Student’s
t-test was used to evaluate significance between two experimental conditions and
Po0.05 was considered to be statistically significant.
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