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Microtubule-associated Protein 1 Light Chain 3 (LC3)
Interacts with Bnip3 Protein to Selectively Remove
Endoplasmic Reticulum and Mitochondria via Autophagy™
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Background: Bnip3, a protein involved in initiation of cardiovascular disease and cancer, induces autophagy of damaged

organelles by a poorly understood mechanism.

Results: Bnip3 homodimerization and binding to LC3 induces selective autophagy of mitochondria and ER.
Conclusion: Bnip3 plays a direct and selective role in autophagy.
Significance: Our studies will advance future studies investigating the role of Bnip3 in human disease.

Autophagy plays an important role in cellular quality control
and is responsible for removing protein aggregates and dysfunc-
tional organelles. Bnip3 is an atypical BH3-only protein that is
known to cause mitochondrial dysfunction and cell death. Inter-
estingly, Bnip3 can also protect against cell death by inducing
mitochondrial autophagy. The mechanism for this process,
however, remains poorly understood. Bnip3 contains a C-termi-
nal transmembrane domain that is essential for homodimeriza-
tion and proapoptotic function. In this study, we show that
homodimerization of Bnip3 is also a requirement for induction
of autophagy. Several Bnip3 mutants that do not interfere with
its mitochondrial localization but disrupt homodimerization
failed to induce autophagy in cells. In addition, we discovered
that endogenous Bnip3 is localized to both mitochondria and
the endoplasmic reticulum (ER). To investigate the effects of
Bnip3 at mitochondria or the ER on autophagy, Bnip3 was tar-
geted specifically to each organelle by substituting the Bnip3
transmembrane domain with that of Acta or cytochrome b;. We
found that Bnip3 enhanced autophagy in cells from both sites.
We also discovered that Bnip3 induced removal of both ER
(ERphagy) and mitochondria (mitophagy) via autophagy. The
clearance of these organelles was mediated in part via binding of
Bnip3 to LC3 on the autophagosome. Although ablation of the
Bnip3-LC3 interaction by mutating the LC3 binding site did not
impair the prodeath activity of Bnip3, it significantly reduced
both mitophagy and ERphagy. Our data indicate that Bnip3 reg-
ulates the apoptotic balance as an autophagy receptor that
induces removal of both mitochondria and ER.

Autophagy is an evolutionary conserved catabolic process
that occurs constitutively in most cells (1). It is also rapidly
increased when there is a change in the cellular environment
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such as a reduction in nutrients or increased oxidative stress.
Up-regulation of autophagy allows cells to reuse their own con-
stituents for amino acids and fatty acids during the starvation
period. Autophagy also plays an important role in cellular qual-
ity control where it degrades protein aggregates and dysfunc-
tional organelles that can be harmful to the cell. Although
autophagy is generally considered to be nonspecific, it has
become clear that autophagy can be selective for organelles
such as mitochondria (2, 3), ER® (4, 5), and peroxisomes (6)
under certain conditions. When autophagy is initiated, a dou-
ble-membrane structure sequesters cytoplasmic material that
is subsequently delivered to the lysosome for degradation via
fusion (1). Exactly how specific organelles are removed by
autophagosomes is still unclear. It has been suggested that there
is an interaction between proteins on the target organelle and
the Atg8-family proteins (e.g. LC3 and GABARAP) on the
forming autophagosome. The Atg8 family proteins bind to pro-
teins that contain a WXXL motif called the LC3-interacting
region (LIR) (7-9).

The Bcl-2/adenovirus E1B 19-kDa interacting protein 3
(Bnip3) is a BH3-only protein primarily localized to the mito-
chondria. Bnip3 induces cell death by perturbing mitochon-
drial function (10-12). In addition, specific targeting of Bnip3
to the ER interferes with Ca>* homeostasis and promotes cell
death (13, 14). Bnip3 is also a potent inducer of autophagy in
many different cell types (2, 15-18). Recent studies have dem-
onstrated that mitophagy is specifically activated by Bnip3 and
its homologue Nix/Bnip3L and that this process is separate
from activation of cell death (2, 19, 20). Currently it is unclear
how Bnip3 targets mitochondria for removal by the autophago-
somes. Bnip3 is anchored in the outer mitochondrial mem-
brane via its C-terminal transmembrane domain (TMD),
whereas the N terminus faces the cytosol. The C-terminal TMD
is essential for targeting Bnip3 to the mitochondria,
homodimerization, and proapoptotic activity (13, 21, 22).
Interestingly, the N terminus of Bnip3 contains a WXXL-like

2 The abbreviations used are: ER, endoplasmic reticulum; LC3, microtubule-
associated protein 1 light chain 3; GABARAP, y-aminobutyric acid type A
receptor-associated protein; LIR, LC3-interacting region; TMD, transmem-
brane domain; B-gal, B-galactosidase; ERphagy, ER autophagy.

VOLUME 287+NUMBER 23+JUNE 1, 2012


http://www.jbc.org/cgi/content/full/M111.322933/DC1

Bnip3 Induces Selective Autophagy of ER and Mitochondria

motif that might be important in binding to Atg8 family pro-
teins. Binding of Bnip3 to Atg8 proteins such as LC3 might
serve to dock mitochondria to the autophagosomes, thereby
ensuring their removal. The Bnip3 homologue Nix/Bnip3L was
reported recently to contain a similar motif that was important
for its interaction with LC3A and GABARAP (23, 24). However,
it is currently unknown whether Bnip3 also interacts with
GABARAP and LC3 via its WXXL motif and whether this inter-
action is important for selective removal of mitochondria.

In this study, we investigated the mechanism by which Bnip3
promotes selective autophagy in cells. We report that endoge-
nous Bnip3 is localized to both mitochondria and ER in cells
and that Bnip3 induces autophagy from both locations. More-
over, our findings suggest that LC3 binds to the LIR in the Bnip3
homodimer and that this interaction is important for removal
of mitochondria and ER.

EXPERIMENTAL PROCEDURES

Cell Culture—HeLa cells were maintained in DMEM plus
10% (v/v) FBS, 100 units/ml penicillin, and 100 pg/ml strepto-
mycin. HeLa cells were infected with adenoviruses encoding
GFP-LC3, B-galactosidase (B-gal), Bnip3, or the different Bnip3
mutants in DMEM + 2% heat-inactivated serum. After 3 h, the
cells were rinsed in PBS and incubated in growth medium.
Western blot analysis and cell death experiments were per-
formed 24 h after the adenoviral infection. For fluorescence
microscopy and immunoprecipitation experiments, HeLa cells
were transiently transfected with empty Myc vector, Bnip3, or
Bnip3 mutants using FUGENE 6 (Roche) according to the
instructions of the manufacturer. For immunoprecipitation
experiments, the cells were transfected for 24 h. For fluores-
cence microscopy experiments, cells were transfected for 48 h.
The Bnip3Acta and Bnip3cb5 constructs were generously pro-
vided by Dr. Gary Isom, Purdue University (14). Bnip3W18A
and Bnip3cb5W18A were prepared using site-directed
mutagenesis by PCR with Bnip3 wild-type and Bnip3cb5 con-
structs as templates, respectively. The Bnip3 adenoviruses were
generated using the pENTR directional TOPO cloning kit
(Invitrogen) followed by recombination into the pAd/CMV/V5-
DEST gateway vector (Invitrogen). All autophagy experiments
were done in the presence of 50 um zVAD-fmk (carbobenz-
oxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone) (EMD
Biosciences).

Western Blotting and Coimmunoprecipitation—HeLa cells
were lysed in ice-cold buffer (50 mm Tris/HCI (pH 7.4), 150 mm
NaCl, 1 mm EGTA, 1 mMm EDTA, 1% Triton X-100 and Com-
plete™ protease inhibitor cocktail (Roche)) and then cleared by
centrifugation at 20,000 X g for 20 min at 4 °C. Proteins in the
supernatants were separated by SDS-PAGE, transferred to a
nitrocellulose membrane, and immunoblotted with antibodies.
The protein concentrations were determined by the Coomassie
Blue binding assay (Pierce) using BSA standards. In the immu-
noprecipitation experiment, cell lysates were precleared with
protein G PLUS-agarose (Santa Cruz Biotechnology) for 1 h
and then incubated with anti-GFP or anti-GABARAP over-
night. Immune complexes were captured with protein G PLUS-
agarose beads, eluted in 2X SDS sample buffer, and analyzed by
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Western blotting. Blots were quantified and analyzed using
Quantity One software (Bio-Rad).

Hypoxia and Subcellular Fractionation—HeLa cells in
growth medium were placed in hypoxic pouches (GasPak EZ,
BD Biosciences) at 37 °C. After 24 h of hypoxia, cells were
scraped in ice-cold PBS, resuspended in ice-cold isolation
buffer (200 mm sucrose, 1 mm EGTA, and 10 mm MOPS
(pH7.4)) and subsequently lysed with a glass dounce homoge-
nizer. The cellular fractions were separated by differential cen-
trifugation: mitochondria, 8000 X g for 10 min and ER,
100,000 X g for 90 min. Rat hearts were homogenized in buffer
containing 250 mm sucrose, 5 mm KH,PO,, 2 mm MgCl,, 10 mm
MOPS, 1 mm EGTA, 0.1% fatty acid-free BSA, and protease
inhibitors (Roche) and then centrifuged at 600 X g for 5 min.
The pellet was discarded, and the supernatant was centrifuged
at 3000 X gfor 10 min to obtain the mitochondrial fraction. The
supernatant was centrifuged at 100,000 X g for 90 min to obtain
cytosol and ER/sarcoplasmic reticulum (SR)-rich fractions.

Isolation of Autophagosomes—GFP-LC3-positive autopha-
gosomes were isolated from HeLa cells using a protocol
adapted from Gao et al. (25). HeLa cells were homogenized in
ice-cold buffer (250 mm Sucrose, 5 mm KH,PO,, 2 mm MgCl,,
10 mm MOPS (pH 7.4), 1 mm EGTA, 0.1% fatty acid-free BSA
supplemented with protease inhibitors (Roche)) and then cen-
trifuged at 4 °C for 10 min at 10,000 X g. The supernatant was
incubated with a monoclonal mouse GFP antibody coupled to
MACS magnetic beads (Miltenyi Biotech) for 1 h before being
applied to a MACS MS separation column. Proteins were
eluted in buffer containing 50 mm Tris-HCI (pH 6.8), 50 mm
DTT, 1% SDS, 1 mm EDTA, and 10% glycerol and subsequently
analyzed by Western blot analysis.

Immunofluorescence Analysis—Cells overexpressing vector
or Bnip3 constructs plus GFP-LC3 or GABARAP-GEFP for 48 h
were fixed with 4% (w/v) paraformaldehyde for 15 min, per-
meabilized with 0.2% Triton X-100 in PBS, and then blocked in
5% goat serum. The cells were incubated with anti-TOM20 or
anti-calnexin and then with goat anti-rabbit Alexa Fluor 594
secondary antibody. Cells were examined using a Carl Zeiss
AxioObserver Z1 equipped with a motorized z-stage and Apo-
Tome for optical sectioning. To assess autophagy, cells overex-
pressing GFP-LC3 were examined at X60 magnification and
classified as cells with diffuse GFP-LC3 fluorescence or as cells
with > 20 GFP-LC3 puncta/cell. For quantitation of autopha-
gosomes in single cells, z-stacks of at least 50 representative
cells per condition in three separate experiments were acquired
through the X60 oil immersion lens. Maximum projection
images of the z-stacks were produced using the AxioVision
software, and the number of autophagosomes in each cell was
counted. Mitophagy was assessed by analyzing colocalization
between GFP-LC3 positive autophagosomes and Tom?20-la-
beled mitochondria. ERphagy was assessed by measuring colo-
calization between GFP-LC3-positive autophagosomes and
calnexin-labeled ER. The pseudo-line scan analysis was per-
formed using Image] software. To assess cell death, HeLa cells
infected with B-gal, Bnip3, or Bnip3W18A were stained with
100 nMm tetramethylrhodamine methyl ester (TMRM) (Invitro-
gen) and 50 um Hoechst 33342 (Invitrogen) for 10 min. Cells
were examined at X10 magnification using a fluorescence
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FIGURE 1. Homodimerization of Bnip3 is essential for induction of autophagy. A, Hela cells overexpressing Bnip3 or Bnip3 mutants were scored for the
presence of GFP-LC3-positive autophagosomes. Bnip3, but not Bnip3ATM, significantly increased the number of autophagosomes/cell compared with 8-gal-
infected cells. *, p < 0.05.n = 3. B, Bnip3, but not Bnip3ATM, significantly increased the number of cells positive for autophagy compared with B-gal-infected
cells. *, p < 0.05. n = 3. Shown is a representative Western blot analysis for endogenous LC3I/II. C, Bnip3, but not the homodimerization-deficient mutants,
significantly increased the number of GFP-LC3 positive autophagosomes/cell compared with Myc-transfected control cells. *, p < 0.05.n = 3. D, Bnip3, but not
the homodimerization-deficient mutants, induced significant autophagy compared with Myc-transfected control cells. *, p < 0.05. n = 4. Representative
Western blot analysis for endogenous LC3V/II. E, the presence of GABARAP-GFP-positive autophagosomes in HeLa cells overexpressing Bnip3. Bnip3, but not
the mutants, significantly increased the number of GABARAP-GFP-positive autophagosomes/cell compared with Myc-transfected control cells. *, p < 0.05.n =

3. Representative images are shown. F, Bnip3, but not the mutants, induced autophagy in a significant number of cell compared with Myc-transfected control

cells.*, p<0.05.n = 4.

microscope. Cells stained with TMRM (red) and Hoechst
33342 (blue) were counted as live cells, whereas cells with
Hoechst 33342 alone were considered dead.

Statistical Analysis—All values are expressed as mean * S.E.
Statistical analyses were performed using Student’s ¢ test to
identify statistical significance between groups. p < 0.05 was
considered significant.

RESULTS

Bnip3 contains a C-terminal TMD that is important for its
homodimerization and proapoptotic function (13, 21, 22). To
investigate whether an intact TMD is also required for activa-
tion of autophagy, we overexpressed wild-type Bnip3 or the
carboxyl terminal TMD deletion mutant of Bnip3 (Bnip3ATM)
plus GFP-LC3 to monitor formation of autophagosomes in
HeLa cells. We found that deletion of the TMD completely
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abrogated induction of autophagy as measured by fluorescence
microscopy for GFP-LC3-positive autophagosomes (Fig. 14).
The average number of autophagosomes per cell (Fig. 14) and
the number of cells positive for induction of autophagy (Fig. 1B)
were increased significantly in cells overexpressing Bnip3 but
not Bnip3ATM. The conversion of LC3I to LC3IIis also indicative
of increased autophagic activity (25), and Western blot analysis of
endogenous LC3 levels confirmed an increase in LC3II in cells
overexpressing Bnip3 but not Bnip3ATM (Fig. 1B).

Because the TMD is also important for targeting Bnip3 to
membranes, it was still unclear whether the failure to induce
autophagy was due to lack of homodimerization or simply a
failure to localize to the mitochondria. Therefore, we investi-
gated whether mutations in the TMD affected induction of
autophagy. Previous studies by us and others found that
TMD mutants Bnip3G180F or Bnip3H173A are unable to
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FIGURE 2. Bnip3 interacts with LC3 but not GABARAP. A, the presence of a conserved LIR in Bnip3 and Nix. B, Bnip3, but not Bnip3ATM, coimmunoprecipi-
tates (/P) with GFP-LC3 in HeLa cells. C, Bnip3G180F and Bnip3H173A have reduced interaction with LC3 compared with Bnip3. D, Bnip3 does not interact with

GABARAP-GFP.

form homodimers but still localize to the mitochondria (22,
26, 27). The mutations in the TMD did not affect their sta-
bility in cells (22, 26). Interestingly, both Bnip3G180F and
Bnip3H173A were unable to induce autophagy in HeLa cells
(Fig. 1, C and D). We also examined the importance of the
conserved cysteine residue in the Bnip3 N-terminal domain
in induction of autophagy. Mutation of this residue to an
alanine reduces Bnip3 homodimer formation and its proapo-
ptotic activity (22). In this study, we found that Bnip3C64A
had a reduced capability to induce autophagy compared with
Bnip3 (Fig. 1, C and D).

Similar to LC3, GABARAP is a mammalian homologue of
yeast Atg8 and has been reported to associate with the autopha-
gosomal membrane (28). We found that GABARAP-GFP
showed a predominantly diffuse cytoplasmic distribution of
green fluorescence in control cells, whereas overexpression of
Bnip3, but not the TMD or N-terminal domain Bnip3 mutants,
resulted in increased punctate patterns, indicating enhanced
formation of GABARAP-positive autophagosomes (Fig. 1, E
and F). We confirmed that GABARAP-GFP colocalized with
mCherry-LC3-positive autophagosomes in HeLa cells overex-
pressing Bnip3 (supplemental Fig. S1). Altogether, the data
highlight the importance of Bnip3 homodimerization for its
ability to induce autophagy in cells.

Bnip3 specifically activates mitophagy in cells (2, 29), but it is
still unclear how Bnip3 targets mitochondria to the autophago-
somes. The Atg8 family proteins bind to proteins that contain a
WXXL motif called the LIR (8, 9). Interestingly, Bnip3 and its
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homologue Nix contain a LIR in the N-terminal region that is
conserved between species (Fig. 24). We have found previously
that Bnip3 interacts with LC3 (19), but it is still unknown if
Bnip3 must form a homodimer to interact with LC3 and
whether Bnip3 preferentially interacts with LC3 or GABARAP.
Immunoprecipitation of GFP-LC3 from cell lysates followed by
Western blot analysis with an antibody to Bnip3 showed that
Bnip3 but not Bnip3ATM coimmunoprecipitated with LC3
(Fig. 2B). In addition, we found that TMD mutants Bnip3G180F
and Bnip3H173A had severely reduced interaction with LC3
compared with Bnip3 (Fig. 2C). This suggests that the Bnip3
homodimer has the strongest interaction with LC3. Because
Bnip3 promoted translocation of the LC3 homologue
GABARAP to autophagosomes, we also examined whether
Bnip3 interacted with GABARAP. Interestingly, Bnip3 failed to
coimmunoprecipitate with GABARAP (Fig. 2D). Previous stud-
ies have reported that Nix preferentially interacts with
GABARAP but not LC3 (23, 24). We confirmed that Nix inter-
acts with GABARAP but not with LC3 in our study (supple-
mental Fig. S2).

Next, we investigated if the interaction between Bnip3 and
LC3 was dependent on the putative LIR motif. Mutation of the
conserved tryptophan at position 18 in Bnip3 to an alanine
completely abrogated the interaction with LC3 (Fig. 34). The
fact that Bnip3 interacts with LC3 on the autophagosome sug-
gests that Bnip3 might function as an autophagy receptor that
specifically targets mitochondria for removal by the autopha-
gosomes. We therefore investigated whether disrupting the
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FIGURE 3. Disrupting the interaction between Bnip3 and LC3 reduces mitophagy. A, a point mutation in the conserved LIR disrupts the interaction
between Bnip3 and LC3. Bnip3W18A failed to coimmunoprecipitate (IP) with LC3 in HelLa cells. Equal expression levels of Bnip3 and Bnip3W18A were
confirmed by Western blot analysis. Actin was used as a loading control. B, representative images of HeLa cells infected with Bnip3 or Bnip3W18A plus GFP-LC3.
Mitophagy was determined by assessing colocalization (white arrow) between GFP-LC3-positive autophagosomes and Tom20-labeled mitochondria using
fluorescence microscopy. C, quantitation of the number of cells positive for mitophagy. Bnip3W18A induced significantly less mitophagy compared with
Bnip3.*,p <0.05.n = 4.D, mitophagy was also confirmed by Western blotting for cytochrome c oxidase subunit IV (COX IV), a mitochondrial inner membrane
protein, in Hela cells infected with 3-gal, Bnip3, or Bnip3W18A. GAPDH was used as a loading control. £, Western blot analysis for endogenous LC3/II. F,
quantitation of the number of GFP-LC3-positive autophagosomes per cell. n = 4. n.s., not significant. G, HelLa cells overexpressing 3-gal, Bnip3, or Bnip3W18A
were scored for induction of autophagy (n = 3). H, Hela cells overexpressing 3-gal, Bnip3, or Bnip3W18A stained with tetramethylrhodamine methyl ester
(TMRM) to measure mitochondrial membrane potential (n = 4).

interaction between Bnip3 and LC3 had an effect on mitophagy. somes and lysosomes (30). We found that the presence of Baf
As shown in Figs. 3, B-D, mitophagy was reduced in cells over- A1 significantly increased the percentage of cells exhibiting
expressing the LIR mutant Bnip3W18A. In contrast, disrupting  GFP-LC3-positive autophagosomes in both Bnip3 and
the interaction between LC3 and Bnip3 had little effect on Bnip3W18A overexpressing HeLa cells (supplemental Fig. S3),
induction of general autophagy (Fig. 3, E-G). We found that the  confirming that these constructs increased autophagic activity.
average number of autophagosomes per cell (Fig. 3F) and thenum-  Moreover, analysis of cell viability revealed that Bnip3W18A-
ber of cells positive for induction of autophagy (Fig. 3G) were not mediated cell death was similar to Bnip3 (Fig. 3H). The fact that
significantly different between Bnip3 and Bnip3W18A. The mitophagy was not completely abrogated in response to
increase in the number of autophagosomes could reflect either ~ Bnip3W18A suggests that LC3 can bind to other proteins on
increased autophagosome formation because of enhanced the mitochondria to ensure their removal. It also suggests that
autophagic activity or an accumulation of autophagosomes due  the function of the LIR in Bnip3 is separate from its prodeath
to an impairment in the downstream degradation pathway. The  activity.

proton ATPase inhibitor Bafilomycin Al (Baf Al) prevents Several of the Bcl-2 proteins, including the Bnip3 homologue
lysosomal acidification and causes an accumulation of autopha-  Nix, are also localized to the ER where they perturb Ca®>* home-
gosomes because of a block in the fusion between autophago-  ostasis (31-33). Overexpression of a Bnip3 construct specifi-
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FIGURE 4. Endogenous Bnip3 localizes to mitochondria and ER in Hela
cellsand in heart tissue. A, after 24 h of normoxia or hypoxia, Hela cells were
subjected to subcellular fractionation into cytosol, mitochondria (MITO), and
ER-rich fractions. The fractions were separated by SDS-PAGE and immuno-
blotted with Bnip3, Tom20, or calnexin antibodies. B, hearts from adult rats
were fractionated into cytosol (CYTO), mitochondria, and ER/SR-enriched
fractions. The fractions were separated by SDS-PAGE and immunoblotted
with Bnip3, Tom20, calnexin, or GAPDH antibodies.

cally targeted to the ER interferes with Ca>" storage (13, 14).
Because it is not known whether endogenous Bnip3 localizes to
the ER, we investigated the cellular localization of Bnip3 in
HeLa cells. Bnip3 was barely detectable in HeLa cells under
normoxic conditions, but exposure to 24 h of hypoxia led to
up-regulation of Bnip3. Subcellular fractionation experiments
revealed that Bnip3 was found mostly in the mitochondrial
fraction but also that some Bnip3 was found in the enriched ER
fraction (Fig. 4A). Bnip3 is expressed in the adult heart under
normal conditions (15), and, consistent with our findings in
HeLa cells, we found that a portion of Bnip3 was located in the
ER/SR-rich fraction (Fig. 4B). To investigate whether Bnip3
induced autophagy when localized to mitochondria or ER, we
overexpressed Bnip3 mutants engineered to target mitochon-
dria or ER by swapping the TMD with Acta or cytochrome b,
(cb5), respectively (14). Because only the region that spans the
mitochondrial membrane is replaced, these mutants are still
anchored in the outer membrane with their N-terminal domain
facing the cytosol (13, 14). We also confirmed that Bnip3Acta
and Bnip3cb5 were still able to form homodimers despite
replacement of their TMDs (data not shown). Interestingly, we
found that both Bnip3Acta and Bnip3cb5 induced autophagy in
HelLa cells (Fig. 5, A-C). We also investigated whether these
mutants had an effect on autophagic flux. We found that Baf A1
significantly increased the percentage of cells exhibiting GFP-
LC3-positive autophagosomes in Bnip3-, Bnip3Acta-, and
Bnip3cb5-transfected HeLa cells (supplemental Fig. S4), con-
firming that these constructs increased autophagic activity. We
also verified that Bnip3Acta and Bnip3cb5 localized to the
mitochondria and ER, respectively, when overexpressed in
HelLa cells (supplemental Fig. S5).

Next, we investigated whether mitochondria and ER-tar-
geted Bnip3 interacted with LC3. We found that both
Bnip3Acta and Bnip3cb5 coimmunoprecipitated with LC3
(Fig. 5D). Bnip3 is known to perturb mitochondrial function in
cells, which promotes the removal of the damaged mitochon-
dria via autophagy (15). Because Zhang et al. (14) found that
Bnip3cb5 perturbs ER Ca®* stores and ER stress has been
reported to induce autophagy (34), we examined whether
Bnip3 also induced removal of ER in cells. Isolation of autopha-
gosomes using a GFP antibody bound to magnetic beads con-
firmed an increased number of LC3-positive autophagosomes
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in cells overexpressing Bnip3 (Fig. 5E). Western blot analysis
for Beclinl and Atg5 confirmed that the GFP antibody also
pulled down autophagosomes at different maturation steps, as
reported previously (25). Early autophagic structures contain
Beclinl, Atg5, and LC3, whereas only LC3 is retained on the
mature autophagosome (35, 36). Further analysis of the isolated
autophagosomes by Western blotting revealed that the
autophagosomes contained both mitochondrial inner mem-
brane and ER lumen proteins (Fig. 5E). Importantly, no
autophagy, mitochondria, or ER proteins were pulled down
with anti-GFP magnetic beads in GFP-transfected control cells.
Moreover, we did not detect mitochondrial or ER proteins in
autophagosomes isolated from HeLa cells after treatment with
rapamycin (supplemental Fig. S6), confirming that the presence
of these proteins was specifically due to elevated Bnip3.

Next, we further investigated if Bnip3 promoted autophagy
of ER. HeLa cells overexpressing vector, Bnip3, or Bnip3cb5
plus GFP-LC3 were fixed and stained with an antibody against
calnexin to label the ER. Analysis of cells by high-resolution
imaging revealed extensive colocalization between autophago-
somes and ER in both Bnip3- and Bnip3cb5-overexpressing
cells (Fig. 6A). A pseudo-line scan analysis confirmed that GFP-
LC3-positive autophagosomes colocalized with ER in cells
overexpressing Bnip3 and Bnip3cb5 (Fig. 6B). Three-dimen-
sional surface rendering of z-stacks revealed ER inside the
autophagosomes (Fig. 6C). Quantitation of cells positive for
colocalization between autophagosomes and ER showed that
both Bnip3 and Bnip3cb5 significantly induced autophagy of
ER (Fig. 6D). Finally, we investigated the role of the LC3-Bnip3
complex in mediating removal of ER by mutating the trypto-
phan in the LIR of Bnip3cb5 to generate Bnip3cb5W18A.
Coimmunoprecipitation experiments showed that Bnip3cb5
interacted with LC3, whereas Bnip3cb5W18A did not (Fig. 74).
Moreover, Bnip3cb5W18A induced significantly less ERphagy
compared with Bnip3cb5 (Fig. 7B). Mutation of the tryptophan
residue in the LIR of Bnip3cb5 did not reduce the number of
autophagosomes per cell compared with Bnip3cb5 (Fig. 7C) or
reduce the overall induction of autophagy in cells (Fig. 7, D and
E). This suggests that Bnip3 promotes removal of ER via its
interaction with LC3 on the autophagosomes. Disruption of
this interaction did not completely abrogate autophagy of ER,
indicating the presence of other LC3 receptors on the ER that
ensure its removal.

DISCUSSION

In this study, we report several new and important findings.
First, endogenous Bnip3 localizes to the ER where it induces
autophagy of the ER. Second, the autophagy protein LC3 binds
to the LIR motif in the Bnip3 homodimer to induce removal of
mitochondria and ER. Third, disrupting the interaction
between Bnip3 and LC3 significantly reduces the removal of
mitochondria and ER but does not significantly alter the pro-
death activity of Bnip3. Our data, therefore, reveal previously
unknown mechanisms by which Bnip3 mediates autophagic
removal of mitochondria and ER.

Severe consequences can result from the inability of a cell to
remove damaged and dysfunctional organelles through the
highly regulated process of autophagy (37, 38). However, it is
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still unclear how an autophagosome knows to remove a partic-
ular mitochondrion. The Bnip3 homologue Nix has been
reported to interact with Atg8 family proteins to promote
removal of damaged mitochondria (23, 24). Schwartzen et al.
(24) initially identified Nix as a GABARAP but not a LC3B
binding protein. Similarly, Novak et al. (23) discovered that Nix
interacted with Atg8-family proteins, Atg-8, GABARAP,
GABARAP-L1/L2, and LC3A but not with LC3B. This study
also discovered that mitochondria clearance in Nix deficient
reticulocytes was restored by overexpressing Nix but not a Nix
LIR mutant (NixW35A). We confirmed that Nix interacts pref-
erentially with GABARAP and not the LC3B isoform in our
study. We reported previously that Bnip3 interacts with LC3B
in cells (19). This finding was recently confirmed by Ma et al.
(39). This study also found that Bnip3ATM did not interact
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with LC3. Interestingly, we have found that Bnip3ATM is
unable to induce autophagy in cells (15). Here, we report that
the TMD is primarily involved in membrane targeting and
homodimerization and that replacing it with Acta or cb5 does
not affect its ability to induce autophagy or interact with LC3.
Instead, our results suggest that homodimerization of Bnip3 via
the TMD facilitates the interaction between Bnip3 and LC3
(Fig. 8).

Furthermore, we found that the interaction between LC3 and
Bnip3 was important in removing both mitochondria and ER by
autophagosomes. Although GABARAP was recruited to
autophagosomes, we could not detect any interaction between
Bnip3 and GABARAP. This is not surprising because
GABARAP exhibits only 30% sequence homology with LC3.
However, it is interesting that the LIR is completely conserved
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among Bnip3 and Nix and that a mutation of the conserved
tryptophan residue (at position 18 in hBnip3 and 35 in hNix)
abrogates the interaction. This suggests that the domain is
needed to specify binding to Atg8 family proteins but that the
non-homologous sequences in Nix and Bnip3 are involved in
determining the binding specificity for GABARAP or LC3B.
Although the LIR is conserved between Nix and Bnip3, they are
only 56% homologous.

In this study, we report for the first time that Bnip3 induces
autophagy of the ER. Interestingly, our data showed that both
ERphagy and mitophagy were significantly reduced, but not
completely abrogated, when the interaction between Bnip3 and
LC3 was disrupted. This suggests that Bnip3 is not the only
autophagy receptor on the mitochondria and the ER. Similar
results were obtained in the study by Novak et al. (23) that
reported that disrupting the interaction between Nix and LC3A
or GABARAP caused only a partial reduction in mitochondrial

JUNE 1,2012+VOLUME 287 -NUMBER 23

clearance. It is very likely that several different proteins can act
as receptors for autophagy proteins to ensure the removal of
damaged mitochondria and ER. For instance, p62 is an
autophagy adaptor protein that binds to proteins such as volt-
age-dependent anion channel and mitofusinl on the mitochon-
dria and also interacts with LC3 via its LIR (8). We have
reported previously that induction of mitophagy protects
against Bnip3-mediated cell death (29). Therefore, it was sur-
prising that overexpression of Bnip3W18A did not result in
increased cell death compared with Bnip3. However, a redun-
dancy in autophagy receptors would ensure that damaged
mitochondria and ER are still being cleared but most likely at a
slower rate. Most studies suggest that autophagy is a protective
response up-regulated by the cell in response to stress. It is
unclear why Bnip3 activates two opposing pathways in cells. It
is possible that autophagy functions as a repair mechanism to
prevent accidental cell death upon Bnip3 activation. However,
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Autophagosome

Active
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Bnip3

FIGURE 8. A schematicillustrating the mechanism by which Bnip3 targets
mitochondria for removal by autophagosomes. Inactive Bnip3 exists as a
monomer in the mitochondria. Upon activation, Bnip3 undergoes
homodimerization via the transmembrane domain. The conformational
change in the homodimer facilitates the interaction between the LIR in Bnip3
and LC3.

if the damage is too great and the cell is beyond rescue, apopto-
sis will become the dominant pathway, and the cell will die.
One limitation of our study is that we had to utilize overex-
pression of Bnip3 and the mutants in our experiments to deter-
mine their functional differences. There may be a concern that
overexpression of a protein in cells may not induce a physiolog-
ically relevant response because the levels of the overexpressed
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protein are higher than endogenous levels. However, Bnip3 is
barely detectable in many cells under normal conditions but is
up-regulated approximately 8- to 10-fold in response to stress,
such as hypoxia (40 —43). Similarly, we found that Bnip3 is sub-
stantially up-regulated after hypoxia in HeLa cells, which cor-
related with a reduction in the mitochondrial protein Tom20
(supplemental Fig. S7). Bnip3 is also up-regulated in mouse
hearts after a myocardial infarction (supplemental Fig. S7).
Thus, overexpression of Bnip3 in HeLa cells achieves protein
levels that are comparable with endogenous protein levels after
hypoxia. Because hypoxia is associated with activation of mul-
tiple pathways, overexpression of Bnip3 in the absence of
hypoxia allows us to isolate and study the pathways that are
specifically activated by Bnip3. We reported previously that
there is a dose-dependent increase in autophagy in response to
Bnip3 overexpression, and we found that autophagy is induced
even at a very low levels of Bnip3 overexpression (2). In a pre-
vious study from our laboratory, we confirmed that silencing
Bnip3 using siRNA or inhibition using a dominant negative
Bnip3 reduces autophagy in response to simulated ischemia/
reperfusion (15), suggesting that Bnip3 is responsible for the
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induction of autophagy. In addition, down-regulation of Bnip3
using siRNA reduces hypoxia-mediated autophagy (40). There-
fore, we are confident that the autophagy response that we are
studying by overexpressing Bnip3 mimics the response of the
cells when Bnip3 is up-regulated in response to hypoxia.

Activation of Bnip3 has been shown to play an important role
in the initiation and progression of heart failure (12). Moreover,
inactivation of Bnip3 is also implicated in disease progression
and treatment resistance of multiple cancers such as pancre-
atic, colorectal, and gastric cancer (44 —46). Our identification
of how Bnip3 functions as a receptor for autophagy of mito-
chondria and the ER, therefore, has myriad implications toward
human disease and highlights the importance of further under-
standing the role of Bnip3 in mitochondrial function and
autophagy.
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