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BECNT1 is involved in the initiation of mitophagy
It facilitates PARK2 translocation to mitochondria
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Abbreviations: ACTB, actin, beta; AMBRAI, autophagy/Beclin 1 regulator 1; ATG12, autophagy-related 12; BECN1, Beclin
1, autophagy-related; CCCP, carbonyl cyanide m-chlorophenylhydrazone; DMSO, dimethyl sulfoxide; FCCP, carbonyl cyanide
4-(trifluoromethoxy) phenylhydrazone; FBS, fetal bovine serum; FIS1, fission] (mitochondrial outer membrane) homolog
(S. cerevisiae); GFP, green fluorescent protein; IKBKG, inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase
gamma; MEF, mouse embryonic fibroblast; MFN2, mitofusin 2; Mito-GFP, mitochondria-targeted green fluorescent protein;
Mito-CFP, mitochondria-targeted cyan fluorescent protein; Ms, mouse; PARK2, parkin RBR E3 ubiquitin protein ligase;
PD, Parkinson disease; PIK3C3, phosphatidylinositol 3-kinase, catalytic subunit type 3; PIK3R4, phosphoinositide-3-kinase,
regulatory subunit 4; PINK1, PTEN-induced putative kinase 1; Rb, rabbit; SQSTM1, sequestosome 1; UBB, ubiquitin B;
VDACI, voltage-dependent anion channel 1; YFP, yellow fluorescent protein

The autophagy protein BECN1/Beclin 1 is known to play a central role in autophagosome formation and maturation.
The results presented here demonstrate that BECN1 interacts with the Parkinson disease-related protein PARK2. This
interaction does not require PARK2 translocation to mitochondria and occurs mostly in cytosol. However, our results sug-
gest that BECN1 is involved in PARK2 translocation to mitochondria because loss of BECN1 inhibits CCCP- or PINK1 over-
expression-induced PARK2 translocation. Our results also demonstrate that the observed PARK2-BECNT1 interaction is
functionally important. Measurements of the level of MFN2 (mitofusin 2), a PARK2 substrate, demonstrate that depletion
of BECN1 prevents PARK2 translocation-induced MFN2 ubiquitination and loss. BECN1 depletion also rescues the MFN2
loss-induced suppression of mitochondrial fusion. In sum, our results demonstrate that BECN1 interacts with PARK2 and
regulates PARK2 translocation to mitochondria as well as PARK2-induced mitophagy prior to autophagosome formation.

Introduction

The autophagy protein BECNI plays a central role in auto-
phagosome formation and maturation. Together with PIK3C3
and PIK3R4, it forms the core of the phosphatidylinositol-3-ki-
nase complex required for autophagosome formation.! BECNI
has a number of binding partners that can positively or nega-
tively regulate the autophagy core complex. ATG14, UVRAG,
and SH3GLBI are reported to be positive regulators of auto-
phagosome formation or maturation,”> whereas KIAA0226
may have an inhibitory role.** BECN1 has been discovered as
a BCL2-interacting protein,” and BCL2 was shown to decrease
BECNI interaction with PIK3C3 and may therefore sequester
BECNI away from the core complex.® Other important BECN1
interacting proteins including AMBRA1 and BCL2LI11 have
been found to affect autophagy by switching the subcellular
localization of BECNI or core complex between the cytoskeleton

and endoplasmic reticulum.'

*Correspondence to: Allen Kaasik; Email: allen.kaasik@ut.ee

Recently, a DParkinson disease (PD)-related protein,
PINK! (PTEN-induced putative kinase 1), has also been
shown to be a BECNIl-interacting protein that promotes
BECNI1-dependent autophagy.!! PINKI1 is a mitochondrial
serine/threonine protein kinase that is turned over rapidly,
which keeps its levels low under normal conditions when
the mitochondrial 1214
depolarization of the mitochondrial membrane potential
inhibits the degradation of PINKI and leads to a rapid
accumulation of full-length PINKI at the mitochondrial
outer membrane.”® This leads to the recruitment of another
PD-related protein, the E3 ubiquitin ligase PARK2/parkin
(parkin RBR E3 ubiquitin protein ligase), to the mitochon-
dria for ubiquitination of mitochondrial outer membrane
proteins.!®¥2' The autophagy receptor proteins SQSTMI
and/or VCP, an AAA* ATPase, bind to polyubiquitinated

proteins at the outer membrane and target these mitochondria
16,21

membrane is polarized. However,

for engulfment by autophagosomes.
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Our results demonstrate that BECNI interacts with PARK2
and regulates PARK2 translocation to mitochondria as well as
PARK2-induced mitophagy, prior to autophagosome forma-
tion. Thus, BECNI appears to be involved in the initiation of
mitophagy and could actively participate in the PINK1-PARK2
pathway thereby playing a crucial role in PD. These data sug-
gest that BECNI is not only required for the formation of auto-
phagosomes but also plays a role in the initiation of mitophagy.

Results

Becnl inhibits PARK2 translocation to
mitochondria

Our first task was to test whether BECN1 participates in
CCCP-induced PARK2 translocation to mitochondria. PC12
cells were transfected with fluorescent YFP-PARK2, scrambled
shRNA, or rat BecnI shRNA and treated with 10 uM CCCP for

3 h. This treatment led to translocation in approximately 75%

silencing

of scrambled shRNA-expressing cells but a significantly smaller
proportion (~50%) showed translocation in Becnl shRNA-
expressing cells (Fig. 1A and B). Azgl2 shRNA, which was used
as a negative control, had no inhibitory effect on CCCP-induced
YFP-PARK2 translocation. We also observed that coexpression
of human BECNI1 with Becnl shRNA reversed the inhibitory
effect of Becnl shRNA on CCCP-induced YFP-PARK2 trans-
location in PCI2 cells. However, BECN1 overexpression was
unable to reverse the effect of Pinkl shRNA on CCCP-induced
YFP-PARK2 translocation (Fig. 1B).

To verify that BECNI is similarly involved in endogenous
PARK2 translocation, PC12 cells were transfected with scram-
bled shRNA, Becnl shRNA, and Azgl2 shRNA alone or with
BECNI. One scrambled shRNA group was treated with DMSO
and all remaining groups were treated with 10 pM CCCP for
3 h, and western blots (WB) were performed from cytosolic
and mitochondrial fractions as well as from total cell lysate.
Figure 1C shows that CCCP treatment increased PARK2 levels
in mitochondria but decreased it in cytosol. In contrast, signifi-
cantly less PARK2 translocation from cytosol to mitochondria
was observed in the CCCP-treated Becnl shRNA group (Fig. 1C
and D). Once again, we observed that the inhibitory effect of

Becnl shRNA on PARK2 translocation was rescued by shRNA-
resistant BECNI whereas Atgl2 shRNA did not inhibit PARK2
translocation.

Thus, both microscopic and WB evidence suggest that Becn!
silencing inhibited ectopically expressed as well as endogenous
PARK?2 translocation to mitochondria following CCCP treat-
ment whereas silencing another autophagy gene, Azgl2, did not
inhibit PARK2 translocation in either case.

We next aimed to differentiate whether the silencing of Becn!
inhibited PARK?2 translocation per se or whether it decreased
PINK! accumulation on mitochondria, thus leading to
decreased PARK2 translocation. As demonstrated in Figure 1E,
3 h of CCCP treatment led to the accumulation of full-length
PINKI1 to mitochondria. Similar or even stronger accumulation
of PINKI was observed in the Becnl shRNA group, whereas in
the same experiment, PARK?2 translocation to mitochondria was
inhibited. Moreover, Becnl shRNA also inhibited PARK2 trans-
location induced by PINKI overexpression (Fig. 1F). PINKI
overexpression induced PARK2 translocation in 51% of scram-
bled shRNA-expressing cells but in only 33% of Becnl shRNA-
expressing cells. These results suggest that BECNI is involved in
CCCP or PINKI1 overexpression-induced PARK2 translocation
to mitochondria and that this effect is not related to inhibition of
PINK1 accumulation at mitochondria.

BECNI1 interacts with PARK2

We next asked whether BECNI interacts with PARK2.
HEK293 cells were transfected with FLAG-BECN1 and MYC-
PARK2, treated with DMSO or CCCP for 3 h, and immunopre-
cipitated using an anti-MYC antibody. Figure 2A demonstrates
that FLAG-BECN1 coimmunoprecipitates with MYC-PARK2
and that this interaction is stronger in CCCP-treated cells. We
also performed control experiments using endogenous AMBRAL,
which is known to interact with PARK2.?* As expected, AMBRALI
coimmunoprecipitated with PARK2, and similar to BECNI,
this interaction was increased in CCCP-treated cells. However,
AMBRAL1 was not required for the PARK2-BECNI interaction
because Ambral shRNA did not abolish it (Fig. S1A). Similarly,
the PARK2-AMBRAI interaction was also insensitive to Becnl
knockdown (Fig. S1B). Consistent with an earlier report,”* we
also found that Ambral shRNA did not inhibit YFP-PARK2
translocation in PCI12 cells (Fig. S1C). Similar to AMBRAL,

Figure 1 (See opposite page). BECN1 is required for PARK2 translocation to mitochondria. (A and B) PC12 cells transfected with YFP-PARK2, Mito-
CFP, and plasmids of interest were treated with DMSO or 10 wM CCCP for 3 h. (A) Intracellular localization of PARK2 in the presence of DMSO or CCCP
in scrambled shRNA-, Becn1 shRNA-, or Pink1 shRNA-expressing cells. (B) The percentage of cells with PARK2 translocated to mitochondria was lower
in the Becn1 shRNA-expressing group but not when this shRNA was coexpressed with shRNA-resistant BECNT. ***P < 0.001 compared with the DMSO-
treated scrambled shRNA, %°P < 0.001 compared with the CCCP-treated scrambled shRNA and #*#P < 0.001 compared with the Becn? shRNA group.
(C and D) PC12 cells transfected with plasmids of interest were selected using G418 for 7 d and treated with DMSO or 10 uM CCCP for 3 h, after that
total cell lysates, and mitochondria-enriched and cytosolic fractions were prepared. (C) CCCP increases the level of PARK2 in the mitochondrial fraction
in the presence of scrambled shRNA but considerably less PARK2 was found in cells expressing Becn1 shRNA. The effect of Becn1 shRNA was reversed
when coexpressed with shRNA-resistant BECN1. Reciprocal depletion of PARK2 was observed in the cytosol but PARK2 levels remained unaltered in total
cell lysates. (D) Densitometric band-intensity ratio of PARK2/VDAC1 based on 3 different experiments, one of which is shown in (C). BecnT shRNA sig-
nificantly inhibits PARK2 translocation to mitochondria but not when this shRNA was coexpressed with shRNA-resistant BECN1. ***P < 0.001 compared
with the DMSO-treated scrambled shRNA, **P < 0.001 compared with the CCCP-treated scrambled shRNA and ##P < 0.001 compared with the Becn1
shRNA group. (E) PC12 cells transfected with scrambled or Becn1 shRNA were treated with DMSO or CCCP followed by mitochondrial isolation and WB
to detect the accumulation of full size 63-kDa PINK1. CCCP-induced accumulation of endogenous PINK1 was not inhibited by Becn? shRNA. (F) PC12 cells
were transfected with YFP-PARK2 and scrambled shRNA- or Becnl shRNA-expressing plasmids with or without PINK1 overexpression. PINK1-induced
YFP-PARK2 translocation to mitochondria was partly suppressed in Becn1 shRNA-expressing cells. ***P < 0.001 compared with the scrambled shRNA and
##Pp < 0.001 compared with the PINK1 plus scrambled shRNA.
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Figure 1. For figure legend, see page 1106.
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Figure 2 (See opposite page). BECN1 and PARK2 interaction does not require PARK2 ligase activity. (A) HEK293 cells transfected with FLAG-BECN1
or/and MYC-PARK2 were treated with DMSO or 10 uM CCCP for 3 h. Total cell lysates were coimmunoprecipitated with mouse anti-MYC and analyzed
on WB using antibodies raised in rabbit. Overexpressed FLAG-BECN1 coimmunoprecipitated with MYC-PARK2 both in DMSO- and CCCP-treated cells.
Note that endogenous AMBRA1 coimmunoprecipitates with PARK2. (B) Total cell lysates from DMSO- or CCCP-treated PC12 cells were immunoprecipi-
tated with mouse anti-PARK2, and then BECN1 and PARK2 were detected using antibodies raised in rabbit. The panel shows that endogenous BECN1
interacts with endogenous PARK2 in a CCCP-dependent manner. (C) WT or Pink1-deficient MEFs were treated with either DMSO or 10 wM CCCP for 3 h.
Endogenous PARK2 was immunoprecipitated from total cell lysates using rabbit anti-PARK2. Input and IP elutes were analyzed using antibodies raised
in mouse with the exception that PINKT in the input was detected using rabbit anti-PINK1. The panel demonstrates that the PARK2-BECN1 interaction
is decreased although not lost in Pinki-deficient MEFs under basal conditions whereas CCCP treatment augmented the interaction in both WT and
Pink1-deficient MEFs. (D) WT or Pink1-deficient MEFs transfected with YFP-PARK2 were quantified for YFP-PARK2 translocation at 0 h and after 4 h of 10
.M FCCP treatment. ***P < 0.001 compared with the control group. (E) HEK293 cells transfected with FLAG-BECN1 and WT, K161N- or T240R-mutated
MYC-PARK2 were treated with DMSO or 10 wM CCCP for 3 h. Immunoprecipitation and WB were performed as described for (A). The panel demonstrates
that BECNT1 interacts with all PARK2 versions and that CCCP increased this interaction in all groups. Note also the increased levels ofimmunoprecipitated
AMBRA1 in the CCCP-treated groups. (F) PC12 cells transfected with WT, K161N, or T240R YFP-PARK2 were treated with DMSO or 10 M FCCP for 3 h. FCCP
induced translocation in WT YFP-PARK2-transfected cells and little or no translocation was observed in the K161N or T240R YFP-PARK2-transfected cells.
***P < 0.001 compared with the respective control group. (G) HeLa cells were transfected with BECN1 and IKBKG-FLAG with empty vector, WT PARK2
or PARK2™4R At 24 h, transfected cells were treated with 10 wuM MG132 for 8 h. BECN1 and IKBKG were immunoprecipitated using antibodies raised
in rabbit and then probed using antibodies raised in mouse. The panel demonstrates that only WT PARK2 led to the prominent appearance of higher

molecular weight forms of IKBKG whereas not in case of BECN1. Furthermore, the UBB signal was detected only in IKBKG blots.

another BECNI1-binding protein, PIK3C3, also coimmunopre-
cipitated with PARK2 in a CCCP-dependent manner (Fig. S1D).

We next performed an endogenous BECN1-PARK2 coim-
munoprecipitation experiment in the presence or absence of
CCCP. As demonstrated in Figure 2B, endogenous BECNI in
PC12 cells also coimmunoprecipitated with endogenous PARK?2,
and this interaction increased after CCCP treatment. Similar
to CCCP treatment, starvation also increased BECNI-PARK2
interaction (Fig. S2A).

An earlier report demonstrated that BECNI interacted with
full-length PINK1." To determine whether the BECN1-PARK2
interaction requires PINK1, we immunoprecipitated endogenous
PARK?2 from mouse embryonic fibroblasts (MEFs) isolated
from wild-type or Pinkl-deficient mice. BECN1 coimmunopre-
cipitated with PARK2 both in wild-type and in PinkI-deficient
MEFs, although visibly less in the latter (Fig. 2C). Moreover,
CCCP treatment increased this interaction in both groups. We
also verified that PinkI-deficient MEFs showed no PARK2
translocation in response to FCCP (Fig. 2D). Further, PINK1
overexpression had no effect on the amount of immunoprecipi-
tated BECN1-PARK?2 (Fig. S2B).

We next tested whether BECNI interacts with pathogenic,
ligase-dead mutants of PARK2. HEK293 cells were transfected
with FLAG-BECNI and wild-type (WT), K16IN- or T240R-
mutated MYC-tagged PARK2 and treated with DMSO or CCCP
followed by immunoprecipitation using a mouse anti-MYC anti-
body (Fig. 2E). The amount of FLAG-BECNI coimmunopre-
cipitating with PARK2 increased when cells were treated with
CCCP, suggesting that the ligase activity of PARK2 was not
required for the BECN1-PARK2 interaction (Fig. 2E). Note
also that with all PARK2 mutants, the levels of immunoprecipi-
tated endogenous AMBRALI increased after CCCP treatment.
These observations are consistent with an earlier report where the
PARK2-AMBRAI interaction was not found to be affected by
several PARK?2 mutants.? Parallel experiments with YFP-tagged
PARK?2 mutants demonstrated that both PARK2 mutants failed
to translocate to mitochondria after FCCP treatment (Fig. 2F).

Furthermore, our results suggest that PARK2 does not ubiq-
uitinate BECN1 as overexpression of WT PARK2 did not lead to

www.landesbioscience.com
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the ubiquitination of BECN1. However, WT PARK2 did induce
ubiquitination of IKBKG (used as a positive control, Fig. 2G).

Recent evidence suggests that PINK1 induces PARK2 self-
association, potentially via phosphorylation®*** leading to its
activation followed by attachment to mitochondrial substrates.?
We therefore investigated whether BECNI is required for PARK2
self-association and activation or for its attachment to mitochon-
drial substrates. We followed a previously described method
using a pair of fluorescent PARK2 mutants (mCherry-FKBP-
PARK2%'N and YFP-PARK2¢4'N) that can self-associate in
response to CCCP but cannot bind to mitochondrial substrates
and cannot translocate to mitochondria.?**® mCherry-FKBP-
PARK2*™N was first tethered to mitochondria using rapamy-
cin-induced heterodimerization of its FKBP domain to the FRB
domain, which is localized to mitochondria by the FISI mem-
brane anchor (FRB-FIS1). YFP-PARK2%4!N normally remained
in the cytosol under these conditions (Fig. 3A). However, YFP—
PARK2¥N translocated to mitochondria after CCCP treat-
ment, suggesting its association with mitochondrially tethered
mCherry-FKBP-PARK2“#'™N (Fig. 3A). Using this method, we
found that mitochondrial translocation of YFP-PARK2¢#IN
was significantly reduced in rapamycin- and CCCP-treated cells
transfected with Becnl shRNA (Fig. 3B). In addition, silencing
of Becnl suppressed the CCCP-induced PARK2 phosphoryla-
tion, which is a modification shown to prime PARK?2 for translo-
cation (Fig. S3).%° These results suggest that BECN1 is required
prior to PARK2 self-association (possibly also before or during
the PARK?2 phosphorylation by PINK1) and activation upstream
of mitochondrial translocation. Note that no YFP-PARK2¢4!N
translocation was observed under these settings in Pinkl shRNA
expressing cells (Fig. 3B).

BECNI and PARK?2 interaction is mainly cytoplasmic

Next, we attempted to locate the site of the BECN1-PARK2
interaction in the cell. We first performed an indirect in situ
proximity ligation assay (PLA). HEK293 cells overexpressing
MYC-tagged WT PARK2, FLAG-tagged WT BECNI, and a
GFP mitochondrial marker were first incubated with mouse anti-
MYC and rabbit anti-FLAG antibodies and the interaction was
visualized using specific PLA probes and red fluorophore-labeled

1109
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and **P < 0.001 compared with the CCCP-treated scrambled shRNA.
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oligonucleotides. The results demonstrate that
MYC-PARK2 colocalized with FLAG-BECNI1,
and the majority of these interactions were in
the cytoplasm (Fig. 4A). In contrast, the nega-
tive controls, where only one of the primary
antibodies was used, revealed negligible non-
specific binding of PLA probes (Fig. 4B). We
also observed a similar cytoplasmic PLA signal
when we used another pair of antibodies, mouse
anti-BECNI1 and rabbit anti-PARK2, instead of
the anti-tag antibodies (Fig. 4C and D).

Treatment with CCCP led to the partial
translocation of PARK2 but did not visibly
affect the localization of BECN1 (Fig. 4E).
Nevertheless both antibody pairs demonstrated
cytosolic interaction (Fig. 4A and C).

To confirm the cytosolic BECN1-PARK2
interaction, we performed blue native gel elec-
trophoresis followed by western blotting analy-
sis of cytosolic- and mitochondria-enriched
fractions from HEK293 cells treated with either
DMSO or CCCP. BECN1 and PARK2 showed
similar migration patterns only in cytosolic
fractions but not in mitochondrial fractions
(Fig. S4A-S4C). Further, immunoprecipita-
tion experiments using the same materials dem-
onstrated that PARK2 coimmunoprecipitated
with BECNI in cytosolic but not in mitochon-
drial fractions (Fig. S4D). Also, on gel filtra-
tion we found endogeneous BECNI1-PARK2
complex coeluted (Fig. S4E and S4F).

Functional relevance of the BECNI1 in
PARK2 translocation

To define the role of BECN1 during PARK2
translocation, we required an endpoint that was
in between PARK2 translocation and auto-
phagosome formation. PARK2 translocation
to mitochondria leads to the ubiquitination
and proteasome-mediated degradation of mito-
chondrial outer membrane proteins including
mitofusins (MFNs).?”?> Indeed, both PINK1
overexpression (Fig. 5A) and CCCP treatment
(Fig. 5B) led to the depletion of MFN2 in PC12
cells. Interestingly, Becnl shRNA prevented
MEFN2 ubiquitination and loss (Fig. 5A-C).
To observe the functional outcome of depleted
MEFN2, we quantified mitochondrial fusion
events in primary cortical neurons using the
mitochondria-targeted photoconvertable
KikGR1 protein.*® This construct labels mito-
chondria with green fluorescence that can be
photoconverted to red by irradiation with a 405
nm laser line. Conversion of a few mitochon-
dria to red allows visualization of their fusion
with green mitochondria and enables the quan-
tification of fusion events from a time-series of

Volume 10 Issue 6
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images (Fig. 5D; Video S1). Overexpression of PINK1 led to a
significant decrease in fusion rate (Fig. 5E). Moreover, we veri-
fied that the effect of PINKI on the fusion rate required PARK2
because no suppression was observed when we coexpressed
PINKI with Park2 shRNA (Fig. 5E). We also confirmed that
the observed effect is MFN2 dependent because coexpression

www.landesbioscience.com
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of MFN2 with PINK1 abolished the negative effect of PINK1
(Fig. 5F).

We next studied whether BECNI is required for PINKI-
induced MFN2 loss and inhibition of mitochondrial fusion.

Figure 5A demonstrates that PINK1 overexpression did not
reduce MEN2 levels in the presence of Becnl shRNA. We also
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Figure 5. PINK1 overexpression suppresses MFN2-dependent mitochondrial fusions. (A) PC12 cells were transfected with scrambled shRNA or Becnl
shRNA with or without PINK1-expressing plasmid. Transfected cells were selected with G418 for 7 d, after that mitochondria-enriched and cytosolic
fractions were prepared. The panel shows that PINK1 overexpression led to MFN2 depletion whereas no depletion was observed when PINK1 was coex-
pressed with Becn-shRNA. (B) PC12 cells were transfected with scrambled shRNA or Becn7-shRNA. Transfected cells were selected with G418 for 7 d and
then treated with DMSO or 10 wM CCCP for 6 h, after that mitochondria-enriched and cytosolic fractions were prepared. The panel shows that CCCP
treatment led to MFN2 loss compared with DMSO-treated cells in scrambled shRNA transfected cells. Becn7-shRNA prevented CCCP-induced MFN2 loss.
(€) PC12 cells were transfected with scrambled shRNA or Becn1 shRNA together with FLAG-MFN2 and UBB-HA. Transfected cells were selected with G418
for 7 d and then treated with 10 uM MG132 for 8 h prior to addition of DMSO or 10 .M CCCP for further 2 h incubation. Total cell protein was extracted in
denaturating lysis buffer and immunoprecipitated using Rb anti-FLAG. Ubiquitination of MFN2 was detected on immunoblots using goat anti-HA anti-
bodies. The panel shows that CCCP treatment enhanced ubiquitination of MFN2 whereas BECN1 knockdown inhibited the ubiquitination. (D) Primary
cortical neurons were transfected with the photoconvertible mitochondria-targeted construct mito-KikGR1. Selected mitochondria were irradiated
using a 405-nm laser line (marked with a yellow rectangle) and mito-Kikume-Green was converted into mito-Kikume-Red. Fusion events between mito-
Kikume-Green and photoactivated mito-Kikume-Red mitochondria are visible when mitochondria become yellow after mixing of the contents of the
red and green mitochondrial matrices (shown with arrow). (E and F) Primary cortical neurons were transfected with a plasmid expressing mito-KikGR1
and empty vector, PINK1, Park2 shRNA or MFN2-expressing plasmids as indicated. Fusion rates were estimated as described in Materials and Methods.
(E) PINKT inhibits the mitochondrial fusion rate in neurons and this effect requires PARK2. (F) The effect of PINK1 disappears in the presence of MFN2
overexpression (P = 0.027 for the interaction, 2-way ANOVA). *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the empty vector and #P < 0.01 and
##p < 0.001 compared with the PINK1 group.
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found that Becnl shRNA reversed the inhibitory effect of PINK1
on the mitochondrial fusion rate without having any effect on
the fusion rate alone (Fig. 6A). The observed changes in fusion
rate were also reflected at the level of mitochondrial length.
Mitochondrial length was significantly reduced in PINKI-
overexpressing neurons but not when coexpressed with Becnl
shRNA (Fig. 6C). To confirm the specificity of these results,
we performed control experiments with Argl2 shRNA. Azgl2
shRNA did not reverse the reduction in fusion rate induced by
PINKI1 (Fig. 6B). Azg12 shRNA also had no effect on mito-
chondrial length nor did it prevent PINKI1-induced mitochon-
drial shortening (Fig. 6D) although it inhibited PINK1-induced
mitophagy similar to Becnl shRNA (Fig. 6E and F). Thus, our
results demonstrate that the BECNI1 interaction with PARK2
has functional importance in the PINK1-PARK2 pathway.

Discussion

BECNI plays a key role in autophagy and is involved in the
initiation of autophagosome formation and/or recruitment of
membranes to form autophagosomes. Loss of BECNI1 inhib-
its autophagy leading to various consequences in different tis-
sues. In brain, the heterozygous deletion of BECNI leads to
neurodegeneration.” BECNI participates in the clearance of
amyloid-3,>* mutant HT T/huntingtin,®® and mutant ATXN3/
ataxin 3. Interestingly, a decrease in BECNI levels has been
observed in Alzheimer, Huntington, and Machado—Joseph dis-
eases, which has been used to explain the impaired clearance of
the accumulating proteins underlying these diseases.?%> BECN1
overexpression activates autophagy and is protective in differ-
ent neurodegenerative models. For example, administration of
a lentiviral vector expressing BECNI reduces both intracellular
and extracellular amyloid pathology in transgenic mice express-
ing amyloid precursor protein.??> Overexpression of BECNI
clears mutant ATXN3 and alleviates Machado-Joseph disease.**
BECNI overexpression has also been shown to prevent neurode-
generation in mouse models of PD.* To date, all of these effects
have been linked to the nucleation step of autophagy, where
BECNI interacts with the PIK3C3 to form autophagy core
complex.!

This study proposes that BECNI also plays a role in the ini-
tiation of mitophagy, prior to autophagosome formation around
the mitochondrion. Our results demonstrate that BECN1 inter-
acts with PARK2. This interaction was observed with endog-
enous proteins and with overexpressed proteins in different
cell types. Interestingly, while this report was under revision,
an article was published suggesting that functional PARK2-
BECNI interaction mediates amyloid degradation.’” Besides the
BECNI1-PARK2 interaction, we also demonstrate that BECNI1 is
actively involved in the PINK1-PARK2 pathway. BECNI deple-
tion inhibited PARK2 translocation to mitochondria suggesting
the involvement of BECN1 in PARK2 translocation. This inhi-
bition was most evident with endogenous PARK2, suggesting
insufficient endogenous BECNI to interact with overexpressed
PARK2.
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The PARK2-BECNI interaction appears to occur mostly
in cytosol. We observed this interaction also with PARK2
mutants that were unable to translocate to mitochondria
after mitochondrial depolarization. We also demonstrate that
BECNIL is involved in PINKI-dependent PARK2 activation
before PARK2 self-association.”? Although weaker, the inter-
action was also present in Pinkl-deficient MEFs, suggesting
that the PARK2-BECNT interaction is not bridged by PINK1,
which has been shown to interact with BECNI1.!"! These results
suggest that BECN1 may facilitate PARK2 self-association.
However, we cannot completely exclude the possibility that a
small but relevant portion of the PARK2-BECNI interaction
complex in mitochondria involves PINKI. Because BECNI1
appears to interact with both PARK2 and PINKI, we also can-
not exclude the possibility that BECNI itself serves as a bridge
linking PARK?2 and PINKI at the mitochondrial membrane. It
is important to also note that AMBRALI, previously shown to
interact with BECN1 and PARK2,% did not act as a bridge
between PARK2 and BECNI as Ambral silencing did not
affect PARK2 translocation or the PARK2-BECNI interaction.
Interestingly, the PARK2-AMBRAL interaction was also insen-
sitive to Becnl silencing.

In addition to BECNT itself, several BECN1 binding proteins
also interact with PARK2.22%° We demonstrate here that another
component of the autophagy core complex, PIK3C3, coim-
munoprecipitates with PARK2. Consistent with earlier results,
AMBRAL, which has been suggested to participate in the release
of the core complex from dynein upon activation of autophagy,'’
coimmunoprecipitated with PARK2. These results suggest that
PARK2 may form a complex with the autophagy core complex
and associated proteins. If so, then PARK2 may serve as a tool to
transport the autophagy core complex to sites where it is required.
Close proximity of autophagy proteins would enable faster rec-
ognition of PARK2-ubiquitinated sites and facilitate mitophagy.

The PARK2-BECNI interaction was enhanced by CCCP,
the known inducer of PARK2 translocation to mitochondria,
and by starvation. Consistent with a previous report,”* we also
observed that CCCP increased the PARK2-AMBRALI interac-
tion. In addition, CCCP also increased PIK3C3 interaction with
PARK?2. However, the effect of CCCP cannot be explained by
PARK2 translocation to mitochondria because a similar increase
was observed in PinkI-deficient MEFs and with PARK2 mutants
unable to translocate to mitochondria.

We also demonstrate that the PARK2-BECNI1 interaction is
functionally important. We measured the functional activity of
the PARK2 substrate MFN2. Mitochondrial PARK2 is known
to ubiquitinate mitochondrial outer membrane proteins, such as
MEN2, thus targeting them for degradation.?”?’ Degradation
of MFN2 is thought to inhibit mitochondrial fusion, leading to
mitochondrial fragmentation and thereby facilitating mitoph-
agy.”! To our knowledge, this is the first study to demonstrate
that PINKI-induced PARK2 translocation indeed suppresses
the mitochondrial fusion rate. However, in the BECN1-depleted
state, PINK1 overexpression did not induce MEFN2 loss and
failed to suppress the mitochondrial fusion rate. Because ATG12,
which is known to act downstream to BECNI in autophagosome
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Figure 6. PINK1-induced inhibition of mitochondrial fusions requires BECN1. (A and B) Primary cortical neurons were transfected with mito-KikGR1 and
empty vector (control) or PINK1 with scrambled shRNA, Becn1 shRNA, or Atg12 shRNA as indicated in the figure. Fusion rates were estimated as described
in Materials and Methods. (A) PINK1 overexpression suppresses the mitochondrial fusion rate when coexpressed with scrambled shRNA but not when
coexpressed with BecnT shRNA (P = 0.003 for interaction, 2-way ANOVA). (B) The effect of PINK1 overexpression was not reversed by Atg12 shRNA (P =
0.628 for interaction). *P < 0.05 compared with control and ##P < 0.001 compared with the PINK1-only group. (C and D) Primary cortical neurons were
transfected with EGFP, mito-pDsRed2 and empty vector (control) or PINK1 with scrambled shRNA, Becn1 shRNA, or Atg12 shRNA, and mitochondrial
lengths were measured. (C) PINK1 overexpression led to mitochondrial shortening that was reversed by Becnl shRNA (P < 0.001 for interaction). (D)
The effect of PINK1 was not reversed by Atg72 shRNA (P = 0.410 for interaction). ***P < 0.001 compared with control and ##P < 0.001 compared with the
PINK1-only group. (E and F) Primary cortical neurons were cotransfected with mitochondrially targeted Keima and scrambled shRNA, Becnl shRNA, or
Atg12 shRNA together with empty vector or PINK1. Images were acquired with a laser scanning confocal microscope using the 458 nm (green, mitochon-
dria at neutral pH) and 561 nm (red, mitochondria under acidic pH) laser lines. (F) Red dots were counted manually by a blinded individual. ***P < 0.001
compared with scrambled shRNA, **P < 0.001 compared with the PINK1+scrambled shRNA.
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formation, showed no such effect, the inhibition of auto-
phagosome formation cannot be the cause. Thus, BECN1 sup-
pression not only interferes with the clearance of dysfunctional
mitochondria but also allows fusion of mitochondria irrespective
of their functional status. The inability to inhibit fusion of dys-
functional mitochondria could contribute to the mitochondrial
pathophysiology known to be present in PD.

In sum, our results demonstrate that BECNI interacts with
PARK2 and regulates PARK2 translocation to mitochondria in
addition to PARK2-induced mitophagy prior to autophagosome
formation. These data suggest that BECNI controls mitophagy
at 2 levels—at the initiation by controlling PARK2 translocation
to mitochondria upon depolarization and also at the culmination
where it is required for autophagosome formation for engulfment
of mitochondria. This dual function of BECN1 may enable more
coordinated control and balance between mitophagy and general
autophagy.

Materials and Methods

Media, transfection, and reagents

Reagents were from the following manufacturers: 35-mm glass-
bottomed dishes (MatTek, P35G-1.0-14-C), penicillin, strepto-
mycin, and amphotericin B (Invitrogen, 15240-096), RPMI-1640
(Life Technologies, A10491-01), DMEM (Life Technologies,
31966-021), HBSS 1640 (Life Technologies, 14025050), Opti-
MEM I (Life Technologies, 31985-047), Lipofectamine 2000
(Invitrogen, 11668-019), Metafectine (Biontex Laboratories
GmbH, T040), DMSO (Sigma, 472301), CCCP (Tocris, 0452),
FCCP (Tocris, 0453), G418 (Sigma, A1720), MG132 (Tocris,
1748), mitochondrial isolation kit (Mitoscience, MS852/853),
Protease inhibitor cockrail, cOmplete (Roche, 04693116001)
protein G-sepharose 4B beads (Invitrogen, 101243), DC Protein
Assay reagent (Bio-Rad, 500-0111). The NativePAGE™ Novex®
Bis-Tris Gel System was from Invitrogen.

Plasmids

BECNI (Addgene, 21150), PINK1 N-MYC (Addgene,
13313), IKBKG (Addgene, 11970), HA-Ubiquitin (UBB)
(Addgene, 18712). Mito-Keima was from Amalgaam (AM-
V0251). DPlasmids expressing mitochondrial pDsRed2
(632421), EGFP (6085-1) and Mito-GFP (632432) were from
Clontech. Plasmids expressing scrambled shRNA or shRNA
against Park2 (KR50238N), Pinkl (KR55105N), Argl2
(KR43547N), Ambral (KR48097N), and Becnl (KR06523N)
were from SABiosciences. Human BECNI siRNA was from Life
Technologies (ID:s16537). MYC-PARK2, MYC-PARK2"4®
and MYC-PARK2¥N were kind gifts from Dr Nobutaka
Hattori,® MFN2 was from Dr S Hirose and Dr N Nakamura*!
and  YFP-PARK2,  YFP-PARK2¢®'N mCherry-FKBP-
PARK2¢4IN and FRP-FIS1 were from Dr R Youle.'?>? YEP-
PARK2 point mutations T240R and K16IN were generated
by Mutagenex Inc. (Hillsborough, NJ, US). Mitochondrial-
KikGR1 (mito-KikGR1) was constructed in our lab as described
earlier.’® The FLAG-tagged BECN1 construct was originally
created by Dr Beth Levine.”
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Antibodies

Antibodies were from the following manufacturers: mouse
(Ms) anti-PARK2 (Abcam, ab77924), rabbit (Rb) anti-PARK2
(Abcam, ab15954), Ms anti-BECN1 (Abcam, ab79937), Rb
anti-BECN1 (Bethyl Laboratories Inc., A302-566A), sheep
anti-ATG12 (Abcam, ab64208), Rb anti-AMBRA1 (Abcam,
ab72098), Rb anti-VDAC1 (Abcam, ab15895), Ms anti-
VDACI (Abcam, abl4734), Ms anti-ACTB (Sigma, A2228),
Ms anti-MFN2 (Abcam, ab56889), Rb anti-MFN2 (Abcam,
ab101055), Rb anti-MYC (Abcam, ab9106), Ms anti-MYC (Life
Technologies, R950-25), Rb anti-FLAG (Sigma, F7425), Ms
anti-FLAG (Sigma, F3165), goat anti-HA (Abcam, ab9134), Ms
anti-UBB (Abcam, ab34490), Rb anti-GFP (Abcam, ab290),
Rb anti-PINK1 (Sigma, HPA001931), goat anti-PINK1 (Everest
Biotech, EB07940) and Rb anti-PINKI1 (Novus Biological,
BC100-494). Secondary antibodies used were horseradish-per-
oxidase (HRP)-conjugated secondary antibody (Pierce, 31460 or
31430) or goat anti-rabbit IRDye 800CW (926-32211) or 680LT
(926-68021), goat anti-mouse IRDye 800CW (926-32210) or
680LT (926-68020) or donkey anti-goat IRDye 680LT (926-
68024), all from Li-Cor Bioscience. Immuno-reactive bands were
detected using enhanced chemiluminescence (ECL, Amersham
Biosciences, 32209) or using the Odyssey®CLx Infrared Imaging
System (LICOR Bioscience). The PLA probes were rabbit PLUS
100 (92002-0100) and PLA probe anti-mouse MINUS 100
(92004-0100), and Detection Reagent Red 100 (92008-0100)
was used. Mounting media contained DAPI (82040-0005), and
all were obtained from Olink Bioscience, Sweden.

Cell cultures

Primary cultures of rat cortical cells were prepared from neo-
natal Wistar rats as described earlier.’® PC12 cells were grown in
RPMI-1640 medium supplemented with 10% horse serum and
5% fetal bovine serum (FBS) on collagen IV (Sigma, C5533)-
coated 100-mm plastic dishes or onto 35-mm glass-bottomed
dishes. For starvation, PC12 cells were incubated for 24 h in an
amino acid and serum-free starvation HBSS medium. HEK293
cells were cultured in DMEM-F12 nutrient mix containing glu-
tamine and 15 mM HEPES supplemented with 10% FBS. HeLa
cells were cultured in DMEM nutrient mix containing 4.5 g/l
glucose, L-glutamine and supplemented with 10% FBS.

Mouse embryonic fibroblasts were isolated from wild-type
and Pinkl-deficient mice (C57Bl/6] and B6;129-Pinki”4[];
Jackson Laboratories) based on previously described methods.*
MEEF cells were cultured in DMEM containing 2 mM Glutamax
(Gibco, Life Technologies, 35050-038), supplemented with 10%
FBS and a 1% solution of penicillin, streptomycin, and ampho-
tericin B. All culture media and supplements were obtained from
Invitrogen unless otherwise stated.

Transfection

For transfection of cells growing on glass-bottomed dishes,
the conditioned medium was replaced with 100 pl Opti-MEM
I medium containing 2% Lipofectamine 2000 and 1 to 2 pg of
total DNA with an equal amount of each different plasmid. The
dishes were incubated for 3 to 4 h, after which fresh medium
was added. For biochemical analyses, the cells were transfected
in 100 mm plastic dishes as described above except that the total
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volume of the transfection mixture increased with proportion-
ally adjusted Lipofectamine and DNA. The transfected DNAs
were allowed to express 2 to 4 d before the experiments were per-
formed. In some experiments with shRNA-expressing plasmids
that also contained a neomycin resistance gene, the medium of
PC12 cells was supplemented with 200 pg/ml G418 for 7 d. For
MEFs, plasmids and Metafectine were prepared separately in
PBS and then mixed at a ratio of 1:4 (w/v) DNA:Metafectine.
DNA (1 pg) was added to each dish and diluted in MEF medium
without antibiotics or antimycotic and incubated for 6 h. The
medium was then replaced with fresh MEF medium without
antibiotics or antimycotic.

Coimmunoprecipitation

For immunoprecipitation, the cells were washed twice, har-
vested in PBS, pelleted at 300 g for 5 min at 4 °C and then lysed
in ice-cold IP lysis buffer containing 20 mM HEPES, 100 mM
NaCl, 5 mM EDTA, 1% Triton X-100, 10% glycerol pH 7.4,
and protease inhibitor cockrail. Cell lysates were passed through
223 G needle 20 times before incubating on ice for 30 min with
shaking at 350 rpm. The insoluble fraction was removed by cen-
trifuging at 14000 g for 10 min at 4 °C. The protein concentra-
tions were estimated using DC Protein Assay reagent according
to the manufacturer’s protocol. Lysates were incubated overnight
on rotary shaker at 4 °C in Pierce spin columns with 5 pg of
Ms anti-PARK2 (Abcam ab77924), Rb anti-PARK2 (Abcam,
ab15954), Ms anti-BECN1 (Abcam, ab79937), Rb anti-FLAG
(Sigma, F7425), Rb anti-BECNI or Ms anti-MYC (Invitrogen,
46-0603) antibodies. The following morning 150 pl protein
G-sepharose 4B beads (50% suspension in IP lysis buffer) were
added and further incubated for 5 h on a rotary shaker at 4 °C.
Beads were then washed 5 times with IP lysis buffer and immu-
noprecipitates were eluted in Laemmli buffer at 99 °C for 10
min. For immunoprecipitation experiments of mitochondrial
and cytosolic fractions, the cells were fractionated in advance as
described below.

Western blotting

Cytosolic- and mitochondrial-enriched fractions were pre-
pared using a mitochondrial isolation kit following the manu-
facturer’s instructions. RIPA-solubilized mitochondrial fractions,
concentrated cytosolic fractions, RIPA-solubilized total cell
lysates, inputs, and elutes from immunoprecipitation experi-
ments were analyzed using western blotting (WB). Equivalent
amounts of proteins were resolved on 10% or 12% polyacryl-
amide gels by SDS-PAGE. Resolved proteins were transferred to
Hybond-P PVDF membranes or onto Immobilon-FL in 0.1 M
Tris-base, pH 8.3, 0.192 M glycine and 10% (v/v) methanol using
an electrophoretic transfer system with cold-block. The mem-
branes were blocked using 5% (w/v) nonfat dried milk in TBS
containing 0.025% (v/v) Tween-20 (Sigma, P1379) or Odyssey
blocking buffer (LICOR Bioscience, 927-40000) at room tem-
perature for 1 h. After blocking, the membranes were incubated
sequentially overnight with different primary antibodies based
on the requirement of the experiment. Antibody dilutions used
were Ms anti-PARK2 1:1000, Rb anti-PARK?2 1:1000, Ms anti-
BECN1 1:1000, Rb anti-BECN1 1:1000, sheep anti-ATGI12
1:1000, Rb anti-AMBRAT1 1:300, Rb anti-VDACI 1:2000, Ms
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anti-VDACI1 1:2000, Ms anti-ACTB 1:4000, Ms anti-MFN2
2 1:500, Rb anti-MYC 1:2000, Rb anti-FLAG 1:5000, Ms
anti-FLAG 1:5000 and Rb anti-GFP 1:15000. For detection of
PINKI1, several antibodies from different sources were used: Rb
anti-PINKI1 1:300, goat anti-PINK1 1:300 and Rb anti-PINKI
1:300. Incubations were followed by washing and incubation
with the appropriate horseradish-peroxidase (HRP)-conjugated
secondary antibody (1:4000,) or with goat anti-rabbit IRDye
800CW or 680LT, goat anti-mouse IRDye 800CW or 680LT or
donkey anti-goat IRDye 680LT (all from Li-Cor Bioscience) for
1 h at room temperature. Immuno-reactive bands were detected
by enhanced chemiluminescence using medical X-ray film or
using the Odyssey Infrared Imaging System (Li-Cor Bioscience,
Lincoln, NE, USA).

Ubiquitination assay

The assays were performed as described earlier”? with slight
modifications. Briefly, for BECN1 and IKBKG ubiquitination
studies, HeLa cells were transfected with BECNI1 and IKBKG-
FLAG together with empty vector, MYC tagged WT PARK2 or
PARK2T24R ' After 24 h, transfected cells were treated with 10
wM MG132 for 8 h and lysates were prepared as described below.
For MEN2 ubiquitination studies, PC12 cells were transfected
with scrambled shRNA or Becnl shRNA together with Flag-
MFN2 and UBB-HA. Transfected cells were selected with G418
for 7 d. Post-selection, transfected cells were first treated with 10
wM MG132 for 8 h and subsequently treated with DMSO or 10
uM CCCP for 2 h. From both types of cells, total cell proteins
were extracted in denaturating lysis buffer (50 mM TRIS-HCI,
pH 7.4, 5 mM EDTA, 1% SDS, 15 U/ml DNase I, and protease
inhibitor cocktail) and boiled for 5 min. Protein extracts were
then diluted 1:10 with non-denaturating lysis buffer (50 mM
TRIS-HCL, pH 7.4, 300 mM NaCl, 5 mM EDTA, 1% Triton
X-100, and protease inhibitor cocktail), followed by preclearing
and immunoprecipitation using Rb anti-BECN1 and Rb anti-
FLAG (for IKBKG and MFEN2). Ubiquitination was detected
on immunoblots using either Ms anti-UBB or goat anti-HA
antibodies.

Phos-tag gel

In order to check PARK2 phosphorylation in the presence
and absence of Becnl shRNA, Phos-tag SDS-PAGE was per-
formed using Phos-tag™ Acrylamide from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan), essentially as described by the
manufacturer. Briefly, PC12 cells were transfected with scram-
bled shRNA or Becnl shRNA and selected with G418 for 7 d.
Post-selection, cells were treated with DMSO- or CCCP-treated
and total cell lysates were prepared in RIPA buffer containing
protease inhibitor cockrail supplemented with 1 mM Na VO,
Total cell lysates were resolved by 10% SDS-PAGE using a gel
containing 50 WM Phos-tag acrylamide and MnCl, at 50 V.
Before transfer, gels were incubated twice in SDS-PAGE transfer
buffer containing 5 mM EDTA for 20 min. Later, gels were incu-
bated in SDS-PAGE transfer buffer without EDTA. Transfers
and immunoblotting were performed as described above.

Blue native gels and gel filtration

Samples for blue native gels were prepared as recommended
for the NativePAGE™ Novex® Bis-Tris Gel System (Invitrogen).
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Samples were fractionated to obtain mitochondrial-enriched frac-
tions and cytosolic fractions for either blue native PAGE as per
manufacturer’s instructions or immunoprecipitation using mouse
anti-BECNI1. To check specificity of the antibodies, HEK293
cells were transfected with either scrambled or human BECNI
siRNA. Analysis of total cell lysates preparations by blue native
gel electrophoresis was performed using the NativePAGE™
Novex® Bis-Tris Gel System (Invitrogen) as per the manufac-
turer’s instructions. The effect of BECN1 knockdown on native
complexes was detected on immunoblots using Rb anti-PARK2
antibody.

For gel filtration, HEK293 total cell lysate was prepared in
IP lysis buffer. Total cell lysates were resolved on a Superdex 200
10/300GL size exclusion column (GE Healthcare, UK) attached
to an AKTA Purifier 100 (GE Healthcare, UK) at flow-rate of
0.35 ml/min in a mobile-phase containing 20 mM HEPES, 100
mM NaCl, 5 mM EDTA, 0.1% Triton X-100, and 5% glycerol
pH 7.4. Fractions of 0.2 ml were eluted and analyzed on dot blots
for the presence of PARK2. Later, PARK2-containing fractions
were resolved on SDS-page and immunoblotted with Ms anti-
BECNI and Rb anti-PARK2. Thyroglobulin (669 kDa), apofer-
ritin (443 kDa), B-amylase (200 kDa), alcohol dehydrogenase
(150 kDa), albumin (66 kDa), and carbonic anhydrase (29 kDa)
were used as markers.

In situ proximity ligation assay

The assay was performed as described earlier.® Briefly,
HEK?293 cells were fixed using 4% paraformaldehyde in medium
containing 5% sucrose for 5 min at 37 °C and then permeabi-
lized using 1% Triton X-100 in PBS for 5 min at room tempera-
ture. They were then blocked with 10% goat serum in PBS for
1 h at room temperature and incubated overnight with primary
antibodies targeted against MYC tag or PARK2 and FLAG tag
or BECNI (mouse anti-MYC 1:1000; rabbit anti-PARK2 1:500,
rabbit anti-FLAG 1:1000, mouse anti-BECN1 1:500) at 4 °C.
On the following day, the cells were incubated with anti-rabbit
PLUS and anti-mouse MINUS PLA probes in a humidity cham-
ber for 1 h at 37 °C. The ligation step of the oligonucleotides
was performed for 30 min at 37 °C followed by an amplification
step using red fluorophore-labeled oligonucleotides (excitation
maxima 598, emission maxima 634) for 100 min at 37 °C to
enable the visualization of the interaction of the 2 proteins as
red dots using a confocal microscope. For negative controls, the
above-mentioned method was followed with the exception that
only 1 primary antibody was used at a time.

PARK2 translocation studies

PC12 cells or MEFs transfected with YFP-PARK2 and plas-
mids of interest were treated with DMSO or 10 puM CCCP/
FCCP for 3 h. In other experiments YFP-PARK2¢'N was trans-
fected together with mCherry-FKBP-PARK2¢%'N and FRP-FIS1
into PC12 cells, and they were treated with 100 nM rapamycin
and 5 pM DMSO/CCCP for 5 h. Cells were visualized before
and after treatment using an Olympus IX70 inverted microscope
(Tokyo, Japan) equipped with a WLSM PlanApo 40x/0.90 (20x
for MEFs) water immersion objective and Olympus DP70 CCD
camera (Tokyo, Japan). For each experimental condition, at least
30 fields per dish from at least 3 dishes were randomly captured
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for further analysis. Control experiments were performed to
ensure localization of YFP-PARK2 aggregates with mitochon-
drial marker Mito-CFP.

Mitochondrial fusion rate analysis

For mitochondrial fusion rate analysis, cortical neuronal cul-
tures were transfected with mito-KikGR1 plasmid and plasmids
of interest as described earlier.’® A laser scanning confocal micro-
scope (LSM 510 Duo, Carl Zeiss Microscopy GmbH, Géttingen,
Germany) equipped with a LCI Plan-Neofluar 63x/1.3 water
immersion DIC M27 objective (Carl Zeiss Microscopy GmbH,
Géttingen, Germany) was used. The temperature was main-
tained at 37 °C using a climate chamber. For fusion acquisition,
mito-KikGR1 was illuminated with a 488 nm argon laser line
to visualize the intense green mitochondrial staining. Selected
mitochondria were then photoconverted to red using a 405 nm
diode laser and illuminated using a 561 nm DPSS laser. The
images were taken at 10 s intervals for 10 min, the fate of all acti-
vated mitochondria was followed throughout the time-lapse, and
the fusion and fission events were recorded. In experiments that
compared different conditions, 4 fields per dish were imaged and
at least 4 dishes per condition were used. Mitochondrial length
measurements were performed as described earlier.?

Mitophagy assay

Primary cortical neurons were cotransfected with mitochon-
drially targeted Keima plus scrambled shRNA, Becnl shRNA
and Azgl2 shRNA alone or together with N-MYC PINKI1. The
excitation spectrum of Keima shifts from 440 to 586 nm when
mitochondria are delivered to acidic lysosomes, which enables
quantification of mitophagy.*** Images were acquired using a
laser scanning confocal microscope using the laser lines 458nm
(green, mitochondria at neutral pH) and 561nm (red, mitochon-
dria under acidic pH), and red dots were counted manually and
blindly.

Statistics

Data are presented as the mean + SEM. The D’Agostino-
Pearson omnibus test was used to test the normality of distri-
bution. One-way ANOVAs followed by Newman-Keuls posthoc
test, or Kruskal-Wallis tests followed by the Dunn test, were
used to compare differences between experimental samples and
control groups. Two-way ANOVAs were used to analyze mito-
chondrial fusion experiments. P values of less than 0.05 were
considered statistically significant.
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