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ABSTRACT
Mitophagy is a highly specialized process to remove dysfunctional or superfluous mitochondria through
the macroautophagy/autophagy pathway, aimed at protecting cells from the damage of disordered
mitochondrial metabolism and apoptosis induction. PINK1, a neuroprotective protein mutated in
autosomal recessive Parkinson disease, has been implicated in the activation of mitophagy by selectively
accumulating on depolarized mitochondria, and promoting PARK2/Parkin translocation to them. While
these steps have been characterized in depth, less is known about the process and site of autophagosome
formation upon mitophagic stimuli. A previous study reported that, in starvation-induced autophagy, the
proautophagic protein BECN1/Beclin1 (which we previously showed to interact with PINK1) relocalizes at
specific regions of contact between the endoplasmic reticulum (ER) and mitochondria called
mitochondria-associated membranes (MAM), from which the autophagosome originates. Here we show
that, following mitophagic stimuli, autophagosomes also form at MAM; moreover, endogenous PINK1 and
BECN1 were both found to relocalize at MAM, where they promoted the enhancement of ER-mitochondria
contact sites and the formation of omegasomes, that represent autophagosome precursors. PARK2 was
also enhanced at MAM following mitophagy induction. However, PINK1 silencing impaired BECN1
enrichment at MAM independently of PARK2, suggesting a novel role for PINK1 in regulating mitophagy.
MAM have been recently implicated in many key cellular events. In this light, the observed prevalent
localization of PINK1 at MAM may well explain other neuroprotective activities of this protein, such as
modulation of mitochondrial calcium levels, mitochondrial dynamics, and apoptosis.
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Introduction

Mutations in the PINK1 gene represent the second most fre-
quent cause of autosomal recessive early onset Parkinson dis-
ease (PD).1 PINK1 encodes a mitochondrial protein kinase that
protects mitochondrial integrity at different levels, by regulat-
ing mitochondrial morphology and transport, calcium buffer-
ing, complex I activity and ATP production.2-4 Besides these
functions, PINK1 plays a key role in the activation of mitoph-
agy, a selective, timely and tightly regulated process aimed at
eliminating aged and dysfunctional mitochondria through the
autophagy machinery. An efficient mitophagy is essential to
protect neuronal cells from the harm of disordered mitochon-
drial metabolism and the release of proapoptotic proteins,
which would ineluctably trigger neuronal cell death.5 Upon
conditions of massive mitochondrial depolarization (such as
that induced by the mitochondrial uncoupler CCCP), PINK1
selectively accumulates on the surface of damaged

mitochondria, where it phosphorylates and recruits both ubiq-
uitin and PARK2, another protein mutated in recessive PD.6,7

A recent study showed that PARK2 could also be recruited by
BECN1,8 a pro-autophagic protein with ubiquitous cellular
localization.9 Once relocalized, PARK2 induces the ubiquitina-
tion and proteasomal degradation of proteins of the outer
mitochondrial membrane (OMM),10 leading to inhibition of
fusion and trafficking of dysfunctional mitochondria.11-15

Next, these organelles are associated to the forming autopha-
gosome membranes by specific ubiquitin-binding receptor
proteins such as SQSTM1/p62,16,17 and subsequently incorpo-
rated within autophagosomes. Finally, the autophagosomes
fuse with lysosomes to complete the mitophagic process (for a
review see refs. 18,19).

While these phases have been well characterized, the process
of autophagosome biogenesis during mitophagy has only
recently started to be elucidated. In a recent study on
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mitochondrial depolarization, PINK1 was found to recruit the
autophagy receptors CALCOCO2/NDP52 and OPTN (opti-
neurin) to mitochondria in a PARK2-independent manner. In
turn, these receptors recruit the early autophagy factors ULK1,
ZFYVE1/DFCP1 and WIPI1 to focal spots proximal to mito-
chondria, promoting mitophagy.20 However, another study
showed that OPTN stabilization does require PARK2, and that
recruitment to damaged mitochondria of ZFYVE1/DFCP1, a
key component of the so-called “omegasome,” that represents
the autophagosome precursor, is independent of OPTN.21

Moreover, the role of BECN1 in autophagosome formation
during mitophagy has not yet been explored.

BECN1 is a key component of the class III phosphatidylino-
sitol 3-kinase (PtdIns3K) complex (including BECN1, ATG14,
PIK3C3/Vps34 and PIK3R4/Vps15),22 that is required for the
nucleation of the phagophore and omegasome generation.23

Recently it has been shown that, in starvation-induced auto-
phagy, the PtdIns3K complex relocalizes to specific regions of
apposition between the ER and mitochondria termed “mito-
chondria-associated membranes” (MAM), that represent the
site of formation of autophagosomes.24 As we previously dem-
onstrated that PINK1 interacts directly with BECN1, and is
able to enhance basal and starvation-induced autophagy,9 the
aim of this study was to explore whether, in conditions of acti-
vated mitophagy, PINK1 and BECN1 could also interplay in
the process of autophagosome formation.

Results

BECN1 is implicated in later stages of mitophagy

As we confirmed that, in our experimental model, BECN1
interacts with PARK2 both in basal conditions and upon
CCCP exposure (Fig. S1), we sought to verify whether
BECN1 was required for PARK2 recruitment to damaged
mitochondria, as previously reported.8 To this aim, we
silenced BECN1 in PINK1- or PARK2-overexpressing SH-
SY5Y cells and treated them with CCCP. After short times
of treatment (30 min to 3 h), we evaluated several markers
of early mitophagy, including PINK1 accumulation (Fig. 1A
and C), and PARK2 recruitment (Fig. 1B and D, Fig. S2),
as well as ubiquitination and degradation of the mitochon-
drial proteins MFN2, OPA1 and VDAC1 (Fig. 1E).25 Sur-
prisingly, in contrast to what was previously reported,
PARK2 was normally recruited to depolarized mitochondria
in the absence of BECN1; moreover, no differences could
be observed in any of the other markers in scramble versus
BECN1-silenced cells. Treatment of cells with 10 mM CCCP
(as adopted by Choubey and collaborators)8 resulted in a
lower accumulation of PINK1 and recruitment of PARK2
to mitochondria, again with no significant differences
between control and BECN1-silenced cells (data not shown).
These findings show that, at least in our experimental sys-
tem, BECN1 is not required to trigger the early steps of the
mitophagic process.

We next evaluated whether BECN1 could be implicated
in the later phases of mitophagy, by exposing cells to
25 mM CCCP for longer times (up to 12 h). To this aim,
we monitored the degradation of mitochondrial proteins

residing in the inner membrane and the matrix (TIMM23
and COX4I1, respectively) (Fig. 2A–C), the levels of mito-
chondrial DNA (mtDNA) (Fig. 2D), and the proportion of
cells in which mitochondria had disappeared (Fig. 2E and
F), all representing markers of advanced mitophagy.25 In
BECN1-silenced cells, we could consistently observe a signif-
icant impairment of mitochondrial clearance at longer treat-
ment times, as shown by delayed degradation of both
TIMM23 and COX4I1, accumulation of mtDNA and a
reduced number of cells with no mitochondria. These find-
ings were paralleled by a significantly higher amount of
cleaved PARP and proportion of TUNEL-positive cells,
indicative of increased CCCP-induced apoptosis in cells
lacking BECN1 (Fig. S3). Thus, it appears that BECN1 is
essential for a successful completion of mitophagy, which in
its absence cannot proceed efficiently, regardless of PARK2
recruitment and proteasome-mediated degradation of the
OMM proteins. No differences between control and
BECN1-silenced cells could be observed in the reduction of
PARK2 levels after 12 h of CCCP treatment, which is
caused by proteasomal-mediated degradation of PARK2.26,27

Similarly, LC3 cleavage was not affected by BECN1 silenc-
ing, as previously reported (Fig. 2A).28

PINK1 and BECN1 are enhanced in the MAM compartment

We and others described previously that PINK1 and BECN1
are found in various subcellular compartments.9,29,30 To char-
acterize the subcellular domain(s) in which PINK1-BECN1
binding takes place, both in basal conditions and upon mito-
phagic stress, we performed co-immunoprecipitation (co-IP)
experiments in cytoplasmic and mitochondria-enriched frac-
tions from both wild-type SH-SY5Y cells or cells stably express-
ing PINK1 (Fig. 3A–B), and from HEK293 cells transiently
overexpressing the 2 constructs (Fig. S4). These experiments
showed a strong interaction between PINK1 and BECN1 in the
mitochondria-enriched fraction, which increased after CCCP
treatment, whereas only a mild binding was found in the cyto-
plasmic fraction.

To further substantiate this observation, we assessed by
confocal microscopy how these 2 proteins would shift
among different subcellular compartments upon CCCP
exposure. However, whereas the colocalization of PINK1
with TOMM20 significantly increased as expected, the mito-
chondrial localization of BECN1 was only minimally
affected. Conversely, we observed a markedly enhanced
overlay of BECN1 with an ER-selective dye (ER-GFP),
whereas PINK1-ER colocalization increased only slightly
(Fig. 3C–G).

This finding was intriguing, as it was apparently in con-
trast with our previous subfractionation data. However, it
should be noted that the adopted fractionation protocol
does not generate pure mitochondria, but only a crude
mitochondrial fraction still containing portions of ER mem-
branes attached to the OMM (the so called MAM). These
contact sites between ER and mitochondrial membranes are
so tight and strong that they cannot be separated by simple
subcellular fractionation protocols,31 as confirmed by the
expression of the typical ER marker CANX (calnexin) also
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in the mitochondrial-enriched fraction (Fig. 3A–B and
S4).32

To investigate whether the interaction between PINK1 and
BECN1 could involve MAM, gradient centrifugation experi-
ments were performed to obtain a separation of the MAM
from pure mitochondria. Interestingly, both endogenous
PINK1 and BECN1 were already present in the MAM fraction
in basal conditions, and their localization to this fraction
markedly increased after CCCP treatment. PINK1 levels were
also enhanced in the pure mitochondrial fraction (although to

a much lesser extent), while BECN1 was found to increase in
the microsomal fraction containing the ER, in line with the
confocal imaging data (Fig. 3H).

We were able to confirm these findings both in a distinct
cellular model (HEK293 cells) (Fig. S5), and in SH-SY5Y
cells treated with 1 mM valinomycin, a selective mitochon-
drial uncoupler that induces mitophagy (Fig. S6), indicating
that the accumulation of both PINK1 and BECN1 at MAM
is a consistent event in conditions of triggered mitophagy.
CCCP-induced MAM translocation was also observed for

Figure 1. BECN1 is not required to trigger the early steps of mitophagy. (A and B) Confocal analysis of PINK1 accumulation and PARK2 recruitment at mitochondria upon
CCCP treatment in shSCR and shBECN1 SH-SY5Y cells, overexpressing PINK1-GFP (A) or YFP-PARK2 (B). Cells were treated with DMSO alone or with 25 mM CCCP for 3 h
and mitochondria were immunostained using the mitochondrial marker TOMM20 (red). Scale bar: 10 mm. (C and D) Statistical analysis of data from A-B (mean § SD of n
D 3, 30 cells per experiment). Histograms report the percentage of cells showing colocalization of PINK1 (C) or PARK2 (D) with mitochondria. ��p < 0.001. (E) WB of
PINK1 and early mitophagic markers in shSCR and shBECN1 SH-SY5Y cells overexpressing HA-PARK2. Degradation (shorter exposure) and ubiquitination (longer exposure,
upper band) of the mitochondrial proteins MFN2, OPA1 and VDAC1 were assessed at the indicated early time points of treatment with 25 mM CCCP. Values were normal-
ized against TUBA/tubulin. Separated blots indicate that we joined together distant parts from the same gel.
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PINK1G309D, a pathogenic mutant with impaired kinase
activity (Fig. S7).

PINK1 enhances BECN1 relocalization at MAM

The previous findings suggest that, as already observed for star-
vation-induced autophagy, MAM could represent the site
where autophagosomes are shaped in conditions of mitophagic
stimuli, and that PINK1 may play a role in this process, likely
through its interaction with BECN1. To further explore this
hypothesis, we tested whether PINK1 could influence BECN1
relocalization to the MAM compartment after CCCP treat-
ment. To this aim, we monitored BECN1 levels after gradient

centrifugation of PINK1-silenced SH-SY5Y cells. Interestingly,
upon CCCP exposure, BECN1 levels failed to increase in the
MAM fraction, while the enhancement in the microsomal frac-
tion containing the ER was comparable to that observed in the
presence of PINK1 (Fig. 4A–B).

To further confirm this observation, we monitored by confocal
microscopy the colocalization of BECN1 with HSPA9/GRP75, a
protein that selectively localizes at MAM.33 In line with previous
data, CCCP treatment significantly enhanced BECN1-HSPA9
colocalization in control cells, whereas this enhancement was lost
in PINK1-silenced cells (Fig. 4C–D). Taken together, these findings
show that, upon a mitophagic stimulus, PINK1 is required to pro-
mote BECN1 relocalization to theMAMcompartment.

Figure 2. BECN1 downregulation significantly impairs the advanced stages of CCCP-induced mitophagy. shSCR and shBECN1 SH-SY5Y cells stably expressing HA-
PARK2 (A-D) or YFP-PARK2 (E and F) were treated with 25 mM CCCP up to 12 h. (A) Western blot of PARK2, LC3 and late mitophagic markers (TIMM23 and
COX4I1). Separated lines indicate that we joined together distant parts from the same gel. (B and C) Densitometric analysis of data from (A). Values were nor-
malized against TUBA/tubulin. (D) Analysis of mtDNA levels by RT-PCR. (E) Confocal analysis of shSCR and shBECN1 SH-SY5Y cells transfected with plasmids
encoding YFP-PARK2 and DsRed-Mito after 12 h, 25 mM CCCP exposure. Scale bar: 10 mm. (F) Histogram reporting the statistical analysis of data from (E),
expressed as mean § SD of the percentage of cells with no mitochondria. �p<0.05; ��p<0.001.
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PARK2 also localizes at MAM but is not implicated in
BECN1 relocalization upon CCCP

Previous studies have shown that PARK2 accumulates at
MAM following excitotoxic stimuli and that it is able to
modulate ER-mitochondria tethering.34-36 While it is well

known that PARK2 markedly relocalizes to mitochondria
in conditions of activated mitophagy and only in the
presence of PINK1,37 we sought to verify whether PARK2
would also accumulate at MAM in these conditions, and
whether this would be mediated by its interaction with
BECN1. To this aim, we performed gradient

Figure 3. PINK1 and BECN1 increase in the MAM fraction upon CCCP treatment. (A and B) co-IP analysis of PINK1-BECN1 interaction in cytoplasmic and crude mitochon-
drial fractions from SH-SY5Y cells, both in basal conditions and upon 25 mM CCCP treatment of 6 h. Cross-contaminations of cytoplasmic and mitochondrial-enriched frac-
tions were assessed by evaluating TIMM23 and TUBA/tubulin as specific markers. (A) Endogenous BECN1 was immunoprecipitated using mouse anti-BECN1 antibody,
followed by immunoblotting to detect co-immunoprecipitated endogenous PINK1 with rabbit anti PINK1. shBECN1 SH-SY5Y cells were used as control (CTR). (B) Overex-
pressed PINK1-HA was immunoprecipitated using mouse anti-HA antibody covalently attached to crosslinked agarose bead particles, and co-immunoprecipitated endog-
enous BECN1 was detected using mouse anti-BECN1. Preimmune IgG were used as negative control. (C-F) Confocal analysis of BECN1 and PINK1 colocalization with ER
and mitochondrial markers upon treatment with 25 mM CCCP for 6 h. SH-SY5Y cells expressing BECN1-mCherry (left panels) or PINK1-mCherry (right panels) were co-
transfected with ER-GFP (C and D) or stained with the mitochondrial marker TOMM20 (green) (E and F). Scale bar: 10 mm. (G) Histogram reporting Mander’s overlap coef-
ficients relative to BECN1 and PINK1 colocalization with ER and mitochondria (mean § SD of n D 3, 10 cells per experiments). �p<0.05; ��p<0.001. (H) Western blot of
PINK1 and BECN1 distribution in Percoll-purified subcellular fractions isolated from SH-SY5Y cells exposed to DMSO or 25 mM CCCP for 6 h. Fractions were separated by
SDS-PAGE and immunoblotted with specific antibodies for each fraction. VDAC1 and TUBA/tubulin were used as markers for pure mitochondrial and cytosolic fractions,
respectively; CANX (calnexin) was considered as a marker of both ER and MAM, whereas ACSL4 was adopted as a MAM-specific marker. PNS, post-nuclear supernatant;
Micro, microsome fraction; MitoP, pure mitochondria; MAM, mitochondria-associated membranes. Separated lines indicate that we joined together distant parts from the
same gel.
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centrifugation and confocal microscopy experiments in
SH-SY5Y cells overexpressing YFP-PARK2. By western
blotting, we detected PARK2 in pure mitochondrial and
MAM fractions in basal conditions, with enhancement
after 6 h CCCP treatment (Fig. 5A). In line with these
results, colocalization of PARK2 with the MAM-specific
marker HSPA9 was already evident in basal conditions
and significantly increased upon mitochondrial depolari-
zation (Fig. 5B–C). In both experiments, PARK2 relocali-
zation to MAM remained unaffected by silencing of
BECN1.

To further clarify the interaction of PARK2 with
BECN1, we explored whether PARK2 is required for
BECN1 accumulation at MAM in conditions of mitophagy.
To this aim, we made use of HeLa cells, that are devoid of
PARK2 and are therefore largely used as a PARK2-free
cellular model,21 and monitored by confocal microscopy

the colocalization of BECN1 and HSPA9. Similar to what
we observed in SH-SY5Y cells, BECN1-HSPA9 overlay sig-
nificantly increased upon CCCP treatment even in the
absence of PARK2, whereas this enhancement was
completely abolished by PINK1 silencing (Fig. 6A–B).
Overexpression of PARK2 in this experimental system did
not affect BECN1-HSPA9 colocalization, and was not able
to rescue the effects induced by lack of PINK1 (Fig. 6C–
D). Taken together, these results suggest that PARK2 and
BECN1 do not need each other to relocalize to MAM
upon mitochondrial depolarization, whereas both require
PINK1.

To evaluate whether PARK2 could ubiquitinate BECN1,
we performed a ubiquitination assay in HeLa cells either
overexpressing PARK2 or empty vector, but failed to
observe ubiquitination of BECN1 in basal conditions or
after 3 h of CCCP treatment (data not shown).

Figure 4. PINK1 influences CCCP-induced BECN1 relocalization at MAM. (A) Quantitative real-time PCR showing PINK1 cDNA levels in SH-SY5Y cells infected with scramble
(shSCR) vs PINK1 shRNA (shPINK1). (B) WB of endogenous BECN1 distribution in Percoll-purified subcellular fractions isolated from shPINK1 SH-SY5Y cells exposed to either
DMSO or 25 mM CCCP for 6 h. Fractions were separated by SDS-PAGE and immunoblotted with specific antibodies for each fraction (details as in Figure 3H). Separated
lines indicate that we joined together distant parts from the same gel. (C) Confocal analysis of BECN1 and HSPA9 colocalization. shSCR and shPINK1 SH-SY5Y cells, overex-
pressing BECN1-mCherry, were treated with DMSO or 25 mM CCCP for 6 h and stained for the MAM-localized protein HSPA9. The insets show enlarged views of colocal-
ized areas. (D) Histogram reporting Mander’s overlap coefficients relative to BECN1 and HSPA9 colocalization shown in (C) (mean § SD of n D 3, 10 cells per
experiments). Scale bar: 10 mm. �p� 0.05.
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BECN1 and PINK1 enhance the formation of ER-
mitochondria contact sites after mitophagic stimuli

The sites of association between ER and mitochondria are
known to dynamically increase upon specific conditions such
as starvation and apoptotic stimuli,38 and PARK2 was already
reported to modulate this process.34,36 Since we showed that
both PINK1 and BECN1 accumulate in the MAM fraction after
mitochondrial depolarization, we sought to explore whether
ER-mitochondria contact sites would be enhanced by CCCP,
and whether BECN1 and/or PINK1 would be required for this
process. Accordingly, we transfected SH-SY5Y cells with Red-
Mito and ER-GFP constructs, labeling mitochondria and ER
with fluorescent proteins, and quantified by confocal micros-
copy the contact points of the 2 fluorescent signals. Treatment
of cells with CCCP resulted in a significantly higher mitochon-
dria-ER colocalization, indicating increased tethering between
these 2 organelles (Fig. 7A–B and S8). However, this was

abolished by either BECN1 or PINK1 silencing, showing that
both proteins were essential for this process (Fig. 7A–B).

BECN1 and PINK1 are required for the process of
autophagosome formation during mitophagy

In line with previous observations of the central role of MAM
in starvation-induced autophagy,24 we hypothesized that these
regions would also be centrally implicated in the mitophagy
process. To examine this we performed gradient centrifugation
and confocal microscopy experiments following the protein
ZFYVE1/DFCP1 that, upon autophagy activation, translocates
to the ER and binds membranes rich in phosphatidylinositol-
3-phosphate (PtdIns3P) to form the omegasomes.21,39 After 6-
h CCCP treatment, GFP-ZFYVE1 levels increased in the
MAM fraction (Fig. S9A), as seen in starvation,24 and this was
confirmed also in the presence of a distinct mitophagic

Figure 5. PARK2 localization at MAM. (A-C) shSCR and shBECN1 SH-SY5Y cells, overexpressing YFP-PARK2, were treated with DMSO or 25 mM CCCP for 6 h. (A) Immuno-
blots of subcellular fractions subjected to gradient centrifugation, resolved in SDS-PAGE and revealed with specific antibodies. VDAC1 was used as a marker of pure mito-
chondria, whereas ACSL4 was adopted as a MAM-specific marker. PNS, post-nuclear supernatant; MitoP, pure mitochondria; MAM, mitochondria-associated membranes.
PARK2 accumulation after CCCP treatment is more appreciable at higher exposure; the upper bands evident at lower exposure reflect PARK2 ubiquitination. Separated
lines indicate that we joined together distant parts from the same gel. (B) Confocal analysis of YFP-PARK2 and the MAM-localized protein HSPA9. The insets display
enlarged views of colocalized areas. Scale bar: 10 mm. (C) Histogram reporting Mander’s overlap coefficients relative to YFP-PARK2 and HSPA9 colocalization shown in (B)
(mean§ SD of n D 3, 10 cells per experiments). ��p < 0.001.
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stimulus such as valinomycin (Fig. S6). Moreover, colocaliza-
tion of GFP-ZFYVE1 with HSPA9 was similar upon CCCP
treatment as in starvation (Fig. S9B), confirming that autopha-
gosomes originate at MAM sites also in conditions of CCCP-
induced mitophagy.

We next evaluated whether PINK1 and BECN1 would be
implicated in the process of omegasome formation during
mitophagy. To monitor this process, we assessed by confocal
microscopy the expression pattern of GFP-ZFYVE1, which in
basal conditions is diffusely fluorescent, whereas after auto-
phagy induction it forms discrete dots that correspond to the
omegasomes. CCCP treatment resulted in a marked increase of
cells showing GFP-ZFYVE1 dots, confirming activation of the
process of autophagosome biogenesis. BECN1 silencing
resulted in a markedly reduced proportion of GFP-ZFYVE1
punctate cells also in basal conditions, which failed to increase

as expected upon CCCP treatment. No differences could be
observed between control and PINK1-silenced untreated cells;
however, after CCCP treatment, the proportion of PINK1-
silenced cells showing GFP-ZFYVE1 dots was about half that
of the controls, indicating that PINK1 was also required for a
correct assembly of the omegasome during mitophagy
(Fig. 7C–D).

To explore the mechanism through which PINK1 could
affect BECN1-mediated autophagosome formation, we
explored whether BECN1 would be phosphorylated by PINK1
in the presence of CCCP, using starvation-induced BECN1
phosphorylation as a positive control.40 After 3 h and 6 h
CCCP treatment, we observed the appearance of BECN1 phos-
phorylated bands, which, however, remained unmodified after
PINK1 silencing, indicating that BECN1 is not directly phos-
phorylated by PINK1 (Fig. S10). To further substantiate this

Figure 6. BECN1- HSPA9 overlay significantly increased upon CCCP treatment even in the absence of PARK2.shSCR and shPINK1 HeLa cells overexpressing only BECN1-
mCherry (red) (A and B) or BECN1-mCherry (red) and YFP-PARK2 (gray) (C and D) were treated with DMSO or 25 mM CCCP for 6 h and then immunostained with the
MAM-localized protein HSPA9 (green). Scale bar: 10 mm. (B and D) Histograms reporting Mander’s Overlap Coefficients relative to BECN1-mCherry and HSPA9 colocaliza-
tion showed in A and C (mean § SD of n D 3, 10 cells per experiments). �p < 0.05.
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observation, we replicated the key findings of this study
(ER-mito contact sites, recruitment of BECN1 at MAM and
omegasome formation) in PINK1-silenced SH-SY5Y cells over-
expressing either wild-type PINK1 or PINK1-KDD, an artificial
triple kinase-dead mutant construct.41 Upon CCCP treatment,
cells overexpressing PINK1-KDD showed a comparable
increase of ER-mito tethering, BECN1 localization to MAM
and omegasome formation as those overexpressing wild-type
PINK1 (Fig. S11–S13), confirming that the kinase activity of
PINK1 is not required for these processes.

Discussion

In recent years, mitophagy has clearly emerged as a critical pro-
cess to selectively remove dysfunctional mitochondria before
they can make irreversible damage, especially in long-living
cells such as neurons. Two PD-related proteins, PINK1 and
PARK2, play a central role in the activation of the mitophagic
cascade, with PINK1 selectively accumulating on depolarized
mitochondria and recruiting PARK2.18

We recently showed that PINK1 directly interacts with
BECN1, a key pro-autophagic protein, to promote autophagy.9

However, the role of BECN1 in CCCP-induced mitophagy is
still controversial. In a recent study on PC12 cells, BECN1 was
found to interact with PARK2 mainly in the cytosol, and to
induce its translocation to depolarized mitochondria, enhancing

the early steps of mitophagy.8 However, another study on HeLa
cells reported that mitochondrial clearance after 24-h CCCP
treatment was independent from BECN1.42 In our SH-SY5Y
experimental system, silencing of BECN1 was not able to affect
PARK2 recruitment or any other early step of CCCP-induced
mitophagy. Yet, we showed that several markers of late mitoph-
agy were all consistently impaired in BECN1-silenced cells at 6–
12 h of CCCP treatment, clearly demonstrating that BECN1 is
required for a timely accomplishment of the mitophagic pro-
cess. Cells lacking BECN1 also showed a significantly increased
rate of apoptotic cell death, confirming the neuroprotective role
of mitophagy, whose impairment in depolarized mitochondria
shifts the balance toward the activation of pro-apoptotic path-
ways.43-45 The discrepancies between our findings and previ-
ously published data are possibly explained by the distinct
experimental conditions adopted. For instance, significant dif-
ferences between PC12 and SH-SY5Y cells in response to cellu-
lar stressors have been already demonstrated.46 Similarly, while
BECN1 is able to significantly expedite mitochondrial clearance
at short CCCP exposure times, alternative mitophagy pathways
(such as those regulated by MAPK/ERK) are likely to be acti-
vated by prolonged mitochondrial damage,47 possibly also
explaining the apparent paradox that activated mitophagy has
been observed in conditions of stable PINK1 knockdown.48

In our experimental setting, CCCP induced an evident
LC3 lipidation, widely adopted as a general marker of

Figure 7. BECN1 and PINK1 influence ER-mitochondria contact sites and omegasome formation upon CCCP treatment. (A) Representative 3D-reconstructions of ER
(green) and mitochondria (red) in stably expressing ER-GFP and Red-Mito shSCR, shBECN1 and shPINK1 SH-SY5Y cells, treated with DMSO or 25 mM CCCP for 6 h. Insets
show higher magnification details and yellow areas indicate regions of close apposition between the 2 organelles. (B) Histogram reporting Manders’ coefficients relative
to data from (A), expressed as mean§ SD (nD 3, 10 cells per experiment). (C) Confocal analysis of shSCR, shBECN1 and shPINK1 cells stably expressing GFP-ZFYVE1, under
basal conditions or upon treatment with 25 mM CCCP for 12 h. (D) Histogram displays the percentage of cells showing GFP-ZFYVE1-positive dots, relative to data from (C)
(mean§ SD of n D 3, 10 cells per experiment). �p < 0.05; ��p < 0.001. Scale bar: 10 mm.
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activated autophagy, that, however, was unaffected by either
PINK1 or BECN1 silencing. The latter finding confirms a
previous study showing that CCCP-related LC3 lipidation is
independent of BECN1 but requires ATG9, a membrane
protein implicated in transporting vesicles to the expanding
phagophore.28 While the authors concluded that CCCP-
induced mitophagy does not critically depend on BECN1,
our findings of impaired mitophagy in BECN1-silenced cells
argue against this conclusion. In fact, LC3 lipidation alone
cannot be considered a universal indicator of mitophagy, as
it explores only a distinct step of autophagosome biogenesis
arising in the ER-Golgi intermediate compartment, indepen-
dent of the process of omegasome formation.23 Moreover,
recent studies demonstrate the existence of at least 2 distinct
pathways of macroautophagy, the canonical LC3-dependent
pathway and an LC3-and ATG9-independent, but BECN1-
dependent, pathway. This alternative process was implicated
in mitochondrial clearance during erythrocyte maturation,
suggesting it could play a role in mitophagy.49

The issue of which cellular membranes give origin to the
omegasome has represented a long-debated subject, with dis-
tinct evidence pointing to either the ER or the OMM as candi-
date sites. A recent study has elegantly reconciled these
hypotheses showing that, upon starvation-induced autophagy,
autophagosomes form at specific regions of close contact
between the ER and mitochondria (MAM).24 These regions
serve the important function of tethering the 2 organelles
together by proteins located on the opposing membranes,
allowing their close communication.50 Several early markers of
autophagosome formation, including BECN1 and ZFYVE1/
DFCP1, translocate to MAM under starved conditions, and
inhibition of this translocation prevents the initiation of the
process.24

To date, the mechanism of autophagosome formation dur-
ing mitophagy has not been explored in detail. Here we show
for the first time that omegasomes form at MAM also in condi-
tions of CCCP-induced mitophagy, and that both BECN1 and
PINK1 are required for this process. Indeed, we found that
endogenous PINK1 and BECN1 localize at MAM, and their
localization, as well as interaction, are strongly enhanced in the
presence of mitophagic stimuli. After BECN1 silencing, omega-
some formation is already significantly impaired in basal condi-
tions, confirming the role of BECN1 in maintaining normal
levels of constitutive autophagy,29 and this process completely
fails to enhance after mitophagy activation. CCCP-induced
omegasome formation is also dramatically decreased in PINK1-
silenced cells compared with controls, suggesting a novel
intriguing function of PINK1 in promoting mitophagy.

Interestingly, we showed that BECN1 is not directly phos-
phorylated by PINK1 and that the PINK1-KDD construct, that
is devoid of kinase activity,41 still maintains the same ability to
promote ER-mito tethering, BECN1 recruitment at MAM and
omegasome formation as its wild-type counterpart. While these
findings argue against the involvement of PINK1 kinase activity
in this pathway, our data indicate that PINK1 and BECN1 are
respectively placed on the opposed mitochondrial and ER sides
of MAM, and that PINK1 silencing significantly impairs the
relocalization of BECN1 at MAM. Collectively, these findings
support the hypothesis that, in conditions of activated

mitophagy, the direct interaction between PINK1 and BECN1
may serve to “attract” ER-residing BECN1 toward mitochon-
dria, similarly to what has previously been shown for the
SNARE protein STX17 (syntaxin 17) upon starvation-induced
autophagy.24 This also results in an increased tethering between
the 2 organelles, as we show that CCCP treatment induces a
significant enrichment of the ER-mitochondria contact sites,
which is abolished by silencing either of the 2 proteins.

Upon mitochondrial depolarization, PARK2 translocates to
mitochondria in a PINK1-dependent fashion.51 Here we show
that, in these conditions, PARK2 levels increase both in pure
mitochondrial and MAM fractions, confirming previous obser-
vations that PARK2 accumulates both at mitochondria and
ER-mitochondria junctions in conditions of excitotoxicity,35

and modulates ER-mitochondrial crosstalk.34,36 The finding
that PINK1, PARK2 and BECN1 all localize at MAM after
CCCP treatment is intriguing. However, while PARK2 and
BECN1 are dispensable for each other’s translocation at MAM,
both proteins require PINK1. The recent report that, upon
mitochondria depolarization, PINK1 is also able to activate a
PARK2-independent cascade leading to the recruitment of sev-
eral early autophagy factors, including ZFYVE1/DFCP1, to
focal spots proximal to mitochondria, clearly suggests that
PINK1 can activate mitophagy through a number of distinct
and parallel pathways.20

Indeed, it is tempting to speculate that this eclectic protein
could represent a master regulator of MAM functions, that
include not only autophagosome biogenesis but also other key
cellular events, such as calcium transport from the ER to mito-
chondria, mitochondrial dynamics, and apoptosis control.50

For instance, we recently found that PINK1-mediated phos-
phorylation of BCL2L1/Bcl¡xL impairs its N terminus cleav-
age.52 This impairment is expected to maintain the inhibitory
activity of BCL2L1 on the MAM-residing protein VDAC1, thus
preventing CYCS/cytochrome c release and apoptosis.53 Simi-
larly, we and others have previously shown that PINK1 muta-
tions result in mitochondrial accumulation of calcium, which
could be rescued by Ruthenium Red, a mitochondrial calcium
influx blocker.54,55 Since MAM represent the core sites for the
direct and selective exchange of calcium signals between ER
and mitochondria, it will be worth investigating whether
PINK1 could be directly implicated in this mechanism.56

Besides PINK1 and PARK2, MAM have been recently stud-
ied also in connection with other PD-related proteins. In fact,
SNCA/a-synuclein localizes at MAM, and its pathogenic muta-
tions impair the formation of contact sites between ER and
mitochondria.57 Moreover, PARK7/DJ-1 was also found to
favor ER-mitochondrial crosstalk and enhance calcium trans-
fer.58 The localization of so many disease-related proteins in
the same subcellular compartment further strengthens the exis-
tence of common biological pathways, which are likely of rele-
vance also for other neurodegenerative diseases. For instance,
using different in vitro and in vivo models, BECN1 was shown
to ameliorate the neuronal pathology as well as promote the
autophagic clearance of mutant proteins such as SNCA, HTT
(huntingtin) and ATXN3/ataxin-3.59-61 In murine models of
Alzheimer disease, BECN1 was also found to directly interact
with PARK2, and to promote b-amyloid degradation.62-64 Simi-
larly, a recent study demonstrated that PINK1 was able to
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counteract mitophagy impairment and neurotoxicity in a Dro-
sophila model of Huntington disease.65 In light of these find-
ings, the localization of PINK1, PARK2 and BECN1 in the
MAM compartment opens a novel intriguing scenario to fur-
ther explore the biological functions of these pivotal neuropro-
tective proteins.

Materials and methods

Reagents and media

Reagents were purchased from the following manufacturers:
100-mm cell culture dishes (Falcon, 3–353003), penicillin-
streptomycin-glutamine (Life Techonologies,10378–016), Dul-
becco’s modified Eagle’s medium (DMEM; Life Technologies,
31966–021), fetal bovine serum (Euroclone, ECS0180L), G-418
(Life Technologies 11811–023), puromycin (Sigma-Aldrich,
P9620), Lipofectamine 2000 (Invitrogen, 11668–019), poly-
brene (Sigma-Aldrich, H9268), DMSO (Sigma-Aldrich,
472301), CCCP (Sigma-Aldrich, C2759), valinomycin (Sigma-
Aldrich, V0627), protease inhibitor cocktail (Sigma-Aldrich,
P8340), phosphatase inhibitors (Thermo Scientific, 78420),
protein G-agarose beads (Santa Cruz Biotechnology, SC2002),
protein A-agarose beads (Santa Cruz Biotechnology, sc-2001),
normal mouse IgG (Santa Cruz Biotechnology, sc-2025), nor-
mal rabbit IgG (Santa Cruz Biotechnology, sc-2027),
EZviewTMRed Anti-HA affinity gel (Sigma- Aldrich, E6779),
Bradford Assay reagent (Bio-Rad, 5000205), Laemmli sample
buffer (Bio-Rad, 1610737), Novex Sharp pre-stained protein
standard (Invitrogen, LC5800), 4–20% Mini-PROTEAN TGX
gel (BioRad, 456-1094), RIPA buffer (Cell Signaling Technol-
ogy, 9806S), Pierce ECL western blotting substrate (PIERCE,
32106), HEPES (pH 7.4; Sigma-Aldrich, H3375), D-mannitol
(Sigma-Aldrich, M4125), sucrose (Merck Millipore,
100892.9050), Percoll (Sigma-Aldrich, P1644), EGTA (Sigma-
Aldrich, E8145), Tris-HCl (pH 7.4; Sigma-Aldrich, T2663),
Dulbecco’s phosphate-buffered saline (PBS; Euroclone,
ECB4004L), paraformaldehyde (Sigma-Aldrich, P6148), Triton
X-100 (Sigma-Aldrich, T8787), normal goat serum (Life Tech-
nologies, PCN5000).

Antibodies

The following antibodies were used for western blotting, immu-
noprecipitation and immunofluorescence assays: rabbit anti-
PINK1 (Novus Biologicals, BC100–494), mouse anti-HA
(Sigma-Aldrich, H3663), rat anti-HA (Roche Applied Science,
10744700), mouse anti-BECN1 (BD Biosciences, BD612113),
rabbit anti-BECN1 (Novus Biologicals,NB500–249), goat anti-
MYC (Novus Biologicals, NB600–335), mouse anti-MYC
(Santa Cruz Biotechnology, sc-40), mouse anti-MFN2 (Abcam,
ab56889), mouse anti-OPA1 (BD Biosciences, BD612607), rab-
bit anti-VDAC (Cell Signaling Technology, 4661), mouse anti-
TIMM23/TIM23 (BD Biosciences, BD611222), mouse anti-
TOMM20/TOM20 (BD Biosciences, BD612278), mouse anti-
COX4I1 (Abcam, ab14744), rabbit anti-PARK2 (Abcam,
ab15954),rabbit anti-LC3B (Sigma-Aldrich, L7543), rabbit anti-
cleaved PARP (Cell Signaling Technology, 95416), rabbit anti-
CANX/calnexin (Sigma-Aldrich, C4731), rabbit anti-ACSL4/

FACL4 (Abcam, ab137525), rabbit anti-HSPA9/GRP75 (Cell
Signaling Technology, 3593), rabbit anti-GFP (Cell Signaling
Technology, 2555) and mouse anti-TUBA/a-tubulin (Sigma-
Aldrich, T9026).

Horseradish-peroxidase-conjugated secondary antibodies
were: goat anti-mouse (Chemicon International, AP124P), goat
anti-rabbit (Bio-Rad 1706515), goat anti-rat (Cell Signaling
Technology, 7077), and rabbit anti-goat (Bio-Rad, 1721034).

Secondary antibodies used in immunofluorescence experi-
ments were: goat anti-mouse Alexa Fluor 488 (Life Technolo-
gies, A21121), goat anti-mouse Alexa Fluor 555 (Life
Technologies, A21127), and goat anti-rabbit Alexa Fluor 488
(Life Technologies, A11008).

Plasmids

BECN1-MYC, PINK1-HA and PINK1-KDD-HA constructs
have been described previously.9,52 Other constructs were: ER-
GFP (Invitrogen, O36212), Red-Mito (Clontech, 632421),
pRK5-HA-Parkin (Addgene, 17613; deposited by Ted Daw-
son), YFP-PARK2 (Addgene, 23955; deposited by Richard
Youle). GFP-ZFYVE1/DFCP1 was kindly provided by N. T.
Ktistakis (Babraham Institute, Cambridge, UK). The BECN1-
mCherry and PINK1-mCherry vectors used in immunofluores-
cence experiments were generated by subcloning mCherry
sequence at the 30 end of full-length BECN1 and PINK1
cDNAs.

Cell cultures and treatments

HEK293, 293T, HeLa and SH-SY5Y cells were maintained in
DMEM, supplemented with 2 mM L-glutamine, 200 U/ml pen-
icillin, 200 mg/ml streptomycin and 10% heat inactivated fetal
bovine serum at 37�C in 95% humidifier air and 5% CO2. For
experiments of mitochondrial depolarization, cells were
exposed to 25 mM CCCP or the vehicle DMSO at the indicated
times.

Transfections, infections and RNA interference

SH-SY5Y and HeLa cells were transfected with Lipofectamine
2000 reagent. SH-SY5Y cells stably expressing PINK1-HA,
GFP-ZFYVE1, ER-GFP and Red-Mito cDNAs were generated
maintaining the transfected cells in the presence of selection
media with G418 for at least 2 wk.

HEK293 and 293T cells were transfected with the calcium
phosphate method using the ProFection Mammalian Transfec-
tion System (Promega, E1200). To knock down PINK1 and
BECN1 expression in SH-SY5Y cells (shPINK1 and shBECN1),
pMISSION validated shRNA bacterial glycerol stocks were pur-
chased from Sigma-Aldrich (PINK1 clone ID: NM_032409.1–
548s1c1; BECN1 clone ID: NM_003766.2–1117s1c1). The MIS-
SION pLKO.1-puro scrambled shRNA was used as a negative
control (shSCR). Lentiviral packaging vectors pMISSION-gag-
pol and pMISSION-vsvg (Sigma-Aldrich SHP001) were used
as packaging constructs. The corresponding plasmids were
purified from the JM109 strain and used to generate lentiviral
particles in 293T packaging cells (ATCC, Number CRL-11268).
The SH-SY5Y cells were infected overnight with the viral
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supernatant, in the presence of 8 mg/ml polybrene. Stable
transductants were obtained by adding 2 mg/ml puromycin up
to 10 d. Stable knockdown was confirmed by immunoblot and
RT-PCR.

RT-PCR

Total RNA was extracted using the High Pure RNA Isolation
Kit (Roche, 11828665001) and then reverse transcribed with
SuperScript II Reverse Transcriptase (Invitrogen, 18064–014).
For mtDNA quantification, total DNA was extracted using
DNeasy Blood & Tissue Kit (Qiagen, 69581). Resulting cDNAs
or DNAs were quantified by real-time PCR using SYBR green
master mix (Life Technologies, 4368577) on the HT-7900 plat-
form (Life Technologies), using the following primers: PINK1-
Fw: 50-CAAGAGGCTCAGCTACCTGCAC-30 and PINK1-
Rev: 50-TGTCTCACGTCTGGAGGCACT-30; BECN1-Fw:
50-AGGAACTCACAGCTCCATTAC-30 and BECN1-Rev:
50-AATGGCTCCTCTCCTGAGTT-30; mtDNA-Fw: 50-AGGA-
CAAGAGAAATAAGGCC-30 and mtDNA-Rev: 50-TAAGAA-
GAGGAATTGAACCTCTGACTGTAA-30. The relative
expression was calculated using the DDCT method.

Immunoblotting

Cells were lysed in RIPA buffer containing protease and phos-
phatase inhibitors and protein extracts were quantified by
Bradford assay. Equivalent amounts of lysates were resolved by
electrophoresis through a 4–20% Mini-PROTEAN TGX gel
and probed with the primary and secondary antibodies listed
above. Detection was performed by using Pierce ECL western
blotting substrate. All experiments were normalized by TUBA/
a-tubulin expression. Image contrast and brightness were opti-
mized using Adobe Photoshop CS6 (Adobe Systems Inc.). Den-
sitometry measurements were calculated using ImageQuant TL
Software (GE Healthcare). In all panels, values are plotted as
fold-change relative to control, which has been set to a value of
1.

Coimmunoprecipitation

For immunoprecipitation experiments of mitochondrial and
cytosolic fractions, HEK293 and SH-SY5Y cells, exposed or not
to the indicated stress, were fractionated in advance as
described below. IPs were performed by incubating 500 mg of
each fraction with the indicated antibodies on a rotary shaker
overnight at 4�C. Mouse or rabbit IgG were used as controls of
nonspecific co-IP. The following day, 50 ml (50% suspension in
Isolation Buffer) of protein A- or G-beads were added and fur-
ther incubated for 6 h on a rotary shaker at 4�C. Beads were
then washed 3 times with isolation buffer, immunocomplexes
were eluted in Laemmli sample buffer at 95�C for 5 min and
finally processed for western blotting.

Subcellular fractionation

The protocol for isolation of mitochondrial and cytoplasmic
fractions was adapted from Wieckowski et al. 31 Briefly, cells
were resuspended in isolation buffer (225 mM D-Mannitol,

75 mM sucrose, 0.1 mM EGTA, 30 mM Tris-HCl, pH 7.4) and
disrupted by passing 25 times through a 25 g needle, followed
by centrifugation for 8 min at 800 g at 4�C to discard nuclei
and cell debris. The resulting supernatant was further centri-
fuged for 20 min at 10,000 g at 4�C. Pellets contained the crude
mitochondrial-enriched fractions, whereas cytoplasmic/micro-
somal fractions remained in the supernatants. For experiments
using cytoplasmic and crude mitochondrial fractions, equal
amounts of proteins were analyzed by western blotting and
probed with the indicated antibodies. Crude mitochondria
were ultracentrifuged on a 30% Percoll-gradient at 100,000 g
for 1 h at 4�C to further purify MAM and pure mitochondria.
Cytoplasmic fractions were ultracentrifuged at 100,000 g for
1 h at 4�C to isolate cytosolic and microsomal fractions.

Mitophagy assessment

To evaluate mitophagy induction, PINK1 accumulation and
PARK2 recruitment at mitochondria were assessed in confocal
microscopy by colocalization experiments with the mitochon-
drial marker TOMM20 or with overexpressing Red-Mito; data
were presented as the percentage of cells with PINK1 or
PARK2 localized at mitochondria. Mitophagy progression was
calculated by monitoring the disappearance of TOMM20 or
Red-Mito signal and counting cells devoid of mitochondria, as
well as by RT-PCR of mtDNA content. Omegasome formation
was assessed in SH-SY5Y cells stably expressing GFP-ZFYVE1,
by counting the percentage of cells exhibiting the accumulation
of GFP-ZFYVE1 dots (� 5 dots/cell).

Modulation of the OPA1, MFN2 and VDAC1 levels in west-
ern blotting was used as a measure of early mitophagy, whereas
the degradation of the inner mitochondrial membrane protein
TIMM23 and the matrix protein COX4I1 was followed to mon-
itor advanced mitophagy.66

Immunofluorescence and confocal imaging

SH-SY5Y cells were grown for 24 h on glass cover slips before
immunofluorescence. Where indicated, cells were transfected
with the indicated plasmids. For immunofluorescence experi-
ments, cells were washed with PBS and fixed in 4% paraformal-
dehyde in PBS for 20 min at room temperature and
permeabilized by incubation in PBS containing 0.2% Triton X-
100 and 10% goat serum for 1 h. Then, cells were incubated for
2 h at room temperature with primary antibodies resuspended
in PBS plus 0.1% Triton X-100 and 1% goat serum. After PBS
washing, primary antibodies were visualized using the appro-
priate secondary antibodies conjugated with either Alexa Fluor
488 or Alexa Fluor 555. After 3 washes with PBS, cells were
mounted on glass slides using the ProLong Gold antifade
reagent with DAPI (Molecular Probes, P36935), visualized with
laser scanning confocal microscopy (C2 Confocal Microscopy
System), by using the laser lines 488 nm (green) or 561 nm
(red) and a 60£1.4 NA Plan Apo objective (Nikon Corpora-
tion), controlled by NIS Element AR 4.13.04 software. Image
manipulation and merging were performed by using the appro-
priate tools of ImageJ 1.49i software. Quantification of colocali-
zation, expressed in terms of Mander’s Overlap Coefficient,
was calculated using the JacoP plugin of ImageJ software.
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Analysis of ER-mitochondria contact sites

To evaluate ER-mitochondria contact sites, cells expressing ER-
GFP and Red-Mito were excited with the laser lines 488 nm or
561 nm, and 20–40 images, separated by 0.2 mm along the z-
axis, were acquired. Deconvolution, 3D-reconstruction and
surface rendering were realized using the VolumeJ plugin of
ImageJ. Mander’s colocalization coefficient, calculated by the
JacoP plugin, was used to quantitatively assess the fraction of
ER juxtaposing to mitochondria.

To measure the mitochondrial perimeter in contact with ER,
single-plane confocal images of SH-SY5Y cells stably expressing
ER-GFP and Red-Mito were used. The mean intensity of mito-
chondrial and ER fluorescence was calculated, and a threshold
corresponding to 75% of the mean Red-Mito intensity was
used to obtain binary images of mitochondria. To trace the pro-
file of the mitochondrial perimeter, the ImageJ iso-photcon-
tour2 plugin was applied to binary images of mitochondria. To
evaluate the amount of mitochondrial perimeter in contact
with the ER, we followed the method reported by Filadi et al.67

ER-mitochondria colocalization was calculated as the ratio (R)
between mitochondrial perimeter pixels colocalized with the
ER and total mitochondrial perimeter pixels.

Phos-tag gel

To check BECN1 phosphorylation in the presence and absence
of PINK1 shRNA, Phos-tag SDS-PAGE was performed using
Phos-tagTM acrylamide (Wako Pure Chemical Industries, 304-
93521), as described by the manufacturer. Briefly, shSCR and
shPINK1 SH-SY5Y cells were treated with DMSO or CCCP,
total cell lysates were prepared in lysis buffer (20 mM HEPES,
120 mM NaCl, 1% Triton X-100) containing protease inhibitor
cocktail and resolved by 7% SDS-PAGE using a gel containing
50 mM Phos-tag acrylamide and MnCl2. Immunoblotting was
conducted normally after soaking the gels in 1 mM EDTA for
10 min to remove the Mn2C. All other steps in this analysis
were identical to normal SDS-PAGE and immunoblotting pro-
tocols. Transfer was conducted onto PVDF membrane.

FACS analysis

Cells were washed in PBS and fixed in 70% ethanol overnight at
4�C. The next day, samples were washed in PBS, 1% BSA and
then processed according to the TUNEL-based In Situ Cell
Death Detection Kit Fluorescein (Roche Diagnostic, 1684795),
in conjunction with propidium iodide staining. Single-cell sus-
pensions were analyzed by Cyan ADP (Beckman Coulter).
Apoptosis was scored by quantifying the population of
TUNEL- and propidium iodide-positive cells. Flow-cytofluori-
metric data were plotted and analyzed by using the Summit 4.3
software (Beckman Coulter).

Statistical analysis

Densitometric results, counts at confocal microscopy and cyto-
fluorimetric data were represented as histograms; values were
obtained from at least 3 independent experiments and
expressed as means § SD, calculated with GraphPad Prism 5.
Unpaired Student t test was used to assess the differences

between 2 groups. A P-value of less than 0.05 was considered
as significant.

Abbreviations

ACSL4/FACL4 acyl-CoA synthetase long-chain family
member 4

AMBRA1 autophagy and Beclin 1 regulator 1
ATG autophagy related
BECN1 Beclin 1
CCCP carbonyl cyanide m-chlorophenylhydrazone
co-IP co-immunoprecipitation
COX4I1 cytochrome c oxidase subunit 4I1
ER-GFP endoplasmic reticulum-targeted green fluo-

rescent protein
FACS fluorescence-activated cell sorting
GFP green fluorescent protein
HSPA9/GRP75 heat shock protein family A (Hsp70) mem-

ber 9
KDD kinase dead domain
MAM mitochondria-associated membranes
MAP1LC3/LC3 microtubule- associated protein light chain 3
Red-Mito mitochondria-targeted red fluorescent

protein
MFN2 mitofusin 2
mtDNA mitochondrial DNA
OMM outer mitochondrial membrane
OPA1 OPA1, mitochondrial dynamin like GTPase
PARK2 parkin RBR E3 ubiquitin protein ligase
PARP poly(ADP-ribose) polymerase
PD Parkinson disease
PINK1 PTEN induced putative kinase 1
PtdIns3K class III phosphatidylinositol 3-kinase
PtdIns3P phosphatidylinositol-3-phosphate
TIMM23 translocase of inner mitochondrial mem-

brane 23
TOMM20 translocase of outer mitochondrial mem-

brane 20
ULK1 unc-51 like autophagy activating kinase 1
VDAC1 voltage dependent anion channel 1
VPS vacuolar protein sorting
WIPI1 WD repeat domain, phosphoinositide inter-

acting 1
YFP yellow fluorescent protein
ZFYVE1/DFCP1 zinc finger FYVE-type containing 1
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