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Abstract
PINK1 mutations that disrupt its kinase activity cause autosomal recessive early onset Parkinson’s disease (PD). Although
research in recent years has elucidated a PINK1-Parkin pathway of mitophagy activation that requires PINK1 kinase activity,
mitophagy-independent functions of PINK1 and their possible roles in PD pathogenesis have been proposed. Using an
unbiased quantitative mass spectrometry approach to analyze the phosphoproteome in primary neurons from wild type and
Pink1 knockout mice after mitochondrial depolarization, we uncovered PINK1-regulated phosphorylation sites, which
involve coordinated activation of multiple signaling pathways that control cellular response to stress. We further identified
the pro-apoptotic protein BAD as a potential mitochondrial substrate of PINK1 both in vitro and in vivo, and found that cells
more susceptible to a12poptosis induced by mitochondrial damage can be rescued by phosphorylation mimic BAD. Our
results thus suggest that PINK1 kinase activity is important for pro-apoptotic protein function in regulation of cell death.

Introduction

Parkinson’s disease (PD) is a common neurodegenerative
disorder with the initial characteristic symptoms including
rigidity, bradykinesia, resting tremor, and gait instability.
Although the majority of the cases are sporadic, the iden-
tification of a number of disease genes through genetic

studies of familial cases has shed tremendous light on our
understanding of the disease mechanism. Among these
genes, PTEN induced putative kinase 1 (PINK1) loss-of-
function mutation causes autosomal recessive early-onset
Parkinson’s disease [1].

Studies over the past 10 years have established that
PINK1 is a mitochondrial localized serine/threonine protein
kinase. Early studies showed that PINK1 exerted a protec-
tive role against oxidative stress and mitochondrial damage
in cells [2, 3]. Recently it was shown that upon mitochon-
drial damage, PINK1 is stabilized on mitochondrial outer
membrane, which promotes the phosphorylation and acti-
vation of parkin and ubiquitin. Parkin mediates ubiquiti-
nation of mitochondrial outer membrane proteins including
TOMM20, mitofusin, miro, and VDAC, forming a recog-
nition site for adaptor proteins and promoting the selective
autophagy of damaged mitochondria [4, 5]. This PINK1-
parkin pathway of mitophagy plays an important role in
organelle quality control and cellular homeostasis. How-
ever, whether a malfunction of this system due to PINK1 or
parkin mutation is the major cause of selective dopami-
nergic death or not remains elusive. Therefore, a PINK1
functions in PD pathogenesis beyond mitophagy has been
widely proposed [6, 7].

Many studies on the PINK1-parkin mediated mitophagy
pathway were conducted in non-neuronal cells; however,
several studies on rodent primary neurons or neurons
derived from patient iPSCs resulted in controversial
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conclusions on parkin translocation and mitophagy after
mitochondrial depolarization and PINK1 activation [8–10].
It is thus imperative to identify phosphorylation targets
downstream of PINK1 in a neuronal context. Quantitative
mass spectrometry (MS)-based analysis of PINK1-regulated
phosphoproteome has the potential to identify PINK1 tar-
gets. Additionally, the analysis can glean a comprehensive
insight on cellular pathways that is altered after PINK1
activation. For example, a phosphoproteomic analysis of
mitochondrial complex I purified from wild type (WT) and
Pink1 knockout (KO) mouse brain identified a critical role
of serine-250 phosphorylation in complex I subunit
NdufA10 [11]. We have previously analyzed a cell line after
transient PINK1 knockdown [12]. In spite of these efforts, it

remains elusive how the activation of mitophagy and pro-
tection of cell death in neurons are coordinated. Here, we
utilized liquid-chromatography fractionation, affinity
enrichment of phosphorylated peptides, high-resolution
mass spectrometry to quantify the phosphoproteome, and
the proteome of primary cortical neurons after mitochon-
drial depolarization. We find that PINK1 influenced the
coordinated activation of multiple signaling pathways that
control cellular response to stress, including energy meta-
bolism, response to growth factor stimulation, fine tuning of
autophagy, and cell survival. We further identify the pro-
apoptotic protein BAD as a potential mitochondrial sub-
strate of PINK1, and suggest a molecular detail on PINK1
regulation of cell death.

Fig. 1 Overview of the quantitative phosphoproteome of cortical
neurons. a, b PCA for 12876 and 6422 phosphorylated sites (only
those with a localization probability of at least 67% were considered)
in WT and Pink1 KO neurons at the early time points a and the late
time points b, respectively. WT neurons are represented by red, and

KO neurons by green. Around 65~69% of total variance is explained
by the first two components for both PCAs. c, d Histograms of
phosphoproteome and proteome data distribution at 15 min and 2 h
after CCCP treatment. A log2 transformed fold change of 1.5 is
marked with a dash line to identify differential phosphorylation events
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Results

Quantitative analysis of PINK1-regulated
phosphoproteome upon mitochondrial
depolarization

We treated neurons with the protonophore carbonyl cyanide
m-chlorophenyl hydrazine (CCCP), which induces persis-
tent depolarization leading to mitochondrial damage [13].
Western blot analysis confirmed the expression of endo-
genous PINK1 in WT but not KO neurons (Fig. S1b).
CCCP treatment resulted in upregulation of endogenous
PINK1 in WT neurons (Fig. S1b), consistent with previous
studies [14]. We assessed the viability of neurons after
CCCP treatment and found that treatment after 2 and 6 h
resulted in significantly more death in KO neurons
(Fig. S1c). The proteome and phosphoproteome of WT and
KO neurons after CCCP treatment were analyzed using
high-resolution quantitative MS. We applied a 10-channel
tandem mass tag [15] to label trypsin-digested peptides. The
labeled peptides were combined and then separated using a
basic reversed-phase liquid chromatography, followed by
phosphopeptide enrichment using TiO2 (Fig. S1a).

Overall, our phosphoproteome analysis of biological
duplicate experiments quantified 12876 and 6422 phos-
phorylation sites on 3067 and 2413 protein, respectively,
from the early (15–45 min) and late (2–6 h) treatment time
points (Fig. S1d). The number of singly, doubly, and triply
phosphorylated events in both experiments was similar
(Fig. S1e); and the percentage of serine, threonine, and
tyrosine phosphorylation events is illustrated in Fig. S1f. In
addition, we have achieved high mass accuracy measure-
ments in both experiments (Fig. S2a); and the quantification
between the biological duplicate experiments was highly
correlated (Fig. S2b). Furthermore, gene ontology analysis
revealed that among all quantified 3984 phosphoproteins
there were 26% organelle proteins and a majority of the rest
were categorized as cell part (Fig. S2c). Among organelle
proteins nuclear and cytoskeletal proteins occupied 53%
and 19%, respectively, whereas mitochondrial and other
organelle proteins occupied 4% each (Fig. S2d). These
results suggest that our analysis favored soluble proteins but
covered less proteins from the membrane structure of
organelles. Nevertheless, our analyses have achieved certain
depth and quantitative accuracy.

Principal component analysis revealed that the genotype
was the major feature that differed across the data at early
time points, and the treatment effects were separated in the
second component (Fig. 1a). In contrast, at late time points
the treatment became the main feature that strongly differed
in WT neurons but mild in KO neurons (Fig. 1b). We
evaluated changes in phosphorylation in neurons without
CCCP treatment (0 min) that might be the result of PINK1

loss-of-function, or the result of adaptation to PINK1 loss.
Overall, only 18 serine/threonine residues on 18 proteins
showed difference in phosphorylation between KO and WT
in both biological replicates (Figs. S3a and b). We then
applied the median absolute deviation analysis integrated
with a fold change cutoff of 1.5 and a Z score cutoff of 2.5
to identify differential phosphorylation events that hap-
pened only in WT neurons. The fold change of treatment
against non-treatment was calculated for each time point. At
the early time points the percentage of phosphopeptides
with fold change more than 1.5 was low, and was not
dramatically different between WT and KO neurons
(Fig. 1c and Fig. S3c). While at the late time points the
percentage became higher with more dramatically increased
phosphorylation in WT neurons after treatment (Fig. 1d and
Fig. S3d). These results indicate that in response to mito-
chondrial depolarization PINK1 induced a variety of
downstream phosphorylation events, either directly or
indirectly.

Clustering analysis of phosphorylation events
reveals PINK1 regulated cellular pathways

At the early time points, 382 phosphorylation sites from 285
proteins exhibited a differential phosphorylation only in WT
neurons, among which only 39 phosphorylation sites from
30 proteins showed reduced phosphorylation (Fig. 2a). At
the late time points, 146 phosphorylation sites from 117
proteins exhibited a differential phosphorylation only in WT
neurons (Table S1 and S2). Annotation of molecular func-
tion indicated that the largest number of proteins fall into
the category of cytoskeletal protein, following by nucleic
acid binding protein, kinase and transcription factor. Nota-
bly, a number of proteins were annotated as G-protein
modulators (Fig. 2a). To gain insights at the signaling
pathways, we performed a Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis using the online
data annotation and integration tool, DAVID [16]. We
found that the phosphoproteins were enriched in top 3
pathways including the mTOR pathway (p= 3.16E-05) the
neurotrophin signaling pathway (p= 3.16E-05) and the
insulin signaling pathway (p= 4.6E-05). The key node
proteins of these pathways and the levels of their phos-
phorylation sites were illustrated in Fig. 2b. The functional
diversity suggested that activated PINK1 could mediate
phosphorylation of a broad range of proteins.

To gain temporal insights into PINK1-dependent phos-
phorylation events, we applied the c-fuzzy algorithm [17] to
cluster the phosphorylation data across all time points. The
changed phosphorylation sites were grouped into six clus-
ters (Fig. 2c and Table S3). Each cluster exhibited distinct
pattern of phosphorylation change, with clusters 1, 2, 4, and
5 showing late response, gradual increase, subtle increase,
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Fig. 2 Bioinformatics analysis of PINK1-regulated phosphorylation
events. a Pie chart shows the number of changed phosphorylation sites
and proteins (parenthesis) (upper panel) at early time points, and
protein classification of changed phosphoproteins (lower panel). b Heat
map shows the changed phosphoproteins enriched in top 3 pathways in
KEGG analysis. c PINK1-regulated phosphorylation sites are grouped
into 6 clusters based on temporal changes. The color key indicates

membership value with red denoting a high membership and yellow
denoting a low membership. The number of phosphorylation sites with
membership values greater than 0.5 are shown above each graph. d
Gene ontology analysis in the category of biological processes for
proteins in clusters 2, 4, and 5. e Phosphoproteins in clusters 1, 2, 4,
and 5 were classified with PANTHER
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Fig. 3 Analysis of PINK1-regulated phosphorylation site motif. a, b
Sequence motifs from the 382 and 146 PINK1-regulated phosphor-
ylation sites after mitochondrial depolarization at the early and the late
time points are shown respectively. NetworKIN predicted kinases for
these motif-enriched sites are visualized in a network format, where c,

d represent kinases predicted for sP and R..s. sites, respectively, at the
early time points, e, f represent kinases predicted for sP and sE. sites
respectively, at the late time points. g Differential phosphorylation
sites in major signaling pathways after CCCP treatment in a PINK1-
regulated manner are shown in a pathway format
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Fig. 4 PINK1 phosphorylates BAD in vitro. a In vitro kinase assay
using recombinant BAD as the substrate and TcPINK1 as the kinase.
Western blot analysis was performed to determine BAD phosphor-
ylation at S112. CIP calf intestinal phosphatase. b In vitro kinase assay
using known PINK1 substrate ubiquitin as a positive control. c, d

Time-course analysis of TcPINK1-catalyzed substrate phosphoryla-
tion. e, f In vitro kinase assay and parallel reaction monitoring (PRM)
measurement of the time course of BAD phosphorylation at S112 and
S136
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and early response in phosphorylation, respectively. Except
for clusters 3 and 6, all changes in phosphorylation in these
clusters showed PINK1 dependency. We then applied the
PANTHER classification system [18] to analyze the biolo-
gical functions of the PINK1-dependent phosphoproteins.
Proteins in clusters 1, 2, and 4 were enriched in cytoskeletal
proteins, while ligases and transferases occupied high per-
centage in clusters 4 and 5 (Figs. 2d, e). Analysis in the
category of cellular component revealed that faster response
proteins in cluster 5 were enriched in synapse and nucleus.

Analysis of PINK1 regulated phosphorylation site
motif indicates potentially activated kinases and
signal pathways

In order to obtain sequence features surrounding the phos-
phorylation sites, and to infer kinases responsible for their
phosphorylation, we extracted sequence motifs using motif-
x [19] from the 382 and 146 PINK1 regulated phosphor-
ylation sites. A motif shared by both time points was the
proline-directed motif, while there was a distinct basophilic
motif containing an arginine at the -2 position of the central
serine residue at early time points. An acidophilic motif
containing a glutamine at the +1 position of the central
serine residue stood out at late time points (Figs. 3a, b).

To further understand the kinase-substrate relationship
from the PINK1-regulated phosphorylation events, we
applied NetworKIN [20] that predicts kinases based on the
motif and experimentally documented kinase-substrate
interactions. The PINK1-regulated phosphosites and their
predicted kinases were summarized in Supplementary
Table 4. The kinase-substrate pairs were further classified
based on motifs (Figs. 3c–f). Of note, insulin activated
signaling nodes including AKT1, IRS1, MAPKs, all were
activated after mitochondrial depolarization to a greater
extent in WT neurons than KO neurons. We observed
increased phosphorylation of EIF4G1 (Table S1), an
essential component of translation initiation complex,
which is consistent with mTOR activation by growth factors
to promote protein synthesis. Although controversy exists
regarding the causal relationship between mutation of
EIF4G1 and onset of PD [21], a recent study identified
genetic interaction and convergence among PD related
proteins VPS35, EIF4G1 and α-synuclein [22]. Our data
suggested a likely biochemical interaction between PINK1
and EIF4G1. We also observed elevated phosphorylation of
BNIP3L after mitochondrial depolarization in a PINK1-
dependent manner (Table S1). Interestingly, BNIP3 and
BNIP3L have been linked to the PINK1-Parkin mediated
mitophagy pathway [23, 24]. Thus, these proteins may form
an intricate interaction loop to control mitophagy.

We then constructed major signaling pathways covering
PINK1-regulated phosphorylation sites after CCCP

treatment (Fig. 3g) with differential phosphorylation sites
marked brownish yellow. These pathways play important
roles regulating multiple cellular functions, including
growth, survival, and autophagy.

Identification and validation of BAD as a potential
PINK1 target

We tested whether PINK1-regulated proteins could be
phosphorylated by PINK1. We selected IRS1, TSC2,
ULK1, YWHAZ (14-3-3), BAD, and DAPK1, proteins that
are involved in growth factor signaling, mTOR, autophagy
and cell death. We co-expressed tagged IRS1, TSC2 and
ULK1 with either wild type or kinase-dead PINK1 in cells,
and used phos-Tag gel to detect phosphorylation. We did
not observe band shift for these proteins (Figs. S4a-d). We
constructed GST or His fusion protein of BAD, YWHAZ,
and a truncated form of DAPK1. These proteins play a
direct or indirect role in cell death [25–27]. In vitro kinase
assay using an enzymatically active, insect-derived
TcPINK1 [28] followed by phos-Tag gel showed distinct
band shift in BAD and DAPK1, but not in YWHAZ
(Figs. S4e and f).

We then focused on BAD, a pro-apoptotic protein whose
in vivo phosphorylation has been demonstrated to raise the
mitochondrial threshold for apoptosis [29]. Phosphorylation
on serine 112, 136, and 155 of BAD can be catalyzed by a
variety of kinases including Raf-1, PKA, Akt, PAK or RSK
[30, 31]; and their phosphorylation leads to relocalization
from the mitochondria to the cytosol and subsequent
sequestration by 14-3-3 [32, 33]. We constructed His-
tagged wild type and S112A mutant BAD and performed
in vitro kinase assay. In the presence of PINK1, wild type
but not the mutant BAD was phosphorylated, and the
phosphorylation was largely reduced by calf intestinal
phosphatase (CIP) (Fig. 4a). Ubiquitin, a known PINK1-
substrate, was phosphorylated at serine 65 and the phos-
phorylation was also greatly reduced by CIP (Fig. 4b). The
S112 phosphorylation on BAD and S65 phosphorylation on
ubiquitin were observed at a time-dependent fashion,
clearly observable starting at 10 min and gradually
increased until 60 min (Figs. 4c, d). We then used a targeted
mass spectrometry to observe temporal pattern of BAD
phosphorylation on multiple sites, and found that both S112
and S136 were gradually phosphorylated across a one-hour
time period (Figs. 4e, f). Thus, we have demonstrated that
two serine residues on BAD can be directly phosphorylated
by PINK1 in vitro.

We explored the in vivo phosphorylation states of the
serine residues on BAD. Quantitative mass spectrometry
showed an elevated phosphorylation on S112 at 2 and 6 h
after mitochondrial depolarization in WT neurons, as well
as an elevated phosphorylation on S155 at 45 min (Fig. 5a).
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These results were further validated by western blot using
phosphorylation site-specific antibodies. Mitochondrial
depolarization induced by 20 μM CCCP at 45 min and 2 h

robustly increased phosphorylation on S112 and S136, and
slightly on S155, as demonstrated in Figs. 5b, c. Applying
CCCP at a lower dose of 2 μM that caused mild

Fig. 5 PINK1-dependent BAD phosphorylation induced by CCCP in
mouse neurons and in human cells. a Two phosphopeptides of BAD
(Ser112 and Ser155) were quantified with mass spectrometry in mouse
primary cortical neurons after CCCP (20 μM) treatment. b, c Western
blot analysis of primary cortical neurons from WT and Pink1 KO mice
for phospho-BAD (S112), (S136), (S155) and BAD after treatment

with CCCP (20 μM). Data represents three independent experiments.
d, e PINK1 maintains the phosphorylation of BAD. BAD was co-
expressed with wild type or kinase dead PINK1 in HEK293T cells and
then treated with CCCP (20 μM) for indicated time. Error bars
represent the S.E. of the mean of 3 independent experiments. Student’s
t-test: * p< 0.05, ** p< 0.01, *** p< 0.001
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Fig. 6 PINK1 co-localizes with BAD in mitochondria and dynamically
regulates BAD localization in mitochondria. a, b Confocal microscopy
images of HeLa cells transfected with PINK1 constructs together with
BAD constructs. CCCP (20 μM) treatment lasted for 6 h. Scale bar, 10
μm. Error bars indicate the S.E. of the mean of 3 independent
experiments with counting of 100 cells per treatment. c PINK1
interaction with BAD on depolarized mitochondria was detected by

co-immunoprecipitation (co-IPs) of overexpressed PINK1 and BAD in
HEK293T cells. d, e Wild type, phosphorylation null (3SA) or
phosphorylation mimic (3 SD) mutant BAD was transfected into HeLa
cells and then treated with DMSO or CCCP (20 μM) for 6 h. Error bars
indicate the S.E. of the mean of 3 independent experiments with
counting of 100 cells per treatment. Scale bar, 10 μm. Student’s t-test:
* p< 0.05, ** p< 0.01
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mitochondrial depolarization also increased BAD phos-
phorylation on S112 and S136, and potentially S155
although no statistical significance was reached (Figs. S5a
and b). The effect on BAD phosphorylation appears to be
specific to CCCP treatment since mitochondrial toxin MPP+

failed to affect BAD phosphorylation (Fig. S5c). We co-
expressed BAD with either WT or KD PINK1, and then

induced mitochondrial depolarization. Wild type but not
kinase dead mutant PINK1 robustly increased BAD phos-
phorylation on S112, and faintly on S155, although CCCP
treatment itself had little effect on these phosphorylation
sites (Figs. 5d, e). Nevertheless, our data demonstrated that
kinase active PINK1 can mediate phosphorylation of
endogenous BAD in primary neurons.

Fig. 7 PINK1-dependent BAD phosphorylation promotes survival of
MEFs and neurons. a Western blot analysis of caspase-3 cleavage after
CCCP treatment for 24 h in cultured MEFs. WT and Pink1 KO cells,
as well as these cells over-expressed with wild type, phosphorylation
null and phosphorylation mimic mutant BAD were compared. Bar
graph in the lower panel shows the expression levels of cleaved
caspase-3 in each condition. b The same analysis as in a except that

primary neurons were used. c TUNEL staining comparing WT and
Pink1 KO MEF cells with or without CCCP treatment for 24 h, as well
as comparing MEF cells overexpressed with wild type, phosphoryla-
tion null and phosphorylation mimic mutant BAD. Arrows indicate
positive TUNEL signal. Scale bar, 50 μm.Data represent mean± S.E.
M. Student’s t-test: *p< 0.05, ** p< 0.01, *** p< 0.001
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PINK1 mediated BAD phosphorylation reduces BAD
localization on mitochondria

Because BAD exerts a pro-apoptotic function through
increased localization on mitochondria [34], we examined
whether BAD localization on mitochondria can be regu-
lated by PINK1. Triple immunofluorescence labeling and
confocal microscopy showed that PINK1 and a mito-
chondrial outer membrane protein TOMM20 co-localized
well in the presence and absence of mitochondrial depo-
larization. BAD showed a defused staining pattern with
little localization on mitochondria after co-expression with
wild type PINK1 as well as co-expression with KD PINK1
under basal culture conditions. In contrast, in the presence
of kinase dead PINK1 after CCCP treatment, BAD dra-
matically increased mitochondrial localization (Figs. 6a,
b). Similar results were obtained when expressing GFP-
tagged BAD in WT or KO mouse embryonic fibroblasts
(MEFs). Under basal conditions there is little BAD co-
localization with TOMM20. After CCCP treatment there
were less than 20% WT cells with BAD on mitochondria,
while nearly 80% of KO cells showed BAD localization on
mitochondria (Fig. S6a and b). Co-immunoprecipitation of
overexpressed BAD and PINK1 also demonstrated that the
two proteins interact with each other after mitochondrial
depolarization (Fig. 6c). Comparing wild type, phosphor-
ylation null (3SA) and phosphorylation mimic (3 SD)
mutant BAD demonstrated that the phosphorylation null
BAD had nearly 50% of cells showing strong mitochon-
drial localization, the wild type BAD had small percentage
(<20%) of cells showing mitochondrial localization, and
the phosphorylation mimic BAD had almost no cell
showing mitochondrial localization (Figs. 6d, e). Based on
these results, we propose a model whereby PINK1 pro-
motes the phosphorylation of BAD and subsequently
expels BAD from the mitochondria.

PINK1 regulates neuronal cell death through BAD

What will be the cellular consequences of BAD phosphor-
ylation after mitochondrial damage? CCCP treatment
induced more caspase-3 cleavage in KO than WT cells
(Fig. S7a), consistent with established function of PINK1 to
protect cells from apoptotic damage. The results were fur-
ther supported by cell viability assay showing that KO cells
were significantly less viable 48 h after CCCP treatment
(Fig. S7b). After virus-mediated expression of wild type,
3SA, or 3 SD mutant BAD into WT or KO MEFs, we found
that BAD-3SA expression resulted in more cleaved caspase-
3 even in WT MEFs, regardless of CCCP treatment. On the
other hand, BAD-3SD expression dramatically reduced
caspase-3 cleavage in KO MEFs, both under basal condi-
tions and after CCCP treatment (Fig. 7a). Similar results

were obtained in primary cortical neurons from WT and KO
mice (Fig. 7b). Using the TUNEL assay to detect apoptosis
[35], we found that prolonged CCCP treatment resulted in
increased TUNEL signal to a greater extent in KO MEFs
than in WT MEFs, suggesting that more cells had gone
through apoptosis. Consistent with biochemical results,
BAD-3SA expression further increased TUNEL signal in
both MEFs but much more dramatic in KO MEFs. In
contrast, BAD-3SD expression effectively eliminated
TUNEL positive cells, even in KO MEFs (Fig. 7c and
Fig. S7c).

Discussion

To our knowledge, this study is the first to describe global
phosphorylation changes in cultured primary neurons after
mitochondrial damage. By comparing WT and Pink1 KO
neurons, we identified PINK1-dependent activation of MAP
kinase signaling, insulin signaling, and mTOR signaling as
the major activated pathways induced by CCCP. Through
biochemical validation and functional studies, we found the
pro-apoptotic protein BAD to be a direct PINK1 substrate
in vitro. In vivo experiments further demonstrated that S112
and S136 on BAD were phosphorylated after CCCP treat-
ment in cells in a PINK1 dependent manner. Finally, we
found that phosphorylation mimic BAD rescued apoptotic
cell death induced by CCCP. Thus, our study provides a
new layer of molecular mechanism on PINK1 regulation of
cell death.

A previous study compared the proteome and phospho-
proteome of Pink1 deficient mouse brain with that of wild-
type and found that signaling networks, energy metabolism,
and proteostasis were altered in PINK1 deficient brain [36].
Similarly, our phosphoproteomic analysis of cortical neu-
rons captured robust phosphorylation changes in multiple
signaling pathways after mitochondrial depolarization
(Fig. 3g). On the other hand, because our phosphoproteome
dataset had low coverage of organelle proteins, we did not
identify phosphorylation of well-known PINK1 targets
including parkin, MIRO, or NCLX [37–39]. We did iden-
tify S57 phosphorylation on ubiquitin but it did not show
any difference between WT and KO neurons, nor did it
show response to CCCP treatment. However, from our
proteome dataset we identified MIRO and parkin-
independent mitophagy proteins, FKBP8 and PLSCR3
[40–42], without identifying phosphorylation on these
proteins. Thus, our strategy focused on the setting of
mitochondrial membrane potential disruption, which might
be in favor of identifying non-mitochondrial targets.
Regardless, our phosphoproteomic analysis provides a
broad view of cell signaling pathways that are influenced by
PINK1 kinase.
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A few PINK1 substrates that mediate cell death have
been reported. TRAP1 is the first PINK1 substrate identi-
fied, and phosphorylation of TRAP1 by PINK1 promotes
cell survival in a cytochrome-c-dependent manner [3].
Later, a PD susceptibility locus-encoded mitochondrial
serine protease HtrA2 is found to be phosphorylated in a
PINK1-dependent manner, which contributes to cell’s
increased resistance to mitochondrial stress [43]. A recent
study provides evidence showing that PINK1 interacts with
and phosphorylates Bcl-xl, a member of the Bcl-2 family of
apoptotic checkpoint proteins [44]. In our study, we failed
to identify TRAP1, HtrA2, or Bcl-xl, presumably due to
their low expression levels. However, we identified BAD as
a new PINK1 substrate through an unbiased phosphopro-
teomic screen. Our study highlights the importance of BAD
phosphorylation by PINK1 in promoting cell survival.

Previous studies have demonstrated that upon survival
factor stimulation, endogenous BAD phosphorylation at
S112, S136, and S155 residues is able to resist apoptotic
stimuli [45], making these three sites attractive targets for
modulating cell survival. BAD is a BH3 only protein with
the BH3 domain encompassing the S112 site. Phosphor-
ylation of S112 together with S136 and S155 regulates
BAD’s ability to dimerize with Bcl-xl to form apoptotic
complex in mitochondrial outer membrane, allowing
cytochrome-c release and activation of caspase-3 [46]. Our
observation that activated PINK1 mediates the phosphor-
ylation of mitochondrion-localized BAD after mitochon-
drial damage, potentially preventing the formation of
apoptotic complex and promoting cell survival, highlights
the pleiotropic effect of key proteins regulating the cell
decision on survival or death.

Despite the extensively use of CCCP to reveal the
PINK1/Parkin-mediated mitophagy pathway, it has several
limitations. First, the complete loss of membrane potential
triggered by CCCP would not likely be encountered under
physiological conditions. Second, CCCP causes a global
damage to the mitochondrial network and bypass the ROS
signaling [47]. Last, CCCP has protonophoric activity on
other membranes such as lysosome and inhibits autophagy
at both the initiation and degradation stages [48]. Therefore,
further phosphoproteomic studies applying more physiolo-
gically relevant challenges such as ROS induction or
mitochondrial complex inhibition, on human-derived
dopaminergic neurons in the context of PINK1 mutation
would shed further insights on the pathogenesis of PD. On
the other hand, although phosphorylation-mediated BAD
inactivation promoting cell survival is a general principle
applying to many cell types [45], recent studies have
directly linked defects in mitophagy caused by mutations in
VPS35, another familial PD-linked gene involved in
endosomal trafficking, to dopaminergic neuronal death [49].
Fine-tuning the balance between mitophagy and

mitochondrial-mediated apoptotic cell death might hold the
key for neuronal survival, and Bcl-2 family of apoptotic
regulators emerged as a crossroad of autophagy initiation
and apoptosis. Given our finding that activated PINK1
phosphorylates mitochondrion-localized BAD to prevent
apoptotic cell death, our study sheds new light on molecular
details of neural degeneration caused by PINK1 loss of
function.

Materials and methods

Animals

All experiments involving animal treatment and care were
performed following the Institutional Animal Care and Use
Committee protocols from the East China Normal Uni-
versity (ECNU). Pink1 KO mice were kindly provided by
Dr. ZhuoHua Zhang (State key laboratory of Medical
Genetics, XiangYa School of Medicine, CHN).

In vitro kinase assay

Recombinant T. castaneum 6xHis-MBP-PINK1 was pur-
chased from R&D Systems (#AP-180). Kinase assays were
performed immediately after His-BAD purification, with 1
uM PINK1 and 2 μg of recombinant substrate protein and 2
mM ATP in kinase assay buffer (50 mM Tris-HCl, 10 mM
MgCl2, 10 mM DTT). Reactions were incubated at 37 °C
for 1 h. For dephosphorylation reaction, the calf intestinal
phosphatase (CIP, New England Biolabs, M0290S) were
added. The reaction system was incubated in 90 °C for 5
min to inactivate PINK1.

Immunofluorescence

For immunofluorescence staining of exogenous Flag-BAD,
HeLa cells were washed with 1xPBS (137 mM NaCl, 2.7
mM KCl, 10 mM Na2HPO4 and 2 mM KH2PO4) prior to
fixation in 4% paraformaldehyde at room temperature for
60 min, incubated with 1% Triton X-100 on ice for 10 min,
blocked with 5% BSA in 37 °C incubator for 60 min and
incubated with mouse anti-Flag antibody overnight. The
coverslips were washed three times with PBST, followed by
incubation with a secondary antibody (Life Technology,
Alexa Fluor 405-blue, 546-red, 488-green). Images were
acquired with a confocal microscopy (Leica TCS SP5).

Apoptosis assays

WT and Pink1 KO MEF cells were seeded in a six-well
dish, and then overexpressed with BAD constructs, treated
with 20 μM CCCP or DMSO for indicated times.
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The TUNEL assay (Roche Applied Science
12156792910, Indianapolis, IN) was performed according
to manufacturer’s instructions.

Statistics

Data are presented as standard error of the mean (SEM) of
multiple replicates. All data presented are representative of
at least three independent experiments. P-values were
generated by two-tailed t-test assuming equal variance using
Prism Graphpad Software (San Diego, CA). The value 0.05
(*), 0.01 (**) and 0.001 (***) was assumed as the level of
significance for the statistic tests.

Other details including reagents, cell culture, transfec-
tion, gel electrophoresis, phosphoproteomics workflow, LC-
MS/MS data acquisition, MS raw data processing, bioin-
formatics analysis can be found in Supplementary
Information.

Data availability

The mass spectrometry data has been deposited to Proteo-
meXchange with the accession number PXD006304.
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