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independent of PARK2

Yang Yuana,†, Yanrong Zhenga,†, Xiangnan Zhang a,b,†, Ying Chena, Xiaoli Wua, Jiaying Wua, Zhe Shena, Lei Jianga,
Lu Wanga, Wei Yanga, Jianhong Luoa, Zhenghong Qinc, Weiwei Hua,b, and Zhong Chen a,b

aInstitute of Pharmacology & Toxicology, College of Pharmaceutical Sciences, Department of Pharmacology, Key Laboratory of Medical Neurobiology
of The Ministry of Health of China, Zhejiang University, Hangzhou, China; bCollaborative Innovation Center for Infectious Diseases, The First Affiliated
Hospital, School of Medicine, Zhejiang University, Hangzhou, China; cDepartment of Pharmacology and Laboratory of Aging and Nervous Diseases,
Jiangsu Key Laboratory of Translational Research and Therapy for Neuro-Psycho-Diseases, Soochow University School of Pharmaceutical Science,
Suzhou, China

ARTICLE HISTORY
Received 9 January 2017
Revised 27 June 2017
Accepted 12 July 2017

ABSTRACT
Cerebral ischemia induces massive mitochondrial damage. These damaged mitochondria are cleared, thus
attenuating brain injury, by mitophagy. Here, we identified the involvement of BNIP3L/NIX in cerebral
ischemia-reperfusion (I-R)-induced mitophagy. Bnip3l knockout (bnip3l¡/¡) impaired mitophagy and
aggravated cerebral I-R injury in mice, which can be rescued by BNIP3L overexpression. The rescuing
effects of BNIP3L overexpression can be observed in park2¡/¡ mice, which showed mitophagy deficiency
after I-R. Interestingly, bnip3l and park2 double-knockout mice showed a synergistic mitophagy deficiency
with I-R treatment, which further highlighted the roles of BNIP3L-mediated mitophagy as being
independent from PARK2. Further experiments indicated that phosphorylation of BNIP3L serine 81 is
critical for BNIP3L-mediated mitophagy. Nonphosphorylatable mutant BNIP3LS81A failed to counteract
both mitophagy impairment and neuroprotective effects in bnip3l¡/¡ mice. Our findings offer insights into
mitochondrial quality control in ischemic stroke and bring forth the concept that BNIP3L could be a
potential therapeutic target for ischemic stroke, beyond its accepted role in reticulocyte maturation.
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Introduction

Cerebral ischemia is a leading cause of mortality and disability,
yet only limited therapies are currently available.
Mitochondrial homeostasis is critical for neuronal survival in
ischemic brains. Macroautophagy/autophagy machinery sur-
veys mitochondrial quality by recognizing and delivering
defective mitochondria to lysosomes for destruction. Selective
mitochondria autophagy (herein referred to as mitophagy) is
activated in ischemic brains.1-4 In the scenario known as ische-
mia-reperfusion (I-R), mitophagy inhibition exacerbates ische-
mic brain injury.1 Conversely, reinforced mitophagy confers
benefits for neuronal survival.5,6 These findings indicate that
mitophagy activation may hold promise as a potential thera-
peutic strategy against ischemic brain injury.7,8 Nevertheless,
the mechanisms underlying mitophagy in ischemic neurons
are not fully understood. Recent investigations highlighted the
roles of PARK2, an E3 ubiquitin ligase, in mitophagy.9-11 Our
previous findings demonstrated the involvement of PARK2 in
I-R-induced mitophagy.1,5 However, PARK2 levels were found
to decrease rapidly with reperfusion after cerebral ischemia,12

and persistent mitophagy was observed during this process.1

Furthermore, increasing numbers of investigations have

documented mitophagy without the involvement of PARK2 in
mammalian cells,13-16 which suggest that some PARK2-inde-
pendent mechanisms may be responsible for the mitophagy
observed in cerebral ischemia.

BNIP3L/NIX is a BH3-only proapoptotic protein.17 It has
recently become clear that BNIP3L mediates mitophagy in
erythroblast maturation, indicating its critical roles in develop-
ment.18,19 BNIP3L locates on the mitochondrial outer mem-
brane, where it recruits phagophores, the precursors to
autophagosomes, to mitochondria by directly binding with
Atg8 family proteins.20 BNIP3L may coordinate with PARK2
in mitophagy induction. BNIP3L primes mitochondrial
PARK2 in mouse embryonic fibroblasts with CCCP treat-
ment,21 and a more recent study identified BNIP3L as a
PARK2 substrate in the promotion of mitophagy.22 BNIP3L
transcription is induced under hypoxia in a variety of cells,23-26

implying the involvement of BNIP3L in hypoxia-induced
mitophagy. However, it seems that the contributions of
BNIP3L, as a mitophagy-related protein, have been underesti-
mated under pathological conditions such as cerebral ischemia.
Therefore, further identification of the molecular mechanisms
of BNIP3L in the induction of mitophagy promise to establish
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a biological rationale for the development of cerebral ischemia
therapies to modulate the mitophagy process.

Results

BNIP3L is required in ischemia-reperfusion-induced
mitophagy

To investigate whether BNIP3L participates in brain ischemia-
reperfusion-induced mitophagy, we performed transient mid-
dle cerebral artery occlusion (tMCAO) on Bnip3lC/C, Bnip3lC/¡

and bnip3l¡/¡ mice. BNIP3L protein loss confirmed the gene
deletion. Unlike PARK2, BNIP3L was not degraded by tMCAO
(Fig. 1A). The protein levels of SQSTM1, TOMM20, and
COX4I1 were examined to assess mitophagy activation. The
reductions in the levels of the mitochondrial marker proteins
COX4I1 and TOMM20, as well as the reduction of the auto-
phagy substrate SQSTM1 by tMCAO, were significantly
reversed in bnip3l¡/¡ mice, suggesting the requirement of
BNIP3L in tMCAO-induced mitophagy (Fig. 1 A-D). We

found the MAP1LC3B-II/LC3B-II upregulation by tMCAO
was not disturbed by Bnip3l deletion (Fig. 1E), confirming the
previous notion that BNIP3L does not activate the autophagy
machinery.18

The primary cultured cortical neurons from Bnip3lC/C and
bnip3l¡/¡ mice were subjected to oxygen and glucose depriva-
tion reperfusion (OGD-Rep.) treatment, an in vitro model of
cerebral ischemia. The loss of both TOMM20 and COX4I1 was
compromised in bnip3l¡/¡ neurons (Fig. 1F). To evaluate
mitophagy defects, the abundance of the mitochondrial-DNA
encoded gene ATPase6 was normalized to the level of the geno-
mic gene Rpl13 by RT-qPCR; this method reflects the relative
amount of mitochondria. We found the reduction in the
ATPase6:Rpl13 ratio that occurred with OGD-Rep was signifi-
cantly reversed by Bnip3l deletion (Fig. 1G). These results
implicate the involvement of BNIP3L in ischemia-reperfusion-
induced mitophagy. To further confirm this assertion, the
striatum of Bnip3lC/C and bnip3l¡/¡ mice were infected, respec-
tively, with AAV-GFP-BNIP3L and AAV-GFP. The infection
efficiency was confirmed (Fig. S1A). Exogenous expression of

Figure 1. BNIP3L is required in ischemia-reperfusion-induced mitophagy. (A) Bnip3lC/C, Bnip3lC/¡, and bnip3l¡/¡ mice were subjected to transient middle cerebral artery
occlusion (tMCAO) for 1 h, and expression of SQSTM1, TOMM20, COX4I1, and LC3B in ischemic penumbra was assessed by western blot after 6 h of reperfusion. (B–E)
Semi-quantitative analysis of SQSTM1, TOMM20, COX4I1, and LC3B bands are shown, respectively. (F and G) Primary cultured mice cortical neurons were subjected to 2 h
of oxygen and glucose deprivation followed by 6 h of reperfusion (OGD-Rep). (F) The SQSTM1, TOMM20, and COX4I1 protein levels in both Bnip3lC/C and bnip3l¡/¡ neu-
rons treated with OGD-Rep were determined. (G) The relative mitochondrial DNA (mtDNA) levels, which as indicated by the mt-Atp6 (mitochondria-encoded DNA):Rpl13
(nucleus-encoded DNA) ratio, were assessed by real-time PCR in both Bnip3lC/C and bnip3l¡/¡ neurons. (H) Adeno-associated viruses expressing GFP-BNIP3L or GFP were
intracerebrally injected into Bnip3lC/C and bnip3l¡/¡ mice 2 wk before tMCAO. After 6 h of reperfusion, the TOMM20, COX4I1, and cleaved-CASP3 expression in ischemic
penumbra were determined by western blot. The data are expressed as means§ SD. Statistical comparisons were performed with one-way ANOVA followed by Dunnett’s
t test. �p < 0.05, ��p < 0.01, ���p < 0.001 vs. the indicated group.
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BNIP3L rescued the mitophagy impairment of bnip3l¡/¡ mice.
We previously reported that mitophagy inhibition reinforced
ischemia-reperfusion-induced neuronal apoptosis.1 In accor-
dance with this finding, we here found activated CASP3 in
bnip3l¡/¡ mice with tMCAO, and this could be rescued by
compensatory expression of BNIP3L (Fig. 1H). Taken together,
these data suggest that BNIP3L is required in ischemia-reperfu-
sion-induced mitophagy.

BNIP3L deficiency aggravates ischemic brain injury

Mitophagy attenuates ischemia-reperfusion-induced brain
injury.1,5 To verify the contributions of BNIP3L-mediated
mitophagy to ischemic brain injury, Bnip3lC/C, Bnip3lC/¡ and
bnip3l¡/¡ mice were subjected to transient middle cerebral
artery occlusion (tMCAO). BNIP3L deficiency significantly
exacerbated ischemic brain injury as revealed by increased
infarct volumes and neurological deficit scores, pointing to a
neuroprotective effect of BNIP3L. To further confirm the
apparent benefits of BNIP3L in ischemic brains, AAV-GFP-
BNIP3L was injected to the striatum of bnip3l¡/¡ mice to force
BNIP3L expression (Fig. S1). The deleterious effects of Bnip3l
deletion were completely rescued (Fig. 2A-C). Further, the con-
tributions of BNIP3L to ischemic neuronal injury were evalu-
ated in vitro. Compared with wild-type primary cultured
neurons, bnip3l¡/¡ neurons showed weaker tolerance to OGD-
Rep insults, and this could be rescued by AAV-GFP-BNIP3L

infection. The benefits of BNIP3L are closely related to mitoph-
agy as the rescue effects of AAV-GFP-BNIP3L were reversed
by the autophagy inhibitor 3-methyladenine (3-MA; Fig. 2D).

PARK2 is dispensable in BNIP3L-mediated mitophagy
evoked by ischemia-reperfusion

We have previously reported the involvement of PARK2 in ische-
mia-reperfusion-evoked mitophagy in brains.1,5 To establish
whether BNIP3L-mediated mitophagy requires PARK2, we con-
ducted experiments with park2¡/¡ mice. The colocalization of
BNIP3L and LC3B was observed in both Park2C/C and park2¡/¡

neurons subjected to OGD-Rep (Fig. 3A and B), indicating that the
ability of BNIP3L to bind with LC3B is not influenced by PARK2.
Additionally, mitophagy was still observed in park2¡/¡ mice sub-
jected to tMCAO, suggesting the presence of alternative mitophagy
mechanisms. Moreover exogenous expression of GFP-BNIP3L in
the striatum reinforced ischemia-reperfusion-induced mitophagy
in park2¡/¡ mice (Fig. 3C). Consistently, forced BNIP3L expres-
sion also increasedmitophagy in primary cultures of park2¡/¡ neu-
rons (Fig. 3D), indicating the dispensability of PARK2 in BNIP3L-
mediated mitophagy. We tested the neuroprotection effects of
BNIP3L-mediated mitophagy in park2¡/¡mice and found that the
extent of brain injury was significantly reduced by GFP-BNIP3L
overexpression (Fig. 3E). Similar results were obtained in cultured
park2¡/¡ neurons (Fig. 3F). These results further support the

Figure 2. BNIP3L deficiency aggravates ischemic brain injury. (A) Mice were subjected to 1 h of tMCAO followed by 24 h reperfusion. The cerebral infarct volumes were
determined by TTC staining; representative TTC-stained brain slices from each group are shown. (B and C) The infarct volumes and neurological deficit scores of each
group were determined (n D 5–8). (D) A timeline scheme showed the procedures of this experiment. Primary cultured bnip3l¡/¡ neurons were infected with adeno-asso-
ciated viruses expressing GFP-BNIP3L or GFP 48 h before 2 h of oxygen and glucose deprivation treatment. 3-MA (10 mg) was injected intracerebroventricularly at the
onset of reperfusion. After 24 h of reperfusion, the cell viability in both Bnip3lC/C and bnip3l¡/¡ neurons was measured by MTT assay. The data are expressed as
means § SD. Statistical comparisons were performed with one-way ANOVA followed by Dunnett’s t test. �p < 0.05, ��p< 0.01, ���p < 0.001 vs. the indicated group.
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assertion that PARK2 is dispensable for BNIP3L-mediatedmitoph-
agy in ischemic brains.

Given the involvement of PARK2 in ischemia-reperfusion-
induced mitophagy, we were curious about whether PARK2-
mediated mitophagy, conversely, depends on BNIP3L. We thus
examined the recruitment of PARK2 to mitochondria, which
has been demonstrated as a prerequisite for its subsequent bio-
logical functions.27 By immunostaining PARK2 and TOMM20
in primary cultured neurons, we found the translocation of
PARK2 to mitochondria increased along with reperfusion
within 3 h, and decreased afterward, suggesting mitophagic
degradation. Interestingly, Bnip3l deletion did not disturb the
observed trends of PARK2 recruitment to mitochondria
(Fig. 4A and B). These results suggest that BNIP3L is indeed
dispensable for PARK2-dependent mitophagy in ischemic
brains. This supposition was further confirmed by the fact that
forced expression of PARK2 significantly attenuated infarct
volumes in bnip3l¡/¡ mice (Fig. 4C). Taken together, these
results strongly suggest that BNIP3L and PARK2 function in
mutually independent pathways to mediate mitophagy in ische-
mic brains.

Mitophagy in ischemic brains is synergistically impaired
in bnip3l and park2 double-knockout mice

To further study the association of BNIP3L with PARK2 in
mitophagy induction in ischemic brains, we crossed bnip3l¡/¡

and park2¡/¡ mice to generate bnip3l and park2 double-knock-
out (DKO, Fig. S1B) mice. Primary cultured neurons from
mice of various germlines were previously transfected with
plasmids encoding GFP-LC3B and Mito-DsRed, and the extent
of mitophagy was examined by the ratio of LC3 puncta on
mitochondria:total LC3 puncta. After OGD-Rep treatment, the
ratio was significantly decreased in bnip3l¡/¡ and park2¡/¡

neurons as compared with wild-type neurons. Of note, the ratio
in DKO neurons was reduced to a further extent relative to that
observed in either bnip3l or park2 single deletion cells (Fig. 5A
and B), indicating a synergistic reduction in mitophagy. We
next subjected brain corticostriatal slices from the bnip3l¡/¡,
park2¡/¡ and DKO mice to OGD-Rep., and assessed the
SQSTM1, TOMM20, and COX4I1 levels. Although bnip3l and
park2 deletion alone partly compromised OGD-Rep-induced
mitophagy, mitophagy was further diminished in DKO slices

Figure 3. PARK2 is dispensable in BNIP3L-mediated mitophagy evoked by ischemia-reperfusion. (A) Park2C/C and park2¡/¡ neurons were treated with 2 h of OGD. LC3B
(green) and BNIP3L (red) were stained by immunocytochemistry at the indicated time after reperfusion, and the images were taken by confocal microscopy. (B) Columns
represent the Manders overlap coefficient of BNIP3L and LC3B in Park2C/Cand park2¡/¡ neurons. At least 30 cells from 3 independent experiments for each group were
included. (C and D) park2¡/¡ mice and primary cultured neurons were infected with AAVs expressing GFP-BNIP3L or GFP. The mice were subjected to one h of tMCAO
with 6 h of reperfusion. The cultured neurons were subjected to 2 h of OGD and 6 h of reperfusion. The SQSTM1, TOMM20 and COX4I1 levels in (C) brain tissue and (D)
cultured neurons were determined by western blot. (E) Another set of mice were killed 24 h after MCAO and infarct volumes were determined by TTC staining. (F) Primary
cultured wild-type and park2¡/¡ neurons were infected with GFP-BNIP3L or GFP-expressing AAVs 48 h in advance. After 2 h of OGD and 24 h of reperfusion, the cell via-
bility was measured by MTT assay. The data are expressed as means § SD. Statistical comparisons were performed with unpaired Student t tests. �p < 0.05 vs. the indi-
cated group.
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(Fig. 5C). However, as revealed by monitoring the number of
GFP-LC3B puncta, autophagic flux was not blocked in these
mutant neurons (Fig. 5B), indicating specific impairment of
mitophagy. Consistently, DKO corticostriatal slices showed a
greater extent of ischemic injury as compared with the injury
in slices of the single-gene deletion genotypes, as determined
by 2, 3, 5-triphenyltetrazolium hydrochloride (TTC) conver-
sion assay (Fig. 5D), a redox indicator that measures metabolic
activity. Importantly, exogenous expression of either BNIP3L
or PARK2 was sufficient to rescue the ischemic brain injury in
DKO mice (Fig. 5E). Taken together, these data further confirm
the hypothesis that BNIP3L and PARK2 function in mutually-
independent pathways to mediate mitophagy in ischemic tis-
sues, and establish that the neuroprotective effects of BNIP3L-
mediated mitophagy are functionally independent of PARK2 in
the protection of ischemic brains.

Phosphorylation of BNIP3L Ser81 is required
for BNIP3L-mediated mitophagy

The mechanisms through which BNIP3L induces mitophagy
are not fully understood. It was reported that phosphorylation
of key mitophagy-related proteins, including AMBRA1,
FUNDC1, and BNIP3, are critical for the regulation of
mitophagy.28-30 We therefore hypothesized that BNIP3L
phosphorylation may also play a role in ischemia-induced
mitophagy. To test this, we assessed BNIP3L phosphorylation
via Phos-tag assays. In line with our hypothesis, we detected

the appearance of a shifted phosphorylated BNIP3L band fol-
lowing tMCAO treatment in mice brains. Interestingly, the
level of this phosphorylated BNIP3L increased along with
reperfusion, and increased following the inhibition of auto-
phagy with 3-MA (Fig. 6A), suggesting that BNIP3L phos-
phorylation appears to be related to mitophagy. To explore
the phosphorylation sites of BNIP3L, we screened the phos-
phorylated serine residues of BNIP3L revealed by phospho-
proteome studies.31-34 We constructed plasmids expressing
nonphosphorylated BNIP3L mutations by replacing the can-
didate serine residues with alanine. A screen of these mutants
revealed that serine 81 was required for BNIP3L-mediated
mitophagy (Fig. S3), and the alignment analysis showed it
was conserved among species (Fig. 6B). We transfected COS7
cells with a plasmid encoding BNIP3LS81A and found that this
mutation reversed BNIP3L-induced mitophagy. Similar
results were reproduced in HeLa cells lacking PARK2, again
supporting the independence of PARK2 in BNIP3L-mediated
mitophagy (Fig. 6C). To specifically detect the phosphoryla-
tion of BNIP3L (Ser81), we developed an antibody against
phosphorylated Ser81 of BNIP3L. The specificity of this anti-
body was confirmed because only wild-type but not the
mutant BNIP3LS81A in HeLa cells could be detected (Fig. 6D,
IB: Phos-BNIP3L [S81]). The phosphorylation of BNIP3L
(Ser81) decreased with CCCP treatment in a time-dependent
manner, while the total BNIP3L level remained intact
(Fig. 6D, IB: Flag). These data indicated the selective degrada-
tion of phosphorylated BNIP3L (Ser81), suggesting its

Figure 4. BNIP3L is dispensable in PARK2-dependent mitophagy evoked by ischemia-reperfusion. (A) Bnip3lC/C and bnip3l¡/¡ neurons were treated with 2 h of OGD.
DAPI (blue), PARK2 (green), and the mitochondrial marker TOMM20 (red) were stained by immunocytochemistry at the indicated times after reperfusion. The images
were taken by confocal microscopy. (B) Columns represent the Manders overlap coefficient of PARK2 and TOMM20 in Bnip3lC/C and bnip3l¡/¡ neurons. At least 44 cells
from 3 independent experiments for each group were included. (C) bnip3l¡/¡ mice were infected with GFP- or GFP-PARK2-expressing AAVs, and were then subjected to
tMCAO for one h. The mice were killed 24 h after MCAO, and infarct volumes were determined by TTC staining. �p < 0.05 vs. the indicated group. The data are expressed
as means § SD. Statistical comparisons were performed with one-way ANOVA followed by Dunnett’s t test. �p < 0.05 vs. the indicated group.
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association with mitophagy. Phosphorylation of BNIP3L
(Ser81) was also observed in both Park2C/C and park2¡/¡

brains. Importantly, phospho-BNIP3L (Ser81), rather than
total BNIP3L was reduced after tMCAO, which further con-
firmed the close link of phospho-BNIP3L (Ser81) with
mitophagy in ischemic brains (Fig. 6E). Previous studies have
demonstrated that the binding of BNIP3L with LC3A and
LC3B mediate the recruitment of phagophores to mitochon-
dria.20 Here, we found that the BNIP3LS81A mutant protein
could hardly bind with MYC-LC3A and MYC-LC3B whereas
the phosphomimic mutant BNIP3LS81E showed stronger
interaction with both GFP-LC3A and GFP-LC3B (Fig. 6F). In
addition, in HeLa cells, recruitment of phagophores (marked
by GFP-LC3B) to BNIP3L-labeled mitochondria (marked by
Flag-BNIP3L and TOMM20) was evident, but this could not
be detected in cells transfected with the BNIP3LS81A mutant
protein (Fig. 6G). Together, these results support the charac-
terization of Ser81 as a novel phosphorylation site of BNIP3L
and confirm that phosphorylation at this site is required for
BNIP3L-mediated mitophagy.

Phosphorylation of BNIP3L on Ser81 is responsible
for ischemia-reperfusion-induced mitophagy
and its neuroprotective effects

We next investigated the involvement of the phosphorylation
of BNIP3L (Ser81) in BNIP3L-mediated mitophagy in ischemic
scenarios. Cultured bnip3l¡/¡ neurons transfected with wild-
type BNIP3L enhanced OGD-Rep-induced mitophagy, as
revealed by the reductions in the levels of TOMM20 and
COX4I1. However, these effects were not observed following
transfection with the BNIP3LS81A mutant protein (Fig. 7A).
These data clearly indicated the requirement of BNIP3L
(Ser81) phosphorylation for BNIP3L-mediated mitophagy in
ischemic neurons. We next explored this in ischemic mice
brains and found that the results of experiments with GFP-
BNIP3L, rather than the GFP-BNIP3LS81A, expression in
bnip3l¡/¡ mice reinforced the idea of tMCAO-induced mitoph-
agy (Fig. 7C). Finally, the forced expression of GFP-BNIP3L,
but not the forced expression GFP-BNIP3LS81A, reversed
both neuronal cell viability and brain infarct volumes

Figure 5. Mitophagy is further impaired in bnip3l and park2 double-knockout ischemic brain. park2 and bnip3l double-knockout mice (DKO) were generated by hybridiz-
ing park2¡/¡ with bnip3l¡/¡ mice. (A) Primary cultured cortical neurons from the indicated germline mice were previously transfected with GFP-LC3B and Mito-DsRed by
viral vector infection. After 3 h of reperfusion, fluorescent images were captured by confocal microscopy. Images show representative examples from 3 independent
experiments. (B) Columns represent the number of GFP-LC3B-positive puncta per cell (left panel) and the proportion of LC3B puncta on mitochondria of the total LC3B
puncta (right panel). At least 5 random fields from one section and 3 to 6 sections were averaged in each independent experiment. The bar chart shows mean § SD val-
ues of puncta number from at least 3 independent experiments; at least 50 cells were analyzed in each group. (C and D) Brain corticostriatal slices from the indicated
mice were subjected to 15 min of OGD plus 1 h reperfusion. (C) The protein levels of SQSTM1, TOMM20, and COX4I1 in the indicated mice were assessed by western blot.
(D) After one h of reperfusion, tissue viability was quantified by TTC conversion assay. (E) DKO mice were injected with AAVs expressing GFP, GFP-BNIP3L or GFP-PARK2.
The mice were then subjected to one h of tMCAO with 24 h of reperfusion. The representative images of ischemic brains are shown and the infarct volumes were deter-
mined by TTC staining. The data are expressed as means § SD. Statistical comparisons were performed with one-way ANOVA followed by Dunnett’s t test. �p < 0.05,
��p < 0.01, ���p < 0.001 vs. the indicated group.
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(Fig. 7B and D). These results indicate that phosphorylation of
BNIP3L at Ser81 is required for its mitophagy activity and neu-
roprotective effects in ischemic brains.

We next asked whether the phosphomimetic BNIP3L
mutant showed additional neuroprotective effects. We trans-
fected the wild-type neurons with Flag, Flag-BNIP3L,
Flag-BNIP3LS81A and Flag-BNIP3LS81E plasmids. Compared to
vector, BNIP3L and Flag-BNIP3LS81E reinforced the OGD-
Rep-induced mitophagy to a similar extent, but failed to
show further neuroprotective effects, while Flag-BNIP3LS81A

reversed BNIP3L-mediated mitophagy and aggravated injury
(Fig. 7E and F). These results indicated that BNIP3L-mediated
mitophagy is required for but not sufficient to protect ischemic
neurons.

Discussion

BNIP3L is a mitophagy receptor that removes mitochondria dur-
ing the development of reticulocytes.18,35 However, the signifi-
cance of BNIP3L-mediated mitophagy in diseases is largely

Figure 6. Phosphorylation of BNIP3L (Ser81) is responsible for BNIP3L-mediated mitophagy. (A) Wild-type mice were subjected to one h tMCAO, 10 mg 3-MA was injected
at the onset of reperfusion, and phosphorylation of BNIP3L was determined by Phos-tag analysis at the indicated reperfusion time. (B) Alignment of BNIP3L sequences
from the indicated species. Identical amino acids residues are highlighted in black. Highly conserved residues are labeled by “�” while less conserved ones are labeled by
“�." Serine 81 is marked in red. Indicated domains of BNIP3L are underlined. (C) Plasmids expressing Flag (vector, VEC), Flag-BNIP3L, Flag-BNIP3LS81A and Flag-BNIP3LS81D

were transfected into COS7 and HeLa cells for 36 h, and 12 h after 20 mM CCCP treatment the TOMM20 level was assessed by western blot. (D) Anti-phosphorylated
BNIP3L (Ser81) antibody was confirmed in HeLa cells expressing Flag-BNIP3L or Flag-BNIP3LS81A after 20 mM CCCP treatment of the indicated hours. (E) The phosphoryla-
tion of BNIP3L on Ser81 was detected in both Park2C/C and park2¡/¡ mice after tMCAO, sample from bnip3l¡/¡ mice were taken as a negative control. (F) Protein-protein
interactions of both LC3A and LC3B with BNIP3L, BNIP3LS81A and BNIP3LS81E were confirmed by co-immunoprecipitation in HeLa cells expressing the indicated plasmids.
(G) Plasmids expressing Flag, Flag-BNIP3L and Flag-BNIP3LS81A were co-transfected with GFP-LC3B plasmid to HeLa cells for 36 h. Six hours after 20 mM CCCP treatment,
Flag (blue) and the mitochondrial marker TOMM20 (red) were stained by immunocytochemistry and the images were taken by confocal microscopy.
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unclear. Here we found that bnip3l deletion compromised ische-
mia-reperfusion-induced mitophagy, both in vivo and in vitro
(Fig. 1). Conversely, exogenous BNIP3L expression in brains res-
cued mitophagy impairment in bnip3l¡/¡ mice (Fig. 1H). These
observations provide a previously undiscovered implication of
BNIP3L-mediated mitophagy in cerebral ischemia. Furthermore,
BNIP3L overexpression rescued ischemic injury in bnip3l¡/¡

mice (Fig. 2). These data clearly point to a neuroprotective role
of BNIP3L in ischemic stroke. Consistently, we found that exoge-
nous BNIP3L expression attenuated CASP3 activation in ische-
mic tissues after MCAO, suggesting suppression of apoptosis.
We further found that the neuroprotective effect of BNIP3L-

mediated mitophagy was abolished by 3-MA, a broad autophagy
inhibitor, in OGD-treated primary cultured neurons. These find-
ings challenge the widely held notion of the pro-apoptotic roles
of BNIP3L in ischemic brains36 and, for the first time, indicate
that BNIP3L-mediated mitophagy protects against ischemic
brain injury. Hence, the present findings provide further evidence
that confirmed our previous notion that mitophagy protects
ischemic brains1 and shed light on the opportunities of consider-
ing BNIP3L as a potential target for stroke therapy.

Current knowledge indicates that PARK2 is closely associ-
ated with mitophagy induction. However, it is not clear
whether BNIP3L-mediated mitophagy associates with PARK2

Figure 7. Phosphorylation of BNIP3L on Ser81 is required for the protection of mitophagy in ischemia-reperfusion. (A and B) bnip3l¡/¡ neurons were transfected with
adeno-associated viruses (AAVs) expressing GFP, GFP-BNIP3L, or GFP-BNIP3LS81A. (A) After 2 h of OGD followed with 6 h of reperfusion, the TOMM20 and COX4I1 protein
levels were assessed by western blot. (B) After 24 h of reperfusion, the neuronal viability was measured by MTT assay. (C and D) bnip3l¡/¡ mice brains were infected with
AAVs expressing GFP, GFP-BNIP3L, or GFP-BNIP3LS81A and were then subjected to one h of tMCAO. (C) After 6 h of reperfusion, TOMM20 and COX4I1 levels were assessed
by western blot. (D) After 24 h of reperfusion, the infarct volumes were determined by TTC staining. (E and F) Wild-type neurons were electroporated with plasmids
expressing Flag (vector, VEC), Flag-BNIP3L, Flag-BNIP3LS81A or Flag-BNIP3LS81E. (E) After 2 h of OGD followed with 6 h of reperfusion, the TOMM20 and Flag-BNIP3L pro-
teins were assessed by western blot. (F) After 24 h of reperfusion, the neuronal viability was measured by MTT assay. The data are expressed as means § SD. Statistical
comparisons were performed with one-way ANOVA followed by Dunnett’s t test. �p < 0.05, ��p < 0.01 vs. the indicated group.
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in cerebral ischemia. We found an overlap of endogenous LC3B
and BNIP3L by OGD-reperfusion in park2¡/¡ neurons.
Because most BNIP3L localizes in mitochondria,17 this result
suggested PARK2 has little impact on phagophore targeting to
BNIP3L-labeled mitochondria. Furthermore, we interestingly
find that exogenous BNIP3L expression still promoted mitoph-
agy in park2¡/¡ brains and neurons with ischemia-reperfusion
(Fig. 3C and D), which confirmed that BNIP3L-mediated
mitophagy remained competent in the absence of PARK2. In
contrast, previous studies indicate BNIP3L-mediated mitoph-
agy largely counts on PARK2 in non-neuronal cells,21,37 in
which intracellular PARK2 levels are intact or overexpressed.
Together with the present data, it seems that BNIP3L may play
a compensatory role to mediate mitophagy with a low PARK2
level. This compensation could be critical because remarkable
PARK2 loss is observed in ischemic brain tissue12 and this was
confirmed by the present results (Fig. 1A and Fig. 4A). Interest-
ingly, there was no significant loss of BNIP3L in ischemic
brains (Fig. 1A and Fig. 6E). Even after 6 h of reperfusion,
when remarkable PARK2 was lost, BNIP3L was colocalized
with LC3B on mitochondria in OGD-Rep-treated neurons
(Fig. 3A). These observations strongly indicated that BNIP3L
could be involved in a successive mechanism of mitophagy
induction after PARK2 is exhausted during ischemia-reperfu-
sion. The significance of BNIP3L-mediated mitophagy was
confirmed by the results that the overexpression of BNIP3L
attenuated ischemic injury of park2¡/¡ mice (Fig. 3E and F).
Conversely, by further deletion of Bnip3l from park2¡/¡ mice,
we found synergistic mitophagy impairment in OGD-Rep-
treated DKO neurons (Fig. 5A-C), as well as increased vulnera-
bility to ischemia reperfusion of DKO mice as compared with
either single gene deletion. These data strongly suggested that
BNIP3L-mediated mitophagy is PARK2-independent and
could be an important compensation for PARK2-mediated
mitophagy in ischemic brains. Some other proteins, including
FUNDC1 and BNIP3, have also been documented to induce
mitophagy.29,30,38,39 We confirmed the presence of both
FUNDC1 and BNIP3 in tMCAO-treated mice brains. BNIP3
was found downregulated along with reperfusion after ischemia
and was accumulated with 3-MA treatment, suggesting auto-
phagy-dependent degradation of BNIP3. However, the expres-
sion of FUNDC1 was not regulated with these manipulations
(Fig. S2). We found that mitophagy was almost completely dys-
functional in DKO neurons subjected to OGD-Rep (Fig. 5B, C).
Although the contributions of other mitophagy receptors can-
not be fully excluded, we indicated that BNIP3L and PARK2
are prominent proteins responsible for mitophagy in cerebral
ischemia.

Mitochondrial transmembrane potential (DCm) loss could
be a critical trigger for PARK2 recruitment to damaged mito-
chondria. In ischemic neurons, the dramatically decreased
DCm is transiently hyperpolarized upon reperfusion.40,41

BNIP3L was reported to depolarize mitochondria42 and mito-
chondrial PARK2 accumulation is reversible with DCm regula-
tion.43 However, we found bnip3l deletion showed no impact
on PARK2 recruitment to mitochondria in OGD-reperfusion-
treated neurons (Fig. 4A and B). More importantly, PARK2
overexpression still rescued ischemic brain injury in bnip3l¡/¡

mice (Fig. 4C). These data exclude the possibility that BNIP3L

may facilitate PARK2 recruitment to mitochondria and thus
reinforced the idea that BNIP3L and PARK2 are mutually inde-
pendent pathways for mitophagy induction in ischemic brains.
In addition, hypoxia has previously been proposed to induce
BNIP3L expression, while we did not find significant BNIP3L
upregulations with ischemia-reperfusion insults (Fig. 1A).
Several studies support this idea; for instance, BNIP3L shows
reduced (or no) sensitivity to hypoxia as compared with its
homolog protein BNIP3 in either tumor cells or cardiomyo-
cytes.24,44 It is worth noting that park2¡/¡ mice showed a
slightly more extensive ischemic injury than bnip3l¡/¡ mice
(Fig. 2B vs. Fig. 3E). In the corticostriatal slices, park2¡/¡ mice
also showed more severe injury than bnip3l¡/¡ ones (Fig. 5D).
Also, exogenous expression of BNIP3L showed comparable lev-
els of neuroprotection to that observed with PARK2 overex-
pression (Fig. 5E). Similarly, park2¡/¡ neurons seemed to show
a more extensive mitophagy impairment compared with
bnip3l¡/¡ neurons (Fig. 5B). Although we found 2 mutually
independent and compensatory pathways in ischemic brains,
these observations might also highlight the importance of
PARK2-mediated mitophagy in brain stroke.

The molecular basis for the BNIP3L-mediated mitophagy in
ischemic neurons is unidentified. Here, we provided evidence
to indicate that phosphorylation of BNIP3L (Ser81) was
required for its mitophagy activity (Fig. 6C, Fig. 7A and C),
and subsequent neuroprotective effects (Fig. 7B and D). The
phosphorylation of BNIP3L (Ser81) in park2¡/¡ brains
(Fig. 6E) further confirmed the dispensability of PARK2 in
BNIP3L-mediated mitophagy. Moreover, the Ser81-phosphory-
lated BNIP3L was dramatically decreased upon ischemia-reper-
fusion but the total BNIP3L level was intact (Fig. 6E).
Therefore, compared with PARK2, it seems that BNIP3L has
an apparent redundancy in mitophagy execution in cerebral
ischemia. This redundancy may also explain why forced
BNIP3L expression conferred neuroprotective effects in
bnip3l¡/¡ mice (Fig. 7D), but neither BNIP3L nor BNIP3LS81E

protected the wild-type mice and neurons (Fig. S4 and Fig. 7F).
In addition, Ser81 is an evolutionarily conserved residue within
the minimal-essential region (MER) of BNIP3L, which was pre-
viously demonstrated to be essential in reticulocyte mitoph-
agy.19 The MER in BNIP3L has been predicted to form an
a-helix and may fold with the LC3-interacting region motif
when binding with other targets, given that MER per se does
not bind with LC3 directly.19 It is likely the phosphorylation of
Ser81 in MER regulates the binding affinity of the LC3-interact-
ing region motif with Atg8 family members; further studies
regarding the BNIP3L protein structure may help to address
this issue. In contrast, the S81A mutation seems to have no
impact on mitophagy in erythroid development; this discrep-
ancy may be attributable to different cell types and/or, more
likely, the ischemic environment. Although we did not here
identify the kinases responsible for phosphorylation of BNIP3L
(Ser81), our results establish a foundation for future investiga-
tion of this topic.

The present study demonstrated the previously unidentified
neuroprotective effects of BNIP3L-mediated mitophagy in cere-
bral ischemia-reperfusion injury. BNIP3L and PARK2 were
found to function in mutually independent pathways for the
induction of mitophagy in ischemic brains. The phosphorylation
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of Ser81 of BNIP3L was found to be required for its mitophagy
activity. These findings underscore the complex nature of
mitophagy induction in ischemic neurons and highlight the
potential value of BNIP3L as a target for therapies for ischemic
stroke.

Materials and methods

Animals

Male C57BL/6 mice and male BALB/C mice weighing 22–25 g
were used. The park2¡/¡ mice were kindly provided by Prof
Zhuohua Zhang from Central South China University; the
bnip3l¡/- mice were kindly provided by Prof. Ney Paul from St.
Jude Children’s Research Hospital. We then crossed park2¡/¡

and bnip3l¡/¡ mice to generate the park2 bnip3l double-knock-
out mice. For the culture of primary cortical neurons, pregnant
mice with embryonic (E17) fetuses were used. All experiments
were approved by and conducted in accordance with the ethical
guidelines of the Zhejiang University Animal Experimentation
Committee.

Transient MCAO mouse models

Mice were anesthetized by inhalation of isoflurane for surgery.
Cerebral blood flow (CBF) was evaluated in the area of the mid-
dle cerebral artery (MCA). Transient focal cerebral ischemia
was induced by MCAO, as described previously with minor
modifications.45 Briefly, a 6–0 nylon monofilament suture was
inserted 10 mm into the internal carotid to occlude the origin
of the MCA. Animals with less than 80% reduction in CBF
were excluded from the study. Body temperature was main-
tained at 37�C during surgery and for 2 h after the start of
reperfusion. To measure infarct volume, coronal mice brain sli-
ces, at 2-mm intervals, were stained with 0.25% TTC (Sigma,
T8877). Infarcted areas were analyzed using Image Pro Plus 7.0
and measured by the indirect method, which corrects for
edema. Neurological deficit scores were evaluated after 24 h of
reperfusion.

Viral delivery

Under sodium pentobarbital anesthesia (50 mg/kg, intraperito-
neal), mice were mounted in a stereotaxic apparatus and
adeno-associated virus (AAV, designed, produced and identi-
fied by Obio Technology Corp., Ltd., Shanghai, China) includ-
ing AAV-GFP, AAV-GFP-PARK2, AAV-GFP-BNIP3L, and
AAV-GFP-BNIP3L_S81A, were injected into the corpus stria-
tum (AP C0.5 mm; L -2.0 mm; V -3.0 mm). The viruses were
infected for a minimum of 2 wk before further experiments to
allow time for sufficient protein accumulation.

Preparation of brain slices and oxygen-glucose
deprivation

Acute brain slices were prepared from adult male mice. The
oxygen–glucose deprivation (OGD) procedures were per-
formed as we described previously.46 Briefly, corticostriatal sli-
ces (400-mm thick) were immersed in ice-cold oxygenated

artificial cerebrospinal fluid (ACSF) containing 124 mM NaCl,
5 mM KCl, 1.25 mM KH2PO4, 2 mM MgSO4, 26 mM
NaHCO3, 2 mM CaCl2, 10 mM glucose (pH 7.4, all chemicals
were purchased from Sigma) for one h and then incubated at
37�C for 15 min before further experiments. For OGD, slices
were transferred into glucose-free ACSF bubbled with 5% CO2

and 95% N2 for 15 min and then returned to oxygenated ACSF
for one h. Slice viability was determined by 0.25% TTC (Sigma,
T8877) staining as described previously.47 Formazan extracted
was measured at 490 nm and normalized to the dry weight of
the slice.

Cell culture, OGD procedures, and cell viability

The primary cortical neuronal culture experiments were per-
formed as described previously.45 Briefly, the dissected cortex
from E17 fetal mice was digested with 0.25% trypsin (Invitro-
gen, 25200–056). Approximate 2 £ 105 cells/cm2 were seeded
onto poly-L-lysine (10 mg/ml)-coated plates (Sigma, P1399)
and dishes. The neurons were grown in Neurobasal medium
(Invitrogen, 21103–049) supplemented with 2% B27 (Invitro-
gen, 17504–044) and 0.5 mmol/L glutamine (Invitrogen,
21051–024). Cultures were maintained for 8 d before treat-
ment. Human HeLa cells and COS7 cells were routinely cul-
tured in DMEM containing 10% fetal bovine serum
(Invitrogen, 10099141).

For OGD treatment, primary neurons were refreshed with
O2- and glucose-free DMEM. Cells were then immediately
placed in a sealed chamber (Billups-Rothenburg, MIC-101)
loaded with mixed gas containing 5% CO2 and 95% N2. For
reperfusion, neurons were refreshed with normal culture
medium. 3-MA (5 mM; dissolved in normal culture medium)
was added to the cells at the onset of reperfusion.

Transfection

Primary cultured neurons were transfected with AAVs contain-
ing GFP-LC3B (Hanbio, China). For Mito-DsRed delivery, the
Mito-DsRed DNA sequence was cloned from pDsRed2-Mito
(Clontech, 632421) and inserted into the pLVX-puro plasmid
(Clontech, 632164) and then transfected into HEK293T cells
with a set of plasmids for lenti-virus packaging (Clontech,
631247). The lentivirus and/or the AAVs were added to neu-
rons at 6 d in vitro.

BNIP3L, BNIP3L_S81A, and BNIP3L_S81D or S81E were
ligated into the p3 £ FLAG-CMV-7.1 vector (Sigma, E7533)
and transfected into primary cultured neurons using Amaxa
electroporation (VPG-1001, Lonza, Switzerland) according to
the manufacturer’s protocol. Briefly, after digestion of the cor-
tex, 5 £ 106 cells were collected and resuspended in 100 ml
room temperature Nucleofector Solution (Lonza, VPG-1001)
containing 3 mg DNA per sample. The cell/DNA suspension
was then transferred into a cuvette. The cuvette with cell/DNA
suspension was inserted into the Nucleofector Cuvette Holder.
After being electroporated using program O-005, the cells were
resuspended in the medium mentioned above and then trans-
ferred into the prepared culture dishes. The plasmids were
transfected into COS7 or HeLa cells according to the jetPRIME
(n114–15, Polyplus, France) protocol.
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Immunoblotting and co-immunoprecipitation

The brain tissues and cells were homogenized in RIPA buffer
(Sangon Biotech, C500005). A 40-mg aliquot of protein from
each sample was separated using SDS-PAGE. The following
primary antibodies were used: phos-BNIP3L (S81, 1:2000;
Abcam, ab208190), LC3 (1:1,000; Sigma, L7543), SQSTM1
(1:1,000; Cell Signaling Technology, 5114), cleaved CASP3
(1:1,000; Cell Signaling Technology, 9661), COX4I1 (1:1,000;
Cell Signaling Technology, 4850), TOMM20 (1:1,000; Anbo
Biotechnology, c16678), PARK2 (1:1,000; Sigma, P5748), or
GAPDH (1:3,000; KangChen, KC-5G4). Secondary antibodies
conjugated with HRP against either rabbit or mouse IgG
(1:5,000; Cell Signaling Technology, 7071 and 7072) were
applied. Digital images were quantified using densitometric
measurement with Quantity-One software (Bio-Rad).

For co-immunoprecipitation, HeLa cells were transiently
transfected. At 24 h post transfection, the cells were lysed and
immunoprecipitated using a FLAG Immunoprecipitation Kit
(Sigma, FLAGIPT1). Thereafter, the precipitants were washed
3 times with lysis buffer and the immune complexes were
eluted with sample buffer containing 1% SDS (AMRESCO,
0227) for 5 min at 100�C and analyzed by SDS-PAGE.

Detection of phosphorylated BNIP3L by using Phos-tag
SDS-PAGE was performed according to the manufacturer’s
protocol (Wako Pure Chemical Industries, Japan). Briefly, a
50-mg aliquot of protein from each sample was separated using
8.5% polyacrylamide gels containing 100 mM Phos-tag acryl-
amide (Wako Pure Chemical Industries, AAL-107) and 200
mM MnCl2 (Sigma, 244589). Gels were washed with transfer
buffer containing 1 mM EDTA (Sigma, E6758) for 10 min at
room temperature and then with transfer buffer without EDTA
for another 10 min. Proteins were transferred to PVDF mem-
branes (Millipore, IPVH00010) and immunoblotting per-
formed using a chemiluminescent digital imaging system
(6100, Tanon, China).

Immunocytochemistry and confocal microscopy

For immunostaining, cells were incubated with antibodies
against Flag (1:200; Cell Signaling Technology, 2368S), PARK2
(1:200; Sigma, P5748), or TOMM20 (1:100; Abcam, ab56783).
Secondary antibodies labbled with Alex Fluor 488, 596 or 647
(Invitrogen, A32731, A21203 and A32733) were subsequently
added to the cells. Coverslips were observed on a confocal
microscope (Fluoview FV1000, Olympus, Japan). Mander’s
overlap efficiency was measured and analyzed with Image Pro-
Plus 7.0 software. Five randomly selected fields from one cover-
slip were included to calculate an average, and experiments
were repeated independently at least 3 times.

Real-time PCR

After 6 h of OGD-reperfusion, total cellular DNA was extracted
with a DNeasy Blood & Tissue kit (Qiagen, DP304–03). Ali-
quots of 20 ng total DNA were analyzed via real-time PCR to
evaluate the expression of the mitochondrial gene mt-Atp6 and
the genomic gene Rpl13, as described previously.1 The copy
numbers of Atp6 and Rpl13 were calculated and normalized by

the standard curve. Relative expression was presented as mt-
Atp6:Rpl13.

Statistical analysis

All data were collected and analyzed in a blind manner. Data
are presented as mean § SD. One-way ANOVA (analysis of
variance) with Dunnett’s T3 post-hoc test was applied for
multiple comparisons. p < 0.05 was considered statistically
significant.
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3-MA 3-methyladenine
AAV adeno-associated virus
BNIP3L/NIX BCL2/adenovirus E1B interacting protein

3-like
CASP3 caspase 3
COX4I1 cytochrome c oxidase subunit 4I1
CQ chloroquine
DKO Park2 and Bnip3l double knockout
GAPDH glyceraldehyde-3-phosphate

dehydrogenase
GFP green fluorescent protein
I-R ischemia-reperfusion
MAP1LC3A/LC3A microtubule-associated protein 1 light

chain 3 a
MAP1LC3B/LC3B microtubule-associated protein 1 light

chain 3 b
MER minimal essential region
mt-Atp6 mitochondrially encoded ATP synthase 6
mtDNA mitochondrial DNA
MTT 3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-

nyltetrazolium bromide
OGD-Rep. oxygen and glucose deprivation-

reperfusion
PARK2 Parkinson disease (autosomal recessive,

juvenile) 2, parkin
SQSTM1 sequestosome 1
tMCAO transient middle cerebral artery occlusion
TOMM20 translocase of outer mitochondrial mem-

brane 20 homolog (yeast)
TTC 2, 3, 5-triphenyltetrazolium hydrochloride
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