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Background: Bnip3 is both a pro-apoptotic BH3-only protein and a mitochondrial autophagy receptor.
Results: Serine phosphorylation of the Bnip3 LC3-interacting region (LIR) increased binding to Atg8 members and conse-

quently mitophagy, in a manner positively regulated by Bcl-x; .

Conclusion: The Bnip3 LIR activity state determines either pro-survival mitophagy or mitochondrial apoptosis.
Significance: Bnip3-induced mitophagy is serine kinase-regulated and thus a targetable pathway.

BH3-only proteins integrate apoptosis and autophagy path-
ways, yet regulation and functional consequences of pathway
cross-talk are not fully resolved. The BH3-only protein Bnip3 is
an autophagy receptor that signals autophagic degradation of
mitochondria (mitophagy) via interaction of its LC3-interacting
region (LIR) with Atg8 proteins. Here we report that phosphor-
ylation of serine residues 17 and 24 flanking the Bnip3 LIR
promotes binding to specific Atg8 members LC3B and GATE-
16. Using quantitative multispectral image-based flow cytom-
etry, we demonstrate that enhancing Bnip3-Atg8 interactions
via phosphorylation-mimicked LIR mutations increased mito-
chondrial sequestration, lysosomal delivery, and degradation.
Importantly, mitochondria were targeted by mitophagy prior to
cytochrome crelease, resulting in reduced cellular cytochrome ¢
release capacity. Intriguingly, pro-survival Bcl-x; positively reg-
ulated Bnip3 binding to LC3B, sequestration, and mitochon-
drial autophagy, further supporting an anti-apoptotic role for
Bnip3-induced mitophagy. The ensemble of these results dem-
onstrates that the phosphorylation state of the Bnip3 LIR signals
either the induction of apoptosis or pro-survival mitophagy.
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BH3-only proteins are activated by diverse intracellular
stresses to induce Bax/Bak-mediated release of mitochondrial
apoptotic factors (1). Concomitantly, BH3-only proteins dis-
rupt anti-apoptotic Bcl-2 family protein suppression of the
autophagy activator Beclin-1 (2, 3) and thereby stimulate the
lysosomal degradative pathway of autophagy. Directly linking
autophagy to apoptosis are furthermore members of the
autophagy-induction machinery, including AtgdD (4), Atg5 (5),
and Atgl2 (6), which can function as BH3-only proteins to pro-
mote cytochrome ¢ release and thus are described as having
“dual-functional” activities. In addition, a selective mode of
macroautophagy (i.e. mitochondrial autophagy, or mitophagy)
may attenuate (7), amplify (8), or operate independently from
mitochondrial apoptosis during differentiation (9).

BH3-only proteins with multiple functionalities include
Bnip3 and Bnip3L/Nix, homologous members of the BCL2/
adenovirus E1B 19-kDa interacting protein (BNIP) family,
which activate mitochondria-mediated cell death as well as
autophagy and mitophagy (reviewed in Ref. 10). Bnip3 and Nix
localize to mitochondria (11), and upon activation, BH3 and
transmembrane domains (12, 13) are required to induce
caspase-dependent (14) and -independent (15) cell death. In
vivo and ex vivo studies in mice demonstrate that Bnip3 and Nix
are causative for cell death in cardiovascular disease (14, 16, 17),
whereas Nix signals mitophagy during the maturation of red
blood cells in the absence of cell death (9, 18).

It is well understood that BH3-only protein-induced
autophagy and apoptosis signaling events converge at mito-
chondria. However, mechanistic insight discriminating the
function of Bnip3-induced apoptosis versus autophagy and
mitophagy is lacking. This is relevant because clinical cancer
studies report conflicting roles for Bnip3. For example, Bnip3
expression is a good prognostic indicator in pancreatic cancer
(19), is either a poor or good prognosis indicator in breast can-
cer (20), and indicates poor prognosis in cervical cancer (21).
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Mitophagy ranges from mitochondrial pruning (16) to full
clearance (9, 18), suggesting mechanisms regulating activity.
Although BH3 domains of Bnip3 and Nix are sufficient to
induce the general autophagy response (22), induction of
mitophagy requires the LC3-interacting region (LIR)* of Nix
(23) and Bnip3 (24).

Intriguingly, phosphorylation regulates the activity of the
selective autophagy receptor p62 (25) and mitophagy via the
yeast functional Bnip homologue Atg32 (26). Moreover, serine
phosphorylation of the LIR of optineurin is required for selec-
tive autophagy of bacteria (27). Bnip3 LIR, an N-terminal
WVEL tetrapeptide motif identical to Nix, lies within a pre-
dicted serine-rich PEST domain associated with protein degra-
dation (28). Thus, the aim of this work was to investigate
whether the phosphorylation status of serines within Bnip3 LIR
regulates Bnip3-mediated induction of mitophagy and to deter-
mine the function of mitophagy in the context of apoptosis
signaling.

We report that phosphorylation of serine residues flanking
the Bnip3 LIR is required for selective Bnip3-Atg8 homologue
interactions and mitochondrial autophagy. Moreover, Bcl-x;
enhances Bnip3-induced mitophagy, in a manner requiring
Bnip3 LIR and BH3 activities. Functionally, we show that
Bnip3-induced mitophagy proactively lowers the cell’s cyto-
chrome ¢ release capacity, demonstrating a pro-survival
function.

EXPERIMENTAL PROCEDURES

Chemicals and Antibodies—\-Protein phosphatase was pur-
chased from New England Biolabs. K252c was purchased from
Sigma. Okadaic acid was purchased from Calbiochem. CCCP
was purchased from Calbiochem. Rhodamine 123 was pur-
chased from Invitrogen. TNFa was a gift of BASF. G418 was
purchased from Carl Roth. Cell culture reagents were obtained
from Invitrogen, Sigma, Lonza, and Pan Biotech. JetPRIME was
obtained from Polyplus. Electron microscopy grade parafor-
maldehyde was obtained from EMS. The GasPak™ EZ system
for hypoxia was purchased from BD Biosciences. Complete
EDTA-free protease inhibitor mixture and PhosSTOP phos-
phatase inhibitor mixture were purchased from Roche Applied
Science. Antibodies used were against active caspase-3 (Cell
Signaling catalog no. 9664), B-actin (GeneTex catalog no.
GTX26276, Cell Signaling catalog no. 4970), Bnip3 (Santa Cruz
Biotechnology, Inc., catalog no. sc-56167), GFP (Roche Applied
Science catalog no. 11814460001 for immunoprecipitations;
Cell Signaling catalog no. 2555 for Western blotting), LC3B
(Cell Signaling catalog no. 2775), REP (Chromotek catalog no.
5F8), Beclin-1 (Cell Signaling catalog no. 3738), RhoGDI (BD
Biosciences catalog no. 610255 and Santa Cruz Biotechnology,
Inc., catalog no. H0510), Tim23 (Santa Cruz Biotechnology,
Inc., catalog no. sc-1329), COX IV (Cell Signaling catalog no.
4850S), Tom20 (Santa Cruz Biotechnology, Inc., catalog no.
sc-11415), VDAC (Cell Signaling catalog no. 4661), Bcl-x;

“The abbreviations used are: LIR, LC3-interacting region; VDAC, voltage-de-
pendent anion channel; CCCP, carbonyl cyanide p-chlorophenylhydra-
zone; MIFC, multispectral imaging-based flow cytometry; BisTris,
2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol.
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(Santa Cruz Biotechnology, Inc., catalog no. sc-8392), and cyto-
chrome ¢ (Santa Cruz Biotechnology, Inc., catalog no.
sc-13156). Horseradish peroxidase-conjugated secondary anti-
bodies (Cell Signaling) were used for chemiluminescence
detection for Western blotting. Highly cross-absorbed Alexa
Fluor 488, 546, and 647 secondary antibodies (Invitrogen) were
used for immunofluorescence staining.

Plasmids Used in Study—Bnip3 (NM_004052), LC3B
(NM_022818), and GABARAP-L2/GATE-16 (NM._007285)
were obtained from DKFZ Core Facilities, PCR-amplified, and
inserted into either pmCherry-C1 (RFP) or pEGFP-C1 (GFP).
Mutations were inserted by site-directed mutagenesis. DNA
correctness was verified by sequencing. Additional protein
expression vectors were used as described previously: GFP-
Rab7 WT (29); GFP-GABARAP and GFP-GABARAP-L1 (23);
and GFP-cytochrome ¢ (30). Wild type Bcl-x; was obtained
from Morishima et al. (31). RFP-Bcl-x; was generated using
pmCherry-C1, and mutants were generated by site-directed
mutagenesis. ShARNA pLKO lentiviral vectors against Beclin-1
(GACAGTTTGGCACAATCAATA) and control (AATTGC-
CAGCTGGTTCCATCA) were generated. Throughout this
study, mCherry is referred to as RFP (red fluorescent protein).

Cell Culture—Human MCF-7 (Cell Lines Services, Heidel-
berg, Germany), Panc-1 (obtained from the Department of
General Surgery, University of Heidelberg, Germany), and
HeLa Kyoto cancer cell lines (32) were maintained in full
medium, consisting of DMEM, 10% FBS, L-glutamine, non-es-
sential amino acids, penicillin, streptomycin, amphotericin B.
Clonal MCF-7 cell lines stably expressing fusion proteins or
shRNA were generated via selection with 1 mg/ml G418. The
HL-1 cardiac myocyte cell line was maintained in Claycomb
medium supplemented with 10% FBS, 0.1 mMm norepinephrine,
2 mM L-glutamine, penicillin/streptomycin/amphotericin B.
Transient transfections were performed using JetPRIME
(Polyplus) transfection reagents. To generate stable HL-1 cells,
pWIPI lentiviral vectors containing GFP-Rab7 and GFP-LC3B
were generated in 293T cells. Cells were infected using lentivi-
rus-containing 293T cell supernatant. For shRNA experiments,
pLKO lentiviral vectors containing shRNA were generated in
293T cells, and cells were infected using lentivirus-containing
293T cell supernatant.

Hypoxia Induction—Hypoxia/reoxygenation experiments
were performed in glucose-containing HBSS (Invitrogen cata-
log no. 14025) supplemented with NaHCO, (25 mm), PSF, and
10 mm Hepes. Cells were incubated under hypoxia conditions
using the (GasPak™ EZ, BD Biosciences) at 37 °C for 42 h
(Panc-1, MCF7, and HeLa) or 18 h (HL-1). Normoxic condi-
tions were reintroduced through incubation at 37 °C in 5% CO,,
for 6 h (cancer cell lines) or 2 h (HL-1 cardiac cells) and imme-
diately paraformaldehyde-fixed for imaging or harvested for
Western blot analysis.

Fluorescence Imaging—Cells were plated in 8-well micros-
copy w-slides (Ibidi), treated as indicated, and subjected to
either live cell imaging or fixed with 4% paraformaldehyde in
PBS. Wide field fluorescence microscopy was performed
with a DeltaVision RT microscope system (Applied Preci-
sion) using a X60 oil immersion objective to generate
Z-stacks (0.3-um step sizes). Images of representative cells are
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total intensity projections of Z-stacks prepared using Image]
(National Institutes of Health).

Autophagosome formation and mitochondrial fragmenta-
tion result in a high degree of intensity variation within images
of single cells. Because of the difficulty in representing colocal-
izations using RGB colors, images were inverted to generate
negative gray scale (i.e. white background, with black signifying
the highest intensity). In the merged imaged, the convergence
of organelles yields a higher intensity pseudocolor (dark blue).
RGB plot profiles indicate protein and organelle colocalization.

Colocalization analysis was performed using the Image]
colocalization color map plugin (33). Colocalization was per-
formed on single, segmented cells. The index of colocalization
(I, value) is represented on the y axis.

Quantification of Mitochondrial Sequestration, Degradation,
and Cytochrome ¢ Content by Multispectral Imaging-based
Flow Cytometry (MIFC)—MIFC was performed using the
ImageStream X flow cytometer (Amnis, Seattle, WA). MIFC
combines flow cytometry with high content microscopic anal-
ysis. Large cell populations are acquired, and fluorescent mark-
ers are analyzed at the single-cell level, from which population
responses are quantified.

In experiments to measure cytochrome ¢ and mitochondrial
mass, cells were transfected with mito-RFP or the indicated
RFP-fused Bnip3 WT and mutants and analyzed at 48 h of
expression, as indicated. Cells were trypsinized and fixed with
4% paraformaldehyde in PBS. Immunofluorescence staining
was performed using a-Tom20 and a-cytochrome ¢ and
Alexa Fluor 488 or 647 secondary antibodies, respectively.
Alexa Fluor 488, RFP, and Alexa 647 were excited using the
corresponding 488, 561, and 657-nm lasers. To quantify cel-
lular responses, channel compensation and image analysis
were performed using IDEAS 4.0. Briefly, single/focused/
REP-positive (RFP+) cells were selected, yielding ~1000
cells/condition for analysis.

The subpopulation of cells with high mitophagy (i.e. reduced
mass of Tom20+ mitochondria) was calculated from total cel-
lular intensity and the bright detail intensity of Tom20 staining.
The bright detail intensity feature provided by the IDEAS 4.0
software computes the intensity of localized bright spots within
the cell. This feature was used as a second parameter of mito-
chondrial mass. The subpopulation of cells with low cellular
cytochrome ¢ content was determined on the basis of a low
value of intensity and the bright detail intensity of cytochrome
¢ immunostaining.

In experiments to measure mitochondrial sequestration by
autophagosomes and autolysosomes, cells were co-transfected
with RFP-Bnip3 WT and mutants and either GFP-LC3B or
GFP-Rab7, respectively. In single/focused/RFP-positive/ GFP-
positive cells, colocalization of Bnip3 WT and mutants with
LC3B and Rab7 was quantified using the IDEAS colocalization
analysis function. The subpopulation with high colocalization
is reported.

Co-immunoprecipitation—Cells were scraped, centrifuged
at 550 X g for 5 min, and lysed in 200 ul of CHAPS lysis buffer
(2% CHAPS, 1% Triton X-100, 137 mMm NaCl, 2 mm EDTA, 10%
glycerol, and 20 mm Tris-HCI, pH 8.0) containing protease and
phosphatase inhibitors. 190 ul of cell lysate was incubated with
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12.5 pl of a-GFP (1:40; Roche Applied Science)-coupled Dyna-
beads Protein G (Invitrogen) for 2 h at 4 °C. Then beads were
washed with 0.02% Tween 20 plus PBS, and immunoprecipi-
tated proteins were eluted from Dynabeads by adding 2X LDS
sample and reducing buffer to the beads and heating at 70 °C for
10 min. Samples were analyzed by Western blotting.

Western Blotting—Protein samples were electrophoresed
using BisTris NuPAGE gels (Invitrogen) and transferred to
nitrocellulose using the iBlot dry blotting system (Invitrogen).
Subsequently, membranes were blocked and incubated with
primary antibodies. Horseradish peroxidase-conjugated sec-
ondary antibodies were used, and the membranes were devel-
oped using SuperSignal West Pico chemiluminescent substrate
(Pierce) and a chemiluminescence imager (Intas). Blots shown
are representative of at least three independent experiments.
Densitometric band quantifications were performed using
Image] software. ClustalW multiple-sequence alignment was
performed using Jalview (34).

Survival Curve Generation—Bnip3 and Fundc1 survival data
are presented as Kaplan Meyer plots and were generated using
the R2: Microarray Analysis and Visualization Platform (avail-
able on the Academic Medical Center (Amsterdam, The Neth-
erlands) Web site).

Statistical Analyses—The probability of statistically signifi-
cantincreases or decreases between conditions was determined
using Student’s ¢ test. One-tailed ¢ tests were performed, paired
for matched data sets and unpaired for unmatched data sets.
Data with a p value less than or equal to 0.05 were accepted as
statistically significant. Values are expressed as mean * S.E. of
at least three independent experiments unless otherwise stated.

RESULTS

Hypoxia/Reoxygenation Induction of Bnip3 Correlates with
Mitophagy—Bnip3 is strongly expressed in response to hypoxia
(35) and is activated by oxidative conditions during cardiac
hypoxia/reoxygenation (14). In HL-1 cardiac cells, which
exhibit mitophagy in response to ectopic Bnip3 expression (14),
18 h of hypoxia followed by 2 h of reoxygenation resulted in
decreased mitochondrial content, concomitant with increased
Bnip3 levels (Fig. 14). Whereas hypoxia promotes mitochon-
drial fragmentation (36), in HL-1 cells following reoxygenation,
Bnip3-coated mitochondria existed in both fragmented and
networked states (Fig. 1Bi). Notably, a subset of fragmented
mitochondria in both the cell periphery and the perinuclear
region were sequestered by GFP-LC3B-positive autophago-
somes, whereas Bnip3-coated, networked mitochondria did
not colocalize with GFP-LC3B (Fig. 1Bii).

Similarly, in pancreatic, breast, and cervical cancer cell lines,
42 h of hypoxia under nutrient deprivation conditions, followed
by 6 h of reoxygenation, resulted in increased Bnip3 expression
and decreased mitochondrial content, to varying extents
between cancer cell lines (supplemental Fig. S1A). Together,
these findings suggest that increased expression of Bnip3 cor-
relates with different degrees of mitophagy activation.

Bnip3 LIR Activity Is Serine Phosphorylation-regulated—
Bnip3 contains a WVEL LIR motif identical to Nix (23) (Fig. 24)
and was immunoprecipitated by LC3B (Fig. 2B). Selective
autophagy requires the interaction of the receptor’s LIR core
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FIGURE 1. Bnip3 up-regulation correlates with mitochondrial autophagy
in cardiac HL-1 cells. A, hypoxia/reoxygenation increased Bnip3 expression
and decreased mitochondrial content. HL-1 cells were submitted to 18 h of
hypoxia, followed by 2 h of reoxygenation Western blot detection of mito-
chondrial markers Tim23, COXIV, Bnip3, and RhoGDI as a loading control.
Shown is densitometric quantification of Tim23 and COXIV, normalized to
RhoGDI. B, immunodetection of endogenous Bnip3 targeted to mitochon-
dria, where it colocalized with GFP-LC3B following hypoxia/reoxygenation.
Bi, HL-1 cells expressing GFP-LC3B were submitted to 18 h of hypoxia, fol-
lowed by 2 h of reoxygenation. GFP-LC3B-labeled autophagosomes (pseudo-
colored light blue) and antibody labeled Tom20 (red) and Bnip3 (purple) were
imaged by high resolution microscopy. Bnip3-targeted mitochondria that
colocalized with autophagosomes appear dark blue. Bii, the region of interest
from Bi is magnified, and the ImageJ plot profile function was used to illus-
trate colocalizations within the bounded region between autophagosomes
(blue), Bnip3 (purple), and Tom20 (red). Error bars, S.E.

with Atg8 members at a hydrophobic binding site. Mutation of
either acidic residues proximal to the LIR or of the hydrophobic
core WXXL LIR residues to neutral alanines is sufficient to
abolish this interaction (37). We therefore generated Bnip3
W18A/L21A, containing inactivating mutations of the putative
LIR. Bnip3-W18A/L21A did not bind to LC3B (Fig. 2B), con-
firming a receptor function for Bnip3.

The mitochondrial uncoupler CCCP, which collapses the
mitochondrial membrane potential, enhances Nix-driven
mitophagy in a LIR-dependent manner (23). Similarly, we
observed prominent autophagic sequestration of wild-type
(WT) Bnip3-targeted mitochondria in response to CCCP (10
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FIGURE 2. The Bnip3 LIR determines the interaction with LC3B, in a man-
ner dependent on serine/threonine phosphorylation. A, sequence align-
ment demonstrating that Bnip3 contains a core tetrapeptide LIR, identical to
Nix. B and C, Bnip3 WVEL is a functioning LIR and is responsible for interac-
tions with LC3B. B, RFP-tagged Bnip3 WT and LIR mutant W18A/L21A were
expressed in MCF-7 cells stably expressing GFP-LC3B. At 48 h of expression,
immunoprecipitations were performed with a-GFP. Shown is Western blot
detection of RFP. C, CCCP-enhanced mitophagy is dependent on Bnip3 LIR. Ci,
RFP-tagged Bnip3 WT and Bnip3 W18A/L21A co-expressed with GFP-LC3B in
Hela cells for 24 h, treated with CCCP (10 um; 6 h), and imaged by high reso-
lution microscopy. Bnip3 is pseudocolored light blue, and LC3B is pseudocol-
ored purple. Dark blue indicates colocalization due to sequestration of mito-
chondria. Cii, plot profiles of Bnip3 (light blue) and LC3B (purple) intensities
demonstrating localizations of Bnip3-targeted mitochondria and autopha-
gosomes. Ciii, colocalization of Bnip3 WT and Bnip3 W18A/L21A with GFP-
LC3B was quantified using the ImageJ colocalization color map plugin. Dot
plotsindicate the data set distribution and mean correlation index (I.,,,) = S.E.
of at least 10 cells (Z-stacks) per condition. D, the serine/threonine phospha-
tase inhibitor okadaic acid (OA) increases binding of Bnip3 to LC3B. RFP-Bnip3
WT was expressed in MCF-7 cells stably expressing GFP-LC3B. At 42 h of
expression, cells were treated with increasing concentrations of okadaic acid
(1,10, 50, and 100 nm) for 6 h, and immunoprecipitations (/P) were then per-
formed with a-GFP. Western blot (WB) detection of RFP and GFP. ¥, both
bands correspond to RFP-Bnip3. E, binding of Bnip3 to LC3B is dependent on
serine/threonine kinase activities. RFP-Bnip3 WT was expressed in MCF-7 cells
stably expressing GFP-LC3B. At 42 h of expression, cells were treated with
concentrations of K252c (staurosporine aglycone; 16, 160, and 1600 nwm) for
6 h, and immunoprecipitations were then performed with a-GFP. Shown is
Western blot detection of RFP and GFP. *, both bands correspond to
RFP-Bnip3.

ok
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uM, 6 h). However, sequestration of mitochondria targeted by
Bnip3-W18A/L21A was significantly less responsive to CCCP
(Fig. 2C), further evidence that Bnip3 functions as a LIR-depen-
dent mitochondrial autophagy receptor, as recently reported
(24).
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Because Bnip3 apoptotic activity is correlated with high lev-
els of serine/threonine phosphorylation in vivo (38), we sought
to determine the effect of increased Bnip3 phosphorylation
state on its binding to LC3B, initially using inhibitors. Inhibi-
tion of serine/threonine phosphatases with okadaic acid
increased the strength of the association between LC3B and
Bnip3 in a dose-dependent manner (Fig. 2D). Note that
increased binding did not correlate with mobility shifts of REP-
Bnip3, indicating that only a fraction of the phosphorylated
residue is undergoing rapid dephosphorylation. Conversely,
the serine/threonine kinase inhibitor K252¢ (39) reduced LC3B
binding (Fig. 2E). Bnip3 is highly phosphorylated and therefore
runs by SDS-PAGE as multiple bands (38). Here two main
bands were observed, both responsive to phosphatase and
kinase inhibitors. Both bands are attributed to Bnip3 because
cross-linking was performed to minimize elution of the IgG
heavy chain (also see supplemental Fig. S2).

Together, these results pointed toward a role for phosphor-
ylation in regulating the affinity of Bnip3 for LC3B. Subse-
quently, we undertook molecular studies in order to exclude
nonspecific effects of the chemical inhibitors on general
autophagy (40, 41) and investigated the identity of the phos-
phorylated residues.

Serine Residue 17 Preceding the Bnip3 LIR Is Essential for
LC3B Binding—Docking of ubiquitin-like proteins SUMO (42)
and LC3 (27) is locally promoted by serine phosphorylation of
their corresponding receptors. Notably, both Bnip3 and Nix
LIR motifs are flanked by conserved and partially conserved
serine residues (Fig. 3Ai). To localize residues responsible for
phosphorylation regulation of Bnip3-LC3B interaction, we
generated single and combinatorial phosphorylation mimick-
ing serine-to-glutamate and non-phosphorylatable serine-to-
alanine mutations flanking the Bnip3 LIR. Mutations and des-
ignations are listed in Fig. 3Aii.

WT and LIR mutant Bnip3 localized entirely at Tom20-im-
munolabeled mitochondria in HeLa cells (supplemental Fig.
S3Ai). At early time points (18 —24 h), Bnip3 WT and the 2SA
mutant localized at networked mitochondria, distributed
throughout the cell. However, mitochondria targeted by 2SE
mutants were fragmented and clustered (supplemental Fig.
S3Aii). Bnip3 WT colocalized with GFP-LC3B-labeled
autophagosomes, but no colocalization was detected in cells
expressing the Bnip3 2SA mutant. Autophagic sequestration of
Bnip3 2SE-targeted mitochondria was remarkably greater than
with Bnip3 WT (Fig. 3Bi). Using MIFC, we directly quantified
the colocalization of Bnip3 WT and mutants with LC3B in pop-
ulations of HL-1 cardiac cells (Fig. 3, Bii and Biii). At 24 h
of expression, the fraction of cells exhibiting prominent
autophagic sequestration of Bnip3-targeted mitochondria
(gated as high colocalization of Bnip3 and LC3) was reduced by
30% in response to Bnip3 2SA and enhanced by ~75% in
response to Bnip3 2SE, relative to Bnip3 WT. Similar results
were obtained in HeLa cells at 24 h (supplemental Fig. S3B).

Binding of WT and mutant Bnip3 to LC3B was determined
by co-immunoprecipitation. In HL-1 cells, Bnip3 WT and
Bnip3 2SE were similarly immunoprecipitated by LC3B,
whereas much less interaction with Bnip3 2SA was detected
(supplemental Fig. S3Ci). Remarkably, in both MCF-7 (Fig. 3, Ci
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and Cii) and HeLa cell lines (supplemental Fig. S3Cii), Bnip3
2SE was more strongly associated with LC3B than Bnip3 WT.
Conversely, LC3B did not immunoprecipitate the Bnip3 2SA
mutant, further indicating that Bnip3 LIR activity is phosphor-
ylation-regulated, with phosphorylation of serine 17 and/or 24
required for binding.

Single and double E/A combinatorial LIR mutants were used
to investigate the individual contributions of serines 13, 17, and
24 (Fig. 3Ci). Bnip3 S13A exhibited a minor reduction in bind-
ing, whereas Bnip3 S13E had no impact. Bnip3 S17A most
strongly inhibited binding to LC3B, whereas Bnip3 S17E
slightly enhanced LC3B binding. In contrast, Bnip3 S24 A bind-
ing was similar to Bnip3 WT, whereas Bnip3 S24E most
strongly enhanced binding to LC3B. Putative regulation by
multisite phosphorylation was then investigated, using the
most influencing single mutations, at serines 17 and 24. Bnip3
S17A/S24E did not bind LC3B, and Bnip3 S17E/S24A binding
was comparable with Bnip3 S17E and WT (Fig. 3Cii), indicating
that serine 17 phosphorylation is required for binding to LC3B.
However, the most effective interaction was obtained with
mimicked phosphorylation of both serines 17 and 24-.

Importantly, the Bnip3 binding to LC3B was phosphatase-
sensitive in vitro. Treatment of cell lysates with A-phosphatase
prior to immunoprecipitation of GFP-LC3B did not alter bind-
ing to the dual phosphorylation mimic Bnip3 2SE, which is
independent of endogenous phosphorylation of either serine 17
or 24 (Fig. 3Ciii). However, binding was lost to Bnip3 S24E,
which presumably is endogenously phosphorylated at serine
17, compared with the control lysate treated with phospha-
tase inhibitors. These results suggest that Bnip3 binding to
LC3Bisdependent on endogenous phosphorylation at serine
17.

Bnip3 is reported to be highly phosphorylated at regions
downstream of the LIR (supplemental Fig. S4A4), and Atg32 and
p62 autophagy activities are positively regulated by serine phos-
phorylation downstream of LIR (25, 26). Potential roles for
additional phosphorylation sites were investigated using
Bnip3-5SA, which is mutated at phosphorylated sites down-
stream from the LIR (Fig. 3A4ii). The non-phosphorylatable
Bnip3-5SA mutant bound to LC3B similar to Bnip3 WT (sup-
plemental Fig. S3Bi). Together, these results indicate that
the strength of interaction between LC3B and Bnip3 is
dependent on specific phosphorylation of residues flanking
the Bnip3 LIR.

Serine Residues 17 and 24 Flanking the Bnip3 LIR Are Essen-
tial for GATE-16 Binding—Whereas LC3B weakly binds Nix,
other Atg8 family members exhibit higher binding affinities
(23). Compared with interactions with LC3B, Bnip3 WT weakly
bound GABARAP subfamily member GATE-16 (Fig. 44), and
only few RFP-Bnip3 WT-targeted mitochondria were seques-
tered by GATE-16-labeled autophagosomes (Fig. 4C). We
therefore determined a role of LIR phosphorylation on Bnip3
binding to GATE-16. Bnip3 2SA and S17A mutations abolished
binding with GATE-16. Bnip3 S17E and, surprisingly, S24A
mutants bound GATE-16 similar to Bnip3 WT. The 2SE and
S24E mutants similarly enhanced binding to GATE-16 (Fig.
4B), and consistent with these findings, both mutants colocal-
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ized with GATE-16 at higher levels than Bnip3 WT and S17E
(Fig. 4C).

Notably, the S24E mutation increased Bnip3 binding to
GATE-16 but not to GABARAP or GABARAP-L1 (Fig. 4D).
Furthermore, similar to LC3B binding, regulation of GATE-16
binding was localized to the Bnip3 LIR region, because Bnip3—
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5A, rendered non-phosphorylatable downstream of the LIR,
did not display altered binding to GATE-16 (supplemental Fig.
S4.Bii). As with LC3B, Bnip3 S17A/S24E did not bind GATE-16,
and Bnip3 S17E/S24A binding to GATE-16 was comparable
with Bnip3 WT (Fig. 4E). Similar to the interaction between
Bnip3 and LC3B, treatment with okadaic acid increased the
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association between GATE-16 and Bnip3 in a dose-dependent
manner (Fig. 4F).

Taken together, this mutational analysis indicates that phos-
phorylation of Bnip3 at serine 17 is prerequisite for LC3B and
GATE-16 binding, whereas phosphorylation at serine 24 posi-
tively regulates the affinity for LC3B and GATE-16.

Both Autophagy Induction and LIR Phosphorylation Are
Required for Bnip3 Binding to LC3B—W e next sought to deter-
mine the relationship between autophagy induction and
mitophagy regulation. The LC3B (G120A) mutant, which is not
converted to the membrane-inserting form LC3B-II (43), did
not localize to either Bnip3 WT or 2SE mutant (Fig. 54). Like-
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wise, decreasing autophagic capacity via shRNA knockdown of
Beclin-1 (Fig. 5Bi) reduced the binding affinity of both Bnip3
WT and the phosphorylation mimic 2SE for LC3B (Fig. 5Bii).
Thus, mitophagy engagement via the LC3B interaction with
Bnip3 requires autophagy induction.

The energy sensor AMP-activated protein kinase directly
induces autophagy (36) and is potently activated by CCCP-me-
diated mitochondrial uncoupling (45). In cells expressing Bnip3
2SA, autophagosomes formed following CCCP treatment (Fig.
5Ci), yet mitochondrial sequestration was not detected (Fig. 5,
Ci and Cii). In contrast to the prominent sequestration
observed for Bnip3 WT and 2SE (Fig. 3Bi), formed autophago-
somes were juxtaposed with Bnip3 2SA-targeted mitochondria
but not sequestering mitochondria.

Notably, relative to Bnip3 WT, sequestration was reduced by
the 2SA mutant and enhanced by the 2SE mutant, (Fig. 5Cii).
Furthermore, Bnip3 WT binding to LC3B was not affected by
CCCP (Fig. 5Ciii). These results indicate that whereas
mitophagy requires LIR phosphorylation for the coupling of
Bnip3-targeted mitochondria to autophagosomal membranes,
the Atg8-LIR interactions act as a rate-limiting step during
mitophagy, in parallel to autophagy.

Bnip3 LIR Phosphorylation Regulates Maturation and
Autophagic Degradation of Mitochondria—In addition to
sequestration, the impact of phosphorylation-mimicking and
non-phosphorylatable LIR mutants on mitochondrial degrada-
tion was measured using multiple approaches. In HeLa cells at
48 h of expression, Bnip3 WT and 2SE mutant reduced the
cellular mitochondrial content, detected by immunofluores-
cence of mitochondrial outer membrane protein Tom20 (46)
(Fig. 6Ai). Western blot analysis of mitochondrial markers
VDAC and Tim23 revealed a significant reduction in mito-
chondrial content in response to Bnip3 WT and 2SE, but not
Bnip3 2SA (Fig. 6Aii). The loss of mitochondria was further
quantified by MIFC, based on the fraction of the cellular popu-
lation exhibiting a standardized loss of Tom20, relative to con-
trol cells (Fig. 6Aiii). This direct and quantitative measurement
of mitochondrial degradation is more sensitive than popula-
tion-averaged Western blotting and demonstrated that, relative
to Bnip3 WT, Bnip3 2SE significantly increased mitochondrial
loss, whereas Bnip3 2SA induced less mitochondrial loss. Single
phosphorylation-mimicking mutants induced similar levels of
mitophagy as Bnip3 WT, whereas non-phosphorylatable single
mutants had reduced mitophagy. These results indicate that
dual phosphorylation underlies not only sequestration but also
degradation (i.e. mitophagy flux).

As an additional index of mitophagy flux, the delivery of
Bnip3-targeted mitochondria to lysosomes was measured. In
MCE-7 cells at 24 h, Bnip3 WT-targeted mitochondria did not
yet localize to GFP-Rab7-labeled endolysosomes and only
partly in response to the S17E mutation. Remarkably, even at
24 h, colocalization of Rab7 was high with 2SE and S24E
mutants (Fig. 6Bi). Colocalization of Bnip3 and Rab7 was quan-
tified using MIFC (Fig. 6, Bii and Biii). At 24 h of expression, the
fraction of HL-1 cardiac cells with Rab7 sequestration of Bnip3-
targeted mitochondria was increased by the 2SE mutant and
decreased by the 2SA mutant (Fig. 6Biii). Thus, mitochondrial
sequestration promoted by mimicking LIR phosphorylation

JANUARY 11,2013 +VOLUME 288-NUMBER 2

results in enhanced mitochondrial delivery to and degradation
by lysosomes.

Bcl-x; Enhances Bnip3-induced Mitophagy, Depending on
Bnip3 BH3 Domain and LIR Activity—Bcl-2 inhibits Beclin-1
induction of autophagy (2), yet Bcl-x; has been shown to pro-
mote autophagosome production during mitochondrial apo-
ptosis (47). Moreover, mitophagy can be active under condi-
tions of high expression levels of Bcl-x; (9). Remarkably,
increased Bcl-x; expression promoted the sequestration of
Bnip3 WT- and 2SE-targeted mitochondria (Fig. 7A) and sig-
nificantly enhanced LIR-dependent Bnip3 binding to LC3B of
both Bnip3 WT and 2SE in Western blot analysis (Fig. 7B).
Strikingly, Bcl-x; significantly localized within autophago-
somes when co-expressed with WT Bnip3 (Fig. 7, Ci and Cii).

We subsequently sought to elucidate the relationship
between the anti-apoptotic functions of Bcl-x; and Bnip3-in-
duced mitophagy. WT Bcl-x; and the Bax-binding mutant Bcl-
x;-F131V (Mutl) (48) similarly promoted sequestration of
Bnip3-targeted mitochondria (supplemental Fig. S5). In con-
trast, Bcl-x; -G138E/R139L/1140N (Mut2), which does not bind
BH3-only proteins (49), uncoupled Bnip3-targeted mitochon-
dria from autophagic sequestration. Bnip3 2SA did not induce
autophagic sequestration of mitochondria even in the presence
of Bcl-x; (Fig. 7, A and B). Although the BH3 domain may (13)
or may not (50) be required for interactions with Bcl-x;, Bnip3
without a functional BH3 domain (Bnip3ABH3, described in
Fig. 3Aii) had reduced binding to LC3B (Fig. 7Di). Further-
more, Bcl-x; overexpression did not enhance mitophagy in
Bnip3ABH3-expressing cells (Fig. 7Dii). In addition, Bcl-x; was
depleted in HeLa cells by shRNA (Fig. 7Ei). Consistent with a
role for Bcl-x; in promoting mitophagy, Bcl-x; knockdown
reduced Bnip3 2SE binding to GFP-LC3B (Fig. 7Eii).

These results indicate that Atg8-mediated mitophagy is
dependent on BH3-binding anti-apoptotic activity of Bcl-x; as
well as the Bnip3 BH3 domain and LIR phosphorylation.

Bnip3-induced Mitophagy Counteracts Apoptosis via Reduc-
tion of Cellular Cytochrome c Release Capacity—The relation
between Bnip3-induced mitophagy and apoptosis could involve
either pro-death or pro-survival functions. (i) Mitophagy may
destabilize mitochondria and contribute to release of cyto-
chrome c. (ii) Pro-apoptotic mitochondria may be recognized
due to the presence of active Bnip3 as a receptor, and
mitophagy may thereby serve as a reactive anti-apoptotic
mechanism to scavenge dysfunctional mitochondria. (iii)
Mitophagy may degrade mitochondria prior to their conver-
sion to pro-apoptotic organelles to limit cytochrome c release
(i.e. acting as a counteracting pathway to apoptosis).

Cytochrome ¢ was monitored as an index of mitochondrial
apoptosis. Western blot analysis of total cellular lysates
revealed that cytochrome ¢ content was equivalent between
control and Bnip3 2SA-transfected cells. Cytochrome ¢ content
was significantly decreased by Bnip3 WT and, to a slightly
greater extent, Bnip3 2SE (Fig. 84). MIFC analysis of mitochon-
drially localized cytochrome c provided further evidence of LIR
regulation of cytochrome ¢ content. The quantitative assess-
ment of cell populations showed that mitochondrial cyto-
chrome ¢ was significantly reduced in response to Bnip3 2SE. In
response to Bnip3 2SA, cytochrome c levels were comparable
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with WT. Notably, all single mutations maintained cytochrome  tents of cytochrome c. Notably, whereas Bnip3 WT and 2SA
¢ slightly above Bnip3 WT (Fig. 8B). similarly reduced mitochondrial levels of cytochrome ¢ (Fig.

Correlating these results with mitochondrial autophagy (Fig. ~ 8B), total cytochrome ¢ was the same between control and 2SA
7) suggests that LIR-driven mitophagy reduces cellular con- mutant (Fig. 84). Furthermore, enhancing mitophagy with
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Bnip3 2SE further depleted cytochrome c¢ from the cell, sup- brane permeabilization. Staining with rhodamine 123, which
porting a pro-survival function for Bnip3-induced mitophagy.  specifically labels actively respiring mitochondria, revealed

Next, we determined whether Bnip3-targeted mitochondria  polarized Bnip3 2SE-targeted mitochondria within LC3B-la-
were sequestered prior to or following mitochondrial mem- beled mitophagosomes (Fig. 8C). In addition, MCEF-7 cells were
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generated to stably express cytochrome ¢-GFP (30), and mito-
chondrial outer membrane permeabilization was blocked via
overexpression of Bcl-x;. In response to Bcl-x; expression
alone, cytochrome c¢-containing mitochondria did not colocal-
ize with autophagosomes (Fig. 8Di). Remarkably, co-expression
of Bnip3 and Bcl-x; resulted in significant sequestration of
cytochrome c-containing mitochondria (Fig. 8, Dii and Diii).
Thus, rather than a response to Bnip3-targeted mitochondria
undergoing outer membrane permeabilization, Bnip3 LIR-
driven mitophagy is a distinct pathway to reduce cellular cyto-
chrome c release capacity.

Finally, HeLa cells were transfected with Bnip3 WT, 2SE, or
2SA for 24 h and treated for 6 h with TNFa to enhance apopto-
sis signaling. The reduction of cellular mitochondrial cyto-
chrome c content, through expression of Bnip3 2SE, resulted in
reduced activation of executioner caspase-3 (Fig. 8E), support-
ing our hypothesis that Bnip3-induced mitophagy limits mito-
chondrial amplification of apoptosis.

DISCUSSION

We here report, in cancer and non-cancer cells, that Bnip3
functions as a bona fide mitochondrial autophagy receptor via
its LIR and that LIR phosphorylation positively regulates
mitophagy flux. Our data suggest that LIR serine 17 phosphor-
ylation of monomeric Bnip3 is required for Atg8 member bind-
ing and that LIR serine 24 phosphorylation increases LC3B
binding and engages GATE-16. These interactions may serve as
a seeding process for mitophagy, because CCCP enhanced
mitochondrial sequestration in a LIR-dependent manner but
did not alter LC3B binding to Bnip3. Thus, the process of
Bnip3-induced mitophagy can be mechanistically classified
according to the initial coupling of mitochondrial and autopha-
gosomal membranes via Bnip3-Atg8 interactions, followed by
sequestration and ultimately lysosomal entry and degradation
of mitochondria (Fig. 8F).

LIR regulation by phosphorylation may be a fundamental
regulatory mechanism for LIR-containing autophagy recep-
tors. TBK1 (TANK-binding kinase 1)-mediated phosphoryla-
tion of the LIR of optineurin, a bacterial autophagy receptor,
regulates autophagy of intracellular bacteria (27), and yeast
Atg32 mitophagy requires phosphorylation distal to the LIR
(26). Atg8/LC3 homologues are responsible for preautophago-
somal structure nucleation and elongation, and Atg8/GABARAP
homologues function in autophagosomal membrane closure (51),
suggesting that different LIR phosphorylation states may coordi-
nate individual steps of mitochondrial sequestration. Although
we identified the Bnip3 LIR as a target for regulating mitophagy,
the kinase and phosphatase responsible remain to be deter-
mined. Importantly, phosphorylation can also negatively alter
LIR activity. During hypoxia, the mitochondrial outer mem-
brane protein Fundcl1 functions as an autophagy receptor in the
absence of tyrosine phosphorylation within its LIR (52). Kinase
and phosphatase thus may be considered as novel targets for
positive and negative manipulation of specific autophagy
activities.

Importantly, many autophagy receptors contain additional,
post-transcriptionally regulated and pathway-integrated sig-
naling domains (e.g. BH3 domains of Nix and Bnip3). As such,
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within a dynamic population of mitochondria, subcellular het-
erogeneities may generate dueling pathway behaviors, which
decide the overall cellular response. Indeed, MIFC quantifica-
tion of cell-to-cell variability revealed shifts in the population
fraction of mitophagic cells, indicating that mitophagy consti-
tutes a cell fate decision process. Moreover, the autophagy
receptor Nix can promote Parkin-mediated recruitment of
an additional autophagy receptor, p62, to mitochondria in
response to CCCP (53), indicating that multiparametric and
quantitative single-cell methodologies will be necessary to elu-
cidate roles, function of cross-talk, and hierarchies between dis-
tinct modes of autophagy.

Dual functionality for apoptosis and autophagy-classified
proteins is an emerging paradigm in programmed cell death
pathways, with several proteins involved in autophagosome ini-
tiation also functioning to promote apoptosis (4—6). Here we
demonstrate that Bnip3, a pro-death BH3-only protein, can
likewise exhibit dual functionality, with pro-survival activity
via LIR-dependent autophagy interactions. Our results
directly evidence that by specifically enhancing LIR-mediated
mitophagy, a cell can negatively regulate its cytochrome c
release capacity. Previously, mitophagy was hypothesized to
constitute a defense mechanism via removal of mitochondria
following their conversion to pro-apoptotic organelles. We
here show that Bnip3 proactively induces mitophagic removal
of mitochondria prior to dysfunction (i.e. depolarization and
release of cytochrome c), thereby lowering the cell’s intrinsic
apoptotic potential. The cell fate decision elucidated here (Fig.
8F) is a function of the LIR activity state and may be relevant to
explain suggested contradicting cell survival versus cell death
roles of Bnip3 in vivo ((19-21) (supplemental Fig. S6). More-
over, the presence of multiple, distinct modes of mitophagy
indicate varied roles, also suggested by the opposing prognostic
indicator values for Fundcl and Bnip3 (supplemental Fig. S6).

It is remarkable that Bcl-x;, which binds Beclin-1 (2, 54),
positively regulated Bnip3-induced mitophagy. Bcl-2 nega-
tively regulates autophagy when targeted to the endoplasmic
reticulum (55, 56). However, Bcl-x; mainly localizes to mito-
chondria (57) and was detected at mitochondria sequestered by
autophagosomes only in the presence of Bnip3 with a func-
tional LIR. As such, the Bcl-2 rheostat model (2) can be inte-
grated with our findings; whereas the Bnip3 LIR is required to
couple the membranes of autophagosome and mitochondria,
canonical BH3-driven autophagy may drive sequestration. Our
findings then support the emerging model of cross-talk
whereby pro-survival Bcl-2 member action on autophagy is
determined based on their subcellular distribution and activ-
ity (47). Moreover, the pro-survival activities of Bcl-x; are
not only compatible but are fully integrated with pro-sur-
vival mitophagy.

In conclusion, phosphorylation regulation of LIR-Atg8 inter-
actions may be a fundamental component of cell fate decisions
involving mitochondria (23, 44, 52). Given the expanding num-
ber of mitophagy receptors, the elucidation of mode-specific,
enhancing mechanisms, including phosphorylation and ubig-
uitination events, provides new targets for improved manipu-
lation of cell death pathways.
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