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Abstract

Mitochondrial dysfunction plays important roles in Parkinson’s disease (PD) and the degradation of the damaged mitochondria
by the mitochondria quality control system is important for dopaminergic (DA) neuronal survival. BNIP3L/Nix is a
mitochondrial outer membrane protein that is required for the selective clearance of mitochondria. Here, we found that the
mitochondrial protein BNIP3L acts downstream of the PINK1/PARK?2 pathway to induce mitophagy. BNIP3L is a substrate of
PARK?2 to drive PARK2-mediated mitophagy. The ubiquitination of BNIP3L by PARK?2 recruits NBR1 to mitochondria, thereby
targeting mitochondria for degradation. BNIP3L rescues mitochondrial defects in pinkl mutant Drosophila but not in park
mutant Drosophila, indicating that the clearance of mitochondria induced by BNIP3L depends on the presence of PARK2. In cells
intoxicated with mitochondrial complex I inhibitors rotenone, 6-OHDA or MPP*, the disrupted mitochondria are not
appropriately eliminated by mitophagy due to the improper degradation of BNIP3L. Thus, our study demonstrates that BNIP3L,
as a substrate of PARK2, promotes mitophagy in the PINK1/PARK?2 pathway associated with PD pathogenesis.

Introduction sporadic and familial PD (4). The first study that implicated mito-

Parkinson’s disease (PD) is the second most common neurode-
generative disease. The pathology of PD is characterized by a spe-
cific loss of dopaminergic (DA) neurons in the substantia nigra
pars compacta (SNpc) (1-3), however, the etiology of PD is still
not fully understood. Data from multiple approaches indicate
that mitochondrial dysfunction may be a central cause of both

chondrial dysfunction in PD showed that DA neurons in the SNpc
are deficient for mitochondrial complex I in PD patients (5-8).
Moreover, 1-methyl-4-phenyl-1,2,3,4-tetrahydropyridine (MPTP)
that inhibits the activity of mitochondrial complex I results in
an acute parkinsonian syndrome in drug abusers, further sug-
gesting that mitochondrial dysfunction is involved in PD (9).
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Similarly, rotenone and 6-hydroxydopamine hydrochloride
(6-OHDA), the other complex I inhibitors, also induce parkinson-
ian syndrome (10). Meanwhile, these inhibitors induce many
deleterious biochemical changes, including an induction of
oxidative stress and excitotoxicity (1,11), which further affect
mitochondrial function. Those studies highlight the role of mito-
chondrial dysfunction in the pathogenesis of PD.

In genetic studies, mutations in several genes have been iden-
tified to be associated with familial early-onset PD. Importantly,
most of their encoding proteins, such as SCNA/a-synuclein,
PARK?2/Parkin, DJ-1 and PINK1 are also reported to be critical for
the functional regulation of mitochondria (11). Both the pink1
(Drosophila homologue to PINK1 gene) and park (Drosophila
homolog to PARK2 gene) mutant Drosophila exhibit mitochon-
drial dysfunction, whereas park overexpression ameliorates the
mitochondrial dysfunction of pinkl-mutated fly (12-16). Thus,
mitochondrial dysfunction plays an important role in both envir-
onmental and genetic factors in association with PD.

The autophagic degradation of dysfunctional mitochondria
(mitophagy) is a major process for the mitochondrial quality con-
trol (MQC) to maintain mitochondrial homeostasis and for cells
to escape from oxidative stress and death (17). Recent studies
suggest that PINK1/PARK2 play important roles in mitophagy.
The stabilization of PINK1 in mitochondria and subsequently
recruitment of PARK2 onto mitochondria play important
roles in clearance of mitochondria. Under carbonylcyanide-3-
chlorophenylhydrazone (CCCP) treatment, the recruitment of
PARK2 onto mitochondria induces mitochondrial ubiquitination
and promotes mitophagy (16,18-20). Ubiquitination of mitochon-
dria is an initial process to trigger mitophagy. The ubiquitinated
mitochondria can be recognized by the adaptors, subsequently to
be transferred to autophagosomes (19). Thus, identification of the
mitochondrial substrates in the PINK1/PARK2 pathway import-
ant for mitophagy is pivotal for understanding the pathogenesis
of PD. Interestingly, in reticulocyte maturation, mitochondrial
clearance requires the mitochondrial protein BNIP3L/Nix, a pro-
tein belonging to Bcl2 family, providing a clue that BNIP3L is
involved in mitophagy (21,22).

In the present study, we identified BNIP3L as a substrate of
PARK?2 on mitochondria. BNIP3L mediates mitophagy dependent
on the presence of PARK2 that ubiquitinates BNIP3L on mitochon-
dria, resulting in a recognition of ubiquitinated mitochondria by
autophagic adaptors. 1-methyl-4-phenylpyridinium (MPP*), rote-
none or 6-OHDA induces improper degradation of BNIP3L and
results in a failure to eliminate the mitochondria with reduced
complex I activity. Thus, our data reveal the role of BNIP3L in mito-
chondrial degradation pathway and highlight the role for the dis-
rupted mitochondrial clearance in PD pathogenesis.

Results
BNIP3L acts at downstream of the PINK1/PARK?2 pathway

Given that the mitochondrial protein BNIP3L has a role in the
mitochondrial degradation during reticulocyte maturation pro-
cess (21,22), we therefore examined whether BNIP3L plays roles
in the PINK1/PARK2 pathway. We observed that BNIP3L was main-
ly located on mitochondria and degraded together with mitochon-
dria after CCCP treatment in HEK293A cells (Supplementary
Material, Fig. S1A and B). And in the cells over-expressing Flag-
BNIP3L, the distribution of EGFP-PARK?2 was not changed without
CCCP treatmet (Supplementary Material, Fig. S1C and D). However,
EGFP-PARK2 was recruited to mitochondria and co-localized with
BNIP3L after CCCP treatment (Supplementary Material, Fig. S1C
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and D). Consistent with the observations that the induction of
autophagy is not disrupted in BNIP3L™~ reticulocytes (22), we fur-
ther observed that the turnover of LC3-I to LC3-II, that was indica-
tive of an induction of total autophagy, was still increased in the
BNIP3L knockdown cells after the CCCP treatment (Fig. 1A). How-
ever, the CCCP-induced mitophagy measured by two mitochon-
drial loading control proteins (TOMM20 and COX4I1) was
inhibited by the BNIP3L knockdown (Fig. 1A and B). We also exam-
ined the effect of BNIP3, other BNIP3 subfamily protein, on the
CCCP-induced mitophagy. We found that BNIP3 knockdown did
not block the CCCP induced mitochondrial degradation (Supple-
mentary Material, Fig. S2A). And the BNIP3 protein level was not
interfered by BNIP3L knockdown (Supplementary Material, Fig.
S2B). Thus, in different to BNIP3L, BNIP3 may not act in the
CCCP-mediated mitophagy. Moreover, an increased degradation
of TOMM20 and COX4I1 was observed in HEK293A cells transfected
with Flag-BNIP3L or Flag-PARK?2, although there was no difference
in the induction of autophagy (Fig. 1C and D), further suggesting
that BNIP3L functions in PARK2-mediated mitophagy. However,
the degradation of TOMM20 and COX4I1 in HeLa cells, which are de-
ficient for PARK?2 (18), was not induced by Flag-BNIP3L but was in-
duced by Flag-PARK2 (Fig. 1E and F), although the CCCP-induced
autophagy was similarly increased in both cells (Fig. 1E). Consist-
ently, following the CCCP treatment, we observed a number of
Flag-BNIP3L punctas that co-localized with EGFP-LC3 in HEK293A
cells, indicating that Flag-BNIP3L promotes the transport of its asso-
ciated mitochondria to the autophagosomes (Fig. 1G and H). How-
ever, Flag-BNIP3L did not co-localize with EGFP-LC3 in HeLa cells
(Fig. 1G and H). These data suggest that BNIP3L-driven mitochon-
drial degradation is dependent on the presence of PARK?2 and that
BNIP3L may directly act in the PINK1/PARK?2 pathway.

To explore the physiological role of BNIP3L in the PINK1/
PARK?2 pathway further, we performed a genetic analysis and ex-
pressed hs-GAL4-driven BNIP3L (Supplementary Material, Fig. S3)
in either a pinkl or park mutant Drosophila strain. Unlike the
age-matched pink1 mutant fly (pink1%°) that showed fragmented
cristae, the pink1l mutant fly in which BNIP3L was overexpressed
recovered the mitochondrial morphology of densely packed cris-
tae (Fig. 2A). In contrast, BNIP3L overexpression in the park mu-
tant fly (park®) did not suppress the mitochondrial damage
(Fig. 2A). These data showed that the BNIP3L-mediated suppres-
sion of the pink1 loss-of-function induced phenotypes is not the
result of its general protective effect but rather results from its
specific protective role against the mitochondrial dysfunction in-
duced by the loss of pinkl. Consistently, we found that Flag-
BNIP3L could not induce mitophagy, indicated by TOMM20 levels,
in the PARK2 knockdown HEK293A cells, even with the CCCP
treatment (Fig. 2B and C). These data indicate that BNIP3L de-
pends on PARK? to function in mitochondrial clearance.

BNIP3L acts as a mitochondrial substrate of PARK2

As we have shown that BNIP3L depends on PARK?2 to promote mi-
tophagy, we investigated whether BNIP3L is a substrate of PARK2.
We observed that minimal amounts of PARK2 co-immunopreci-
pitated with BNIP3L, however, the interactions were significantly
increased after PARK2 was recruited to the mitochondria after
the CCCP treatment (Fig. 3A). The direct interactions were further
confirmed in a GST-pulldown assay, which showed that the
N-terminus of PARK?2 interacted with BNIP3L (Fig. 3B). In addition,
we found that BNIP3L ubiquitination was significantly increased
in cells transfected with Flag-PARK?2 but not with PARK2 mutants
that E3 ligase activity is disrupted (Fig. 3C and Supplementary
Material, Fig. S4).
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Figure 1. BNIP3L promotes PARK2-dependent mitochondrial degradation. (A) HEK293A cells were transfected with small interfering RNAs against BNIP3L (si-BNIP3L) or the
negative control (si-Con) for 72 h and then treated with or without CCCP for 8 h. The total cell lysates were subjected to immunoblot analysis with the indicated antibodies.
(B) The quantitative analysis of the relative density of BNIP3L (the lower band), COX411and TOMM20 compared with the loading control (TUBB1) from (A) is shown. The data
are represented as the mean + SEM. n =3, *P <0.05, *P <0.01, one-way ANOVA. Western blot extracts from HEK293A cells (C) or HeLa cells (E) that were transfected with Flag,
Flag-PARK2 or Flag-BNIP3L and treated with or without CCCP (10 pm) for 12 h. The quantitative data (D) from (C) and (F) from (E) are shown as relative density compared
with the loading control (GAPDH). The data are represented as the mean + SEM. n=3, *P <0.05, one-way ANOVA. (G) HEK293A or HeLa cell pool stably expressing Flag-
BNIP3L was transfected with EGFP-LC3 and subjected to immunocytochemical staining after a treatment with or without CCCP for 6 h. Scale bar, 10 pm. (H) The
average number, per cell, of punctas foci that colocalized with Flag-BNIP3L and EGFP-LC3 was quantified blindly in HEK293A and HeLa cells. The data are represented

as the mean + S.EM. n=20, *P <0.01, one-way ANOVA.

Similarly, we observed that the BNIP3L ubiquitination was fur-
ther increased by CCCP (Fig. 3D), suggesting that the translocation
of PARK?2 to the mitochondria by CCCP enhances BNIP3L ubiquiti-
nation. These results were also obtained using immunofluores-
cent assays, showing a co-localization of BNIP3L, PARK2 on
ubiquitin-positive punctas that were labeled with ubiquitin anti-
body FK2 in the cells co-transfected with BNIP3L and PARK2
after the CCCP treatment (Fig. 3E). Thus, these data suggest that
the mitochondrial BNIP3L is a substrate of PARK2.

The autophagy adaptor NBR1 promotes the
BNIP3L-mediated mitophagy

The selective autophagic degradation of cytoplasmic sub-
strates with poly-ubiquitination signal is dependent on adaptor
molecules, like SQSTM1 or NBR1, to target them to the

autophagosomes (23,24). As BNIP3L promotes mitophagy (Fig. 2)
and it is ubiquitinated by PARK2 (Fig. 3), we investigated which
adaptor(s) is responsible for the BNIP3L-mediated mitophagy.
SQSTM1/p62 has been suggested as an adaptor protein for
PINK1/PARK2-mediated mitophagy (19). However, mitochondrial
degradation is still induced by CCCP in SQSTM17~~ cell (25). We
hypothesized that there may be an alternative adaptor involved
in the BNIP3L-mediated mitophagy.

We first examined whether NBR1, another adaptor molecule
for selective autophagic degradation of cytosolic substrates (23),
also targets the damaged mitochondria to autophagosomes.
We found that NBR1 mainly distributes in cytoplasm (Supple-
mentary Material, Fig. S5A). In response to the CCCP treatment,
NBR1 was recruited to mitochondria (Supplementary Material,
Fig. S5A). In addition, we found that the CCCP-induced mitochon-
drial degradation was inhibited in the NBR1 knockdown HEK293A
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Figure 2. Genetic analysis of the role of BNIP3L in the PINK1/PARK2 pathway. (A) The muscle with the indicated fly genotype was examined by TEM assay. The following fly
genotypes were used: park®*/+; hs-GAL4, park®*/park?*; hs-GAL4, park?*/park®®; hs-GAL4/UAS-BNIP3L, pink1%%/Y; hs-GAL4 and pink1®°/Y; hs-GAL4/UAS-BNIP3L. Scale bar, 1 pm.
(B) HEK293A cells were co-transfected with small interfering RNAs against PARK? (si-PARK?2) or the negative control (si-Con) and EGFP or EGFP-BNIP3L. After 60 h, the cells
were treated with or without CCCP for 12 h. (C) The quantitative data from (B) is shown as relative density of TOMM20 compared with the loading control (GAPDH). The data

are represented as the mean + S.E.M. n=3, **P<0.01, one-way ANOVA.

cells (Supplementary Material, Fig. S5B). These results imply that
NBR1 also participates in the CCCP-mediated mitophagy.
Furthermore, we tested whether HA-NBR1 D50R, a HA-NBR1
mutant that is unable to interact with SQSTM1 (26), could be re-
cruited to mitochondria like the wild-type HA-NBR1. We found
that the HA-NBR1 D50R, like the wild-type NBR1, was also prop-
erly recruited to the condensed mitochondria upon the CCCP
treatment (Supplementary Material, Fig. S6A and B), suggesting
that NBR1-promoted mitochondrial degradation is independent

of SQSTM1. Conversely, HADCS6, another adaptor protein similar
to SQSTM1 or NBR1 (Supplementary Material, Fig. S7A) (23), was
not recruited to the PARK2-associated mitochondria after the
CCCP treatment (Supplementary Material, Fig. S7B). These data
suggest that NBR1 can acts independently as an adaptor protein
for the CCCP-induced mitophagy.

Then, we examined whether NBR1 is involved in the BNIP3L-
mediated mitophagy. In the cells transfected with NBR1, the co-
localization of BNIP3L-associated mitochondria and EGFP-LC3
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Figure 3. BNIP3L is a specific substrate of PARK2 on mitochondria. (A) HEK293A cells were treated with or without CCCP (10 pm) for 4 h and were subsequently lysed and
immunoprecipitated using anti-BNIP3L antibodies. The immunoprecipitates were subjected to immunoblot analysis with the indicated antibodies. (B) GST, GST-PARK2 or
its deletion mutants were coupled to G4B and incubated with the extracts of HEK293A cells that had been transfected with Flag-BNIP3L. The bound proteins were detected
with the anti-Flag antibody. (C) HEK293A cells were co-transfected with EGFP-BNIP3LHA-ub and Flag or Flag-PARK?2 or its mutants. The total cell lysates (input) and
immunoprecipitants were subjected to immunoblot analysis with the indicated antibodies. (D) HEK293A cells co-transfected with EGFP-BNIP3L, HA or HA-ub and Flag
or Flag-PARK2. The cells were treated with DMSO or CCCP (10 pM) for 4 h. The total cell lysates (input) and immunoprecipitates were subjected to immunoblot
analysis with the indicated antibodies. (E) HEK293A cells were transfected Flag-BNIP3L or co-transfected EGFP-PARK2 and Flag-BNIP3L. The cells were treated with
CCCP (10 pM, 6 h) and subjected to immunocytochemical staining with anti-ub (FK2) antibody and anti-Nix antibodies. Scale bar, 10 pm.

punctas was significantly increased (Fig. 4A). We further found
that NBR1 targeted more BNIP3L-located mitochondria to autop-
hagosmes after the CCCP treatment (Fig. 4A), suggesting that
BNIP3L ubiquitination after PARK2 recruitment to mitochondria
by the CCCP treatment can recruit NBR1 to target mitochondria
to autophagosomes. These results were also observed in the
HEK?293A cells transfected with NBR1 D50R (Fig. 4B). The quanti-
tative data for Figure 4A and B were shown in Figure 4C. And with
an increased unbiquitination of BNIP3L in cells transfected with
PARK2 followed by the CCCP treatment, more co-localization
of BNIP3L-associated mitochondria and EGFP-LC3 punctas
were observed (Fig. 4D and E). Moreover, the CCCP-induced trans-
location of NBR1 to mitochondrion was inhibited in the BNIP3L
knockdown cells (Supplementary Material, Fig. S8A and B).
Thus, these data indicate that the ubiquitiniation of BNIP3L on
mitochondria by PARK?2 provides a signal for NBR1 recognition
for BNIP3L-mediated mitochondrial degradation.

Inhibition of mitochondria complex I activity induces
BNIP3L degradation and interferes with mitophagy

The autophagic degradation of dysfunctional mitochondria is a
major part of the MQC to maintain mitochondrial homeostasis
(17). It is well known that mitochondrial complex I inhibition

results in mitochondrial damage and plays roles in PD (7,8). We
therefore examined whether BNIP3L can promote mitophagy
under complex I inhibition.

In contrast to the CCCP treatment that induces PINK1 stabil-
ization that was indicated by the appearance of full length of
PINK1 (Fig. 5A, lane 2, upper band), a treatment of mitochondrial
complex I inhibitors did not induce a stabilization of PINK1
(Fig. 5A) and a translocation of PARK2 to mitochondria (Supple-
mentary Material, Fig. S9) in SH-SYSY cells. In SH-SY5Y cells,
the CCCP treatment induced mitochondrial degradation indi-
cated by the mitochondrial protein TOMM20, TOMM70 and
COX411 (Fig. 5B). In contrast, we did not observe the mitochon-
drial degradation in the cells treated with rotenone, MPP* or
6-OHDA (Fig. 5B and C). To further verify this result, we further
treated the HEK293A and SH-SYSY cells with rotenone for 12, 36
or 48 h. As most cells shrank and died 48 h after the rotenone
treatment, we could not treat the cells with rotenone more
than 48 h. The mitochondrial degradation was not detected
even 48 h after treatment (Supplementary Material, Fig. SI0A
and B). These data suggest a failure of degradation of the mito-
chondria that are intoxicated with complex I inhibitors.

In the mice midbrain that was treated with MPTP, the BNIP3L,
along with tyrosine hydroxylase (TH) was decreased (Fig. 5D and
E and Supplementary Material, Fig. S11). Meanwhile, the COX411
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Figure 4. BNIP3L recruits the autophagy adaptor, NBR1, to promote mitophagy. (A) HEK293A cells were co-transfected with EGFP-LC3, Flag-BNIP3L and HA or HA-NBR1.
HEK?293A cells treated with CCCP (10 pm) for 6 h were immunoncytochemically stained with anti-HA antibodies (blue) or anti-Flag antibody (red). (B) HEK293A cells were
co-transfected with EGFP-LC3, Flag-BNIP3L and HA or HA-NBR1 D50R. HEK293A cells treated with CCCP (10 pum) for 6 h were immunoncytochemically stained with anti-HA
antibodies (blue) or anti-Flag antibody (red). (C) The average number, per cell, of punctas foci that co-localized with Flag-BNIP3L and EGFP-LC3 was quantified (blindly) in
HEK?293A that transfected with HA-NBR1 or HA-NBR1 D50R. The data are represented as the mean + SEM. n =15, **P <0.01, one-way ANOVA. (D) HEK293A cell pool stably
expressing Flag-BNIP3L was co-transfected with EGFP-LC3 and HA or HA-PARK?2. The cells treated with CCCP (10 um) for 6 h were immunoncytochemically stained with
anti-HA antibodies (blue) or anti-Flag antibody (red). Scale bar, 10 pm. (E) The average number, per cell, of punctas foci that colocalized with Flag-BNIP3L and EGFP-LC3 was
quantified (blindly) in HEK293A that transfected with HA or HA-PARK2. The data are represented as the mean + SEM. n=15, ***P <0.001, one-way ANOVA.

level was not decreased (Fig. 5D), suggesting that the mitochon-
drial complex I inhibitor MPTP do not induce mitophagy in
mice. Moreover, in the SH-SYSY cells that were pretreated with
rotenone, MPP* or 6-OHDA, the BNIP3L level was also decreased,
although the other mitochondrial proteins were not degraded
(Fig. 5F and Supplementary Material, Fig. S12). Thus, the mito-
chondrial complex I inhibition-induced BNIP3L degradation
may not through the mitophagy pathway.

It was reported that the CCCP-induced mitophagy can be
blocked by the lysosomal inhibitor, bafilomycin A1 or the protea-
somal inhibitor, MG132 (27). Although 12 h after CCCP treatment,
the PARK2, BNIP3L and TOMM20 were degraded (Supplementary
Material, Fig. S13), which suggests an occurrence of mitophagy,
the degradation of mitochondrial proteins BNIP3L and COX4I1
was inhibited if cells were treated with CCCP along with bafilo-
mycin Al and MG132 (Supplementary Material, Fig. S14A), sug-
gesting CCCP induces a lysosomal degradation of BNIP3L under
mitophagy process. However, the rotenone-induced BNIP3L deg-
radation could not be inhibited by bafilomycin Al or MG132

(Supplementary Material, Fig. S14B), suggesting that mitochon-
drial complex I inhibitor-induced BNIP3L degradation was not
via mitophagy or the proteasome. And the CCCP-induced mito-
chondrial degradation were also inhibited if the cells were pre-
treated with the mitochondrial complex I inhibitors (Fig. 5F and
Supplementary Material, Fig. S15). Taken together, these data
further support that BNIP3L fails to promote the clearance of
the damaged mitochondria due to its improper degradation
under mitochondrial complex I inhibition. (Fig. 6).

Discussion

Mitochondrial dysfunction is associated with the pathogenesis of
PD (1). In autophagic degradation system, ubiquitination of the
substrates provides a signal recognized by autophagic adaptors
(23). As PARK2 is an E3 ligase and it ubiquitinates multiple sub-
strates, its mitochondrial substrate is important for mitochon-
drial ubiquitination, a process critical for mitophagy (28,29).
It has been shown that PARK2 mediates ubiquitination of some

¥20z 1udy ¢z uo 1senb Aq 6//68€2/8252/6/¥Z/0101e/Buy/woo dno-ojwepede//:sdiy woll pspeojumod


http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv017/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv017/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv017/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv017/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv017/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv017/-/DC1

2534 | Human Molecular Genetics, 2015, Vol. 24, No. 9

[PINK1

GAPDH

34~ o

O
o

Fk

— e — ||~

§ 12+
N1 e
-
"6 084
E "BEEERE=z o m e
[
c
B 041 20— —— - | CO X411
g 02+ r r S b
kS M‘l..-.----.-lsAPDH
D gp
® : . . : :
& O~ ‘o 6. -
o,’%/oo %, 4?,%“ % saline MPTP
e <4
Q
S Q
E 4} )
F R
S & N4 & Po v‘
&g & SFES
50m S L & o L€ & J
- Esaline BB M ENeL
107 | B vPTP gt
[— — — .
g e e gglrown
2
3 o5 | 2o-|.--- - G S & T0VN20
/]
2
- 2 J - - - - coxa
©
0.24
] 50-..------|TUBB1

BNIP3L TH 204 o
sss-sass|or

Figure 5. Mitochondria complex I inhibition induces an improper degradation of BNIP3L. (A) SH-SY5Y cells were treated with CCCP (5 am), rotenone (1 pum), MPP* (0.5 mm) or
6-OHDA (20 pm) for 6 h. Then the cells were lysed for immunoblot assay. (B) SH-SY5Y cells were treated with CCCP (10 pm), rotenone (1 pm), 6-OHDA (20 pum) or MPP*
(0.5 mm) for 12 h. The cells were lysed, and the lysates were subjected to immunoblot analysis with the indicated antibodies. (C) The quantitative data from (B) is
shown as relative density of TOMM20 compared with the TUBB1. The data are represented as the mean + SEM. n=3, **P <0.01, one-way ANOVA. (D) Mice (C57BL/6])
were injected s.c. with saline or MPTP (18 mg/kg body weight) once daily for 5 consecutive days. The midbrain were isolated and lysed for immmunoblot analysis.
(E) The quantitative data from (D) is shown as relative density of TH (tyrosine hydroxylase) and BNIP3L (the down band) compared with the loading control (TUBB1).
The data are represented as the mean +S.E.M. n=8, *P <0.01,”"P <0.01, one-way ANOVA. (F) SH-SY5Y cells were treated with rotenone (1 pm), MPP* (0.5 mm) or 6-
OHDA (20 pm) for 12 h. Then the cells were treated with CCCP (5 pum) for another 12 h. Then the cells were lysed for immunoblot analysis.

mitochondrial proteins. Most of them are associated with mito-
chondrial fusion—fission cycle, such as mitofusin 1/2 (Mfn1/2),
dynamin-related protein 1 (Drp1), Miro and voltage-dependent
anion channel 1 (VDAC1) (19,27,30-36). Mfn1l and Mfn2 are
important proteins involved in mitochondrial fusion-fission
cycle. As the substrates of PARK2, the degradation of Mfn1 and
Mfn?2 are driven by PARK?2, to prevent the damaged mitochondria
to be fused to healthy mitochondria, and to promote

mitochondrial fission at mitophagy initiation step (30,31). Re-
cently, Mfn2 was identified as a PARK2 receptor to mediate
PARK2 recruitment to damaged mitochondria (35), but as a recep-
tor, its mediated substrates are still unclear. Miro is also a mito-
chondrial out membrane protein for axonal transport of
mitochondria and identified as a mitochondrial substrate of
PARK2 for the proteasome degradation (34). The Miro degradation
prevents mitochondrial movement and may initiate mitophagy
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Figure 6. Proposed pathway in mitochondrial complex I inhibition-induced PD.
Under the CCCP treatment, PARK2 is recruited to mitochondria, then
ubiquitinates the mitochondrial protein BNIP3L. The ubiquitination of BNIP3L
provides an ubiquitinated signal on mitochondria, which is recognized by
autophagic adaptor, thereby inducing mitophagy. BNIP3L is degraded together
with mitochondrion as other mitochondrial protein when mitophagy occurs.
However, the mitochondrial complex I inhibitors induce an improper degradation
of BNIP3L on mitochondria, leading to a failure of mitophagy initiation and an
accumulation of damaged mitochondria.

induction. VDAC1 is a PARK2 substrate that may be recognized by
p62 to mediate mitophagy, and it was also reported that the
major role of VDAC1 in mitophagy is to mediate PARK2 recruit-
ment onto mitochondria (25,37).

BNIP3L is a mitochondrial protein important for a selective
autophagic degradation of mitochondria during reticulocytes
maturation, and BNIP3L™~ mice exhibits mitochondrial retention
in their reticulocytes (18,21,22). Using genetic assays in Drosoph-
ila, we found that overexpression of BNIP3L can rescue the
phenotype of mitochondrial dysfunction in pinkl mutant fly,
but not in park mutant fly. In cultured cells, BNIP3L induces mito-
phagy in PARK2 wild-type cells but not in PARK2-deficient HeLa
cells. Importantly, the direct interactions between PARK2 and
BNIP3L and the enhancement of BNIP3L ubiquitiniation by
PARK2 were observed. Moreover, the interactions between
BNIP3L and PARK2, and the ubiquitination of BNIP3L are signifi-
cantly increased when PARK?2 is translocated to mitochondria,
suggesting that BNIP3L is a substrate of PARK2 on mitochondria.
These findings are of help to understand the mitochondrial
phenotype rescued in Drosophila in genetic assays. As PARK2
acts downstream of PINK1 and overexpression of PARK2 rescues
the phenotype of pinkl mutant fly, it suggests that some other
factors may also affect PARK2 recruitment to damaged mito-
chondria in vivo but the unknown factors are not effective as
PINK1 so that the phenotype of pinkl mutant fly is only rescued
with the presence of extensive PARK2. In our present study, we
found that BNIP3L is a substrate of PARK2 and its function defin-
itely depends on PAKR2. Thus, overexpression of BNIP3L rescues
the phenotype of pinkl mutant fly because of the presence of
PARK2 but overexpression of BNIP3L fails to rescue the phenotype
in the absence of PARK2. These findings provide evidence that
BNIP3L is a downstream factor of the PINK1/PARK2 pathway
and that BNIP3L strictly depends on PARK?2 to induce mitophagy.

The ubiquitination of mitochondria is an important signal for
autophagic adaptors to mediate mitophagy. NBR1 is an autopha-
gic adaptor protein that targets cytosolic substrates to autophago-
some (26). In our present study, we found that a co-localization of
BNIP3L, PARK2, NBR1 on LC3 punctas, along with mitochondria,
suggesting that NBR1 is an adaptor for the PARK2/BNIP3L-
mediated mitophagy. It was reported that the autophagic protein,
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SQSTM1, can target the mitochondria to autophagosomes. Inter-
estingly, the mitochondria are still degraded in SQSTM1-deficient
cells (25). In our observation, NBR1 D50R mutant that does not
interact with SQSTM1 is still recruited to the condensed mitochon-
dria. Taken together, these findings suggest that NBR1 functions
independently in mitophagy and can compensate for SQSTM1 in
targeting the mitochondria to autophagosomes for degradation.
Thus, ubiquitination of BNIP3L by PARK2 may provide a signal
on mitochondria for the recognition by the autophagic adaptor
NBR1, leading to the occurrence of mitophagy.

Although DA neurons possess an intact PINK1/PARK2/BNIP3L
pathway to cope with the disrupted mitochondria in most spor-
adic PD patients, increased levels of disrupted mitochondria with
reduced complex I activity have been detected in PD brains (4,38).
Rotenone and MPTP that inhibit complex I activity are causative
factors for PD. In the present study, we observed that cells with
reduced mitochondrial complex I activity induced by rotenone,
MPP* or 6-OHDA present a significant degradation of BNIP3L
and that the BNIP3L-mediated mitochondrial degradation path-
way is disrupted, thereby resulting in a retention of the damaged
mitochondria. Interestingly, BNIP3L is degraded after the usage
of mitochondrial complex I inhibitors, which will not be blocked
by both lysosomal and protease inhibitors. As the lysosomal in-
hibitor blocks mitophagy; and the proteasomal inhibitor blocks
the proteasomal system as well as mitophagy because of an in-
hibition of mitofusin I and II degradation, a process necessary
for the initiation of mitophagy (27), the degradation of BNIP3L is
unlikely caused by the proteasome or mitophagy. It is highly pos-
sible that it is processed by unknown proteases that are activated
under mitochondrial complex Iinhibitor treatment. Together with
previous findings by other investigators, showing that PINK1 or
PARK2 mutants interfere with mitophagy (16,19), our study sug-
gests that the degradation of BNIP3L caused by complex I inhib-
ition factors results in BNIP3L-inability to clear the damaged
mitochondria. Thus, our findings also provide a mechanistic ex-
planation why the existed PINK1/PARK2 pathway fails to clear
the damaged mitochondria caused by complex I inhibitors in PD.

In summary, our study identified that BNIP3L is a substrate of
PARK2 on mitochondria. The BNIP3L ubiquitination induced by
mitochondria-located PARK? recruits the NBR1 to mitochondria
to target the mitochondria for degradation. However, the envir-
onmental toxins that induce BNIP3L degradation can disrupt
the PINK1/PARK2/BNIP3L-mediated mitophagy and cause an ac-
cumulation of damaged mitochondria, leading to the injury of DA
neurons and the occurrence of disease.

Material and Methods

Animals and treatment

Eight-week-old male C57/bl6 mice (Model Animal Research Cen-
ter of Nanjing University) were studied. The mice received (n = 4-7
each group, four groups) subcutaneous injections of MPTP-HCl
(20 mg/kg of free base; Sigma, St Louis, MO, USA) or vehicle
(saline) as the control for five consecutive days (39). Five days
after the final MPTP-HCI administration, the mice were sacrificed
and the midbrains were isolated and lysed for immunoblot assay.
All of the mice experiments were performed according to the pro-
tocols approved by the Animal Welfare Committee of University
of Science and Technology of China.

Fly stocks and procedures

park®® mutants were kindly provided by Dr Leo Pallanck (The Uni-
versity of Washington, USA) (40). pink1®® mutants were provided
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by Dr Alexander ] Whitworth (University of Sheffield, UK) (41).
The hs-GAL4 line was obtained from the Bloomington Stock
Center. The BNIP3L transgenic fly was generated by excising the
full-length BNIP3L cDNA from EGFP-BNIP3L and inserting the seg-
ment into the pUAST vector at the Bglll/Kpnl sites and subse-
quently introducing the construct into the Drosophila germ
line. UAS-BNIP3L was driven by hs-GAL4 in the park® or pink1®°
mutant background.

For fly muscle transmission electronic microscope (TEM) assay,
3-day-old male fly thoraces were fixed in 0.1 M cacodylate buffer
with 4% glutaraldehyde overnight at 4°C and subsequently in
0.1 M Na-phosphate buffer (pH 7.4) containing 2% glutaraldehyde.
The samples were then treated with osmium tetroxide, dehy-
drated and embedded in Epon. A minimum of three strains of
each genotype were observed using TEM (JEOL-1230, Tokyo, Japan).

Plasmids

The EGFP, EGFP-PARK2, Flag, Flag-PARK2, Flag-PARK2 K161N,
Flag-PARK2 T240R, Flag-PARK2 C431F, Flag-PARK2 P437L, GST-
PARK?2, GST-PARK?2 C-terminus, GST-PARK2 N-terminus, GST-
PARK2 Ringl, GST-PARK2 Ring2, Flag-SQSTM1, Flag-HDAGCS,
Desred-mito, HA-ub, Flag-ub and EGFP-LC3 constructs were de-
scribed previously (42—-44). The full-length human BNIP3L cDNA
was amplified from a human embryo ¢cDNA library by PCR with
the primers, 5'-cggaattcatgtcgtcccacctagtcgag-3’ and 5'-acgegtc-
gactcagtaggtgctggcaga-3’, and then inserted into pEGFP-C2 at
the EcoRI/Pstl sites. Flag-BNIP3L was created by subcloning the
PCR product that was amplified with the primers, 5’-cccaagcttac-
catgtcgtcccacctagte-3’ and 5'-acgegtcgactcagtaggtgetggeaga-3’,
from EGFP-BNIP3L into p3xFLAG-myc-CMV-24 vector at the Hin-
dIIl/Sall sites. HA-NBR1 and HA-NBR1 D50R were kindly provided
by Dr Ivan Dikic (26) (Goethe University, Germany).

Cell culture and transfection

The HeLa and HEK293A cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (Gibco, Los Angeles, CA, USA) containing
10% fetal calf serum (Gibco, Los Angeles, CA, USA). SH-SY5Y
cells were cultured in DMEM/F12 medium with 10% fetal calf
serum. The HeLa and HEK293A cell pool stably expressing Flag-
BNIP3L were constructed by the G418 (Invitrogen, Carlsbad, CA,
USA) selection system. In brief, the cells transfected with Flag-
BNIP3L were treated with G418 (200 pg/ml) for 1 week. The sur-
vival cells were cultured in new medium for other experiments
with G418. The cells were transfected with the indicated plas-
mids using the Lipofectamine 2000 reagent (Invitrogen) accord-
ing to the manufacturer’s instructions. CCCP, 6-OHDA, rotenone
and MPP* were purchased from Sigma. For the RNA interference
experiments, the cells were transfected with oligonucleotides
that were synthesized by Shanghai GenePharma (GenePharma,
Shanghai, China) using Lipofectamine RNAimax (Invitrogen)
according to the manufacturer’s instructions. The siRNA se-
quences for BNIP3L are AACAGUUCCUGGGUGGAGCUATT, GCAU
CUAUAUUGGAAAGCGTT, GCAGCAAUGGCAAUGAUAATT, GGAUG
CACAACAUGAAUCATT; for BNIP3: CCCAAGGAGUUCCUCUUUATT,
GGCAUAUUCUCUGCAGAAUTT, CAGCCUCGGUUUCUAUUUATT;
for NBR1: GUCCCUCAGAAGUCUCAAUTT,; and the si-RNA sequen-
ces for PARK2 were described previously (42).

Immunoprecipitation, in vitro binding assays
and immunoblotting

The immunoprecipitation, in vitro binding assays and immuno-
blot analyses were carried out as described previously (42). The

following antibodies were used for immunoblotting: polyclonal
anti-EGFP antibodies (45) and polyclonal anti-BNIP3L antibodies
(Enzo Life Science, Plymouth Meeting, PA, USA). The immuno-
blotting assay was carried out with the following primary anti-
bodies: monoclonal anti-EGFP antibody (Santa Cruz, Santa
Cruz, CA, USA); monoclonal anti-Flag antibody (Sigma); mono-
clonal anti-GAPDH antibody and polyclonal anti-TH antibodies
(Millipore, Billerica, MA, USA); and monoclonal anti-HA antibody
(Santa Cruz); monoclonal anti-TOMM?20 antibody (Santa Cruz);
monoclonal anti-TUBB1 antibody (Milipore); polyclonal anti-
COX4I1 antibodies and monoclonal anti-PARK2 antibody (Cell
Signal, Beverly, MA, USA); polyclonal anti-TOMM70 antibodies
and polyclonal anti-LC3 antibodies (Novas, Littleton, CO, USA).

Immunocytochemistry

Cells cultured on cover slides were fixed with 4% paraformalde-
hyde for 5 min at room temperature and permeabilized in 0.5%
Triton X-100/PBS for an additional 5 min. After they were blocked
with 3% FBS in PBST, the cells were incubated with primary poly-
clonal antibodies, anti-Flag (Sigma) or rabbit polyclonal anti-
bodies against HA (Santa Cruz), followed by an incubation with
FITC- or Rho-conjugated donkey anti-mouse or -rabbit secondary
antibodies (Santa Cruz) or Alexa Fluor-350-labeled goat anti-
mouse or -rabbit IgG (Invitrogen). Lastly, the cells were observed
using an inverted IX71 microscope system (Olympus, Japan) or
Zeiss LSM710 confocal microscope (Germany).

Statistical analysis

Statistical comparison between groups and treatments was per-
formed using one-way analysis of variance (ANOVA). Student’s
t-tests were used when comparing two groups. A P-value of
<0.05 was considered statistically significant. Data are presented
as the mean + SEM.

Supplementary Material

Supplementary Material is available at HMG online.
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