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Abstract: PINK1 is a causative gene for Parkinson’s disease and the corresponding protein has been
identified as a master regulator of mitophagy—the autophagic degradation of damaged mitochondria.
It interacts with Beclin1 to regulate autophagy and initiate autophagosome formation, even outside
the context of mitophagy. Several other pro-survival functions of this protein have been described
and indicate that it might play a role in other disorders, such as cancer and proliferative diseases. In
this study, we investigated a novel anti-apoptotic function of PINK1. To do so, we used SH-SY5Y
neuroblastoma cells, a neuronal model used in Parkinson’s disease and cancer studies, to characterize
the pro-survival functions of PINK1 in response to the apoptosis inducer staurosporine. In this
setting, we found that staurosporine induces apoptosis but not mitophagy, and we demonstrated that
PINK1 protects against staurosporine-induced apoptosis by impairing the pro-apoptotic cleavage of
Beclin1. Our data also show that staurosporine-induced apoptosis is preceded by a phase of enhanced
autophagy, and that PINK1 in this context regulates the switch from autophagy to apoptosis. PINK1
protein levels progressively decrease after treatment, inducing this switch. The PINK1–Beclin1
interaction is crucial in exerting this function, as mutants that are unable to interact do not show the
anti-apoptotic effect. We characterized a new anti-apoptotic function of PINK1 that could provide
options for treatment in proliferative or neurodegenerative diseases.

Keywords: PINK1; Beclin1; autophagy; apoptosis; neurodegeneration; cancer

1. Introduction

While autophagy and apoptosis are interrelated, they are, at least to some extent,
alternative cellular functions that play a crucial role in survival and homeostasis. These
processes, essential for post-mitotic cells such as neurons, have been linked to neurode-
generative diseases both from a genetic and a pathophysiological perspective [1,2]. The
two most common neurodegenerative diseases, Alzheimer’s disease (AD) and Parkinson’s
disease (PD), share common pathophysiological features such as accumulation of mis-
folded proteins, mitochondrial damage, and synaptic dysfunction, resulting in the death of
a subpopulation of neurons—including hippocampal and cortical neurons in AD, nigral
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dopaminergic neurons in PD. In both diseases, proteins implicated in autophagy have been
associated with these pathophysiological features. Approximately 1 in 3 people in Western
countries will at some point in life be affected by either AD or PD, and the global burden of
these diseases is expected to grow significantly with the increase in life expectancy [3].

PINK1 is a mitochondrial kinase playing a causative role in autosomal recessive PD.
Its most well-characterized function is the regulation of mitophagy, the autophagic degra-
dation of damaged mitochondria, but other pro-survival and neuroprotective functions of
this protein have been described [4]. It is a positive regulator of cell cycle [5], it participates
in maintenance of calcium homeostasis [6,7], and cells depleted of PINK1 show defects in
mitochondrial bioenergetics [8]. It is involved in the removal of misfolded proteins through
autophagy and the ubiquitin-proteasome system [9], and a recent study demonstrated that
enhanced PINK1 activity rescues amyloid pathology in AD [10]. It is the first and most
studied ubiquitin kinase [11].

Besides neurodegeneration, an increasing number of experimental results point to a
role of PINK1 in proliferative disorders. This is not surprising, as the molecular and cellular
pathophysiological mechanisms intervening in these two groups of diseases are, in part, the
same, often acting or dysregulated in opposing directions. Some researchers even consider
them as “two sides of the same coin” [12,13], and epidemiological data seem to support this
inverse association [14–16]. Several functions of PINK1 fit well in this picture, including
its pro-survival and anti-apoptotic effect, mitophagy, and the regulation of mitochondrial
homeostasis [17,18]. Autophagy has been a particularly crucial topic in recent years in
cancer research both as a pathological process and as a therapeutic target [19,20]. We
previously demonstrated that a direct interaction of PINK1 with Beclin1 is responsible
for regulation of autophagy and initiation of autophagosome formation upon mitophagic
stimuli [21,22]. In the current study, we show that this PINK1–Beclin1 interaction regulates
the balance between autophagy and apoptosis upon treatment with staurosporine (STS),
an inducer of apoptosis but not mitophagy. Specifically, our data demonstrate that PINK1
impairs the pro-apoptotic cleavage of Beclin1, favoring an activation of autophagy and
preventing the switch towards cell death.

2. Materials and Methods
2.1. Eukaryotic Expression Vectors and shRNA Constructs

PINK1 and Beclin1 over-expression constructs, both pcDNA3.1-based, have been
described previously [21]. Wild-type PINK1 (PINK1-WT), as well as the PD-related PINK1-
G309D and PINK1-W437X mutants, were all tagged at the C-terminus with the HA epitope.
Beclin1 was tagged at the C-terminus with the Myc epitope. To knockdown PINK1 expres-
sion in SH-SY5Y cells (shPINK1), pMISSION validated shRNA bacterial glycerol stocks
(NM_032409, TRCN0000199193) were purchased from MERCK (Darmstadt, Germany).
Efficiency of PINK1 knockdown in SH-SY5Y cells using this small hairpin RNA was demon-
strated previously [23]. The MISSION pLKO.1-puro Non-mammalian shRNA Control
Plasmid DNA (SHC002, MERCK), targeting no known mammalian genes, was used as
negative control. Lentiviral vectors were amplified in the Stbl3 bacterial strain and used to
generate lentiviral particles in 293T packaging cells.

2.2. Cell Cultures

SH-SY5Y neuroblastoma cells, as well as the HEK-293T cell line, were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher Scientific, Waltham, MA,
USA), supplemented with 2 mM L-glutamine, 200 U/mL penicillin, 200 mg/mL strepto-
mycin, 1 mM sodium pyruvate and 10% heat inactivated FBS at 37 ◦C in 95% humidifier
air and 5% CO2. Parkin-inducible SH-SY5Y cells, kindly provided by Dr. Wolfdieter
Springer and Prof. Philippe J Kahle (Laboratory of Functional Neurogenetics, Department
for Neurodegenerative Diseases, Hertie Institute for Clinical Brain Research, University of
Tübingen, Tübingen, Germany), were cultured in DMEM/HAM F12 1:1 (Thermo Fisher
Scientific) containing 10% Tetracycline-free FBS (Takara Bio, San Jose, CA, USA), 7 µg/mL
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Blasticidin and 300 µg/mL Zeocin (both from Thermo Fisher Scientific). Parkin expression
was induced by adding 1 µg/mL Doxicycline (MERCK) for 48 h [24].

2.3. Transfections and Transductions

pcDNA3.1-based constructs were expressed in SH-SY5Y cells upon transfection with
Lipofectamine 2000 reagent (Thermo Fisher Scientific). Stable transfectants expressing
either PINK1-WT or the PD-related PINK1-G309D and PINK1-W437X mutants, as well as
Beclin1, were selected as previously described [21]. SH-SY5Y cells stably expressing GFP-
LC3 were also described previously [21]. shRNA delivery into SH-SY5Y cells was achieved
by means of lentiviral vector-mediated transfer. Lentiviral constructs (control-shRNA or
PINK1-shRNA) as well as 2nd generation packaging plasmids (psPAX2, pMD2G), were
transfected in HEK293T cells by calcium phosphate precipitation in presence of 25 µm
chloroquine. HEK293T cell culture medium, containing the respective lentiviral particles,
was harvested 48 h post-transfection, passed through 0.45 µm filters and used to transduce
target cells overnight, in the presence of 8 µg/mL Polybrene (MERCK). Stable transductants
were obtained by adding 2 µg/mL Puromycin (MERCK) up to 10 days.

2.4. Treatments

SH-SY5Y cells were exposed to 1 µM Staurosporine (MERCK), 20 µM CCCP (MERCK),
1 µM Geldanamycin (MERCK), 50 µg/mL Etoposide (MERCK) or vehicle (DMSO) at the
indicated times. z-VAD-fmk (MERCK) was used at the final concentration of 50 µM for 3 h.
MG132 (MERCK) was used at the final concentration of 10 µM for 12 h.

2.5. Antibodies

The following antibodies were used for Western blotting and immunofluorescence
assays: mouse anti-HA (MERCK), rabbit anti-HA (MERCK), mouse anti-Myc (Santa-
Cruz Biotechnology, Santa Cruz, CA, USA), rabbit anti-PINK1 (Novus Biologicals, En-
glewood, CO, USA), mouse anti-TIM23 (BD Biosciences, Franklin Lakes, NY, USA), mouse
anti-TOM20 (BD Biosciences), mouse anti-Parkin (Santa-Cruz Biotechnology), rabbit anti-
GAPDH (Cell Signaling Technologies, Danvers, MA, USA), rabbit anti-LC3B (MERCK)
and rabbit anti-cleaved PARP (Cell Signaling Technologies). HRP-conjugated secondary
antibodies were as follows: anti-Mouse and anti-Rabbit (both from GE Healthcare, Lit-
tle Chalfont, UK). Secondary antibodies used in immunofluorescence experiments were
conjugated with either Alexa Fluor 488, Alexa Fluor 555 or Alexa Fluor 405 (Thermo
Fisher Scientific).

2.6. Western Blotting Analysis

Cells were lysed in RIPA buffer (Cell Signaling Technologies) containing protease and
phosphatase inhibitors and protein extracts were quantified by using the bicinchoninic
acid (BCA) assay (Thermo Fisher Scientific). Lysates (50 µg) were subjected to SDS-PAGE,
probed with the primary and secondary antibodies listed above, and detected by using
ECL-Plus Western Blotting Detection System (GE Healthcare). All experiments were
normalized by GAPDH expression. Image contrast and brightness, as well as densitometry
measurements, were performed in Adobe Photoshop CS2 (Adobe Systems Incorporated,
San Jose, CA, USA). In all panels, values are plotted as fold-change relative to control,
which has been set to a value of 1.

2.7. Immunofluorescence and Confocal Microscopy

Immunofluorescence analysis was performed as described previously [21]. Images
were acquired by using the confocal microscope PCM Eclipse TE300 or the C2 Confocal
Microscopy System (both from Nikon Instruments, Tokyo, Japan). Merged images were
obtained with EZ2000 or NIS Element software. Quantification of colocalization, expressed
in terms of overlap coefficient (R), was calculated on several randomly selected cells from
different slides by using the WCIF ImageJ software.
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2.8. RNA Extraction and RT-qPCR

RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany), including
on-column DNase I digestion, according to the manufacturer’s instructions. An amount of
1 µg of RNA was retro-transcribed using the High-Capacity cDNA Reverse Transcription
Kit (Thermo Fisher Scientific). Quantitative PCR was performed using iQ SYBR Green
Supermix (Bio-Rad Laboratories, Hercules, CA, USA) on the LightCycler 480 instrument.
PINK1 primer sequences have been previously published [22]. PINK1 relative gene expres-
sion was normalized to β-actin and calculated using the 2 −∆∆CT method.

2.9. Statistical Analysis

Densitometric results of immunoblotting, as well as confocal microscopy measure-
ments were represented as histograms; values were obtained from at least three indepen-
dent experiments and expressed as means ± S.E.M. Statistical analysis was carried out by
using unpaired two-tailed Student’s t-test, with p-values < 0.05 considered as significant.

3. Results
3.1. Autophagy Induced by STS Treatment Precedes Apoptotic Cell Death

STS has long been used as an inducer of apoptosis in many different cell types includ-
ing dopaminergic neuronal cell lines [25–27]. However, several studies have reported a
parallel activation of the autophagic response following STS treatment, showing conflicting
results regarding the influence of autophagy on cell death [27,28].

To assess the induction of autophagy and apoptosis in our cellular model, SH-SY5Y
cells were treated with either 1 µM STS or vehicle (DMSO) and markers of both processes
were analyzed at different time points up to 3 h. As expected, STS was able to activate
the autophagy pathway, as shown by the progressive increase in LC3-positive vacuoles in
SH-SY5Y cells over-expressing GFP-LC3 (Figure 1a,b). A similar result was observed in
immunoblotting experiments showing a significant accumulation of the autophagosomal
marker LC3-II as early as 30 min after STS exposure. Of note, LC3-II reached the maximum
level at about 90 min and subsequently decreased for up to 3 h (Figure 1c,d). In this experi-
mental setting, STS also increased apoptosis, as demonstrated by the gradual increment
of the 89 kDa caspase-dependent cleaved fragment of PARP and the increased number of
pyknotic nuclei, but only starting from 90 min post-treatment (Figure 1c,e–g). Altogether,
these observations indicate that, upon STS treatment, autophagy induction precedes the
activation of apoptosis in SH-SY5Y cells.
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Figure 1. STS treatment induces autophagosome enhancement followed by a progressive activation
of apoptosis in SH-SY5Y cells. (a) Representative pictures of SH-SY5Y cells stably expressing GFP–
LC3 treated with either STS (at the indicated time points) or DMSO (NT); (b) the count of cells
showing GFP–LC3 autophagic vacuoles (puncta) showed maximum autophagy activation at 90 min;
(c) in immunoblots, autophagy induction was monitored analyzing the conversion of endogenous
LC3 from the cytoplasmic (LC3-I, 18 kDa) to the membrane-bound form (LC3-II, 16 kDa), while
apoptosis was monitored by cleaved PARP; (d) densitometric analysis of LC3-II/LC3-I ratio showed a
progressive increment until a three-fold increase at 90 min (2.74 ± 0.06, p = 0.0008); (e) densitometric
analysis of cleaved PARP showed a significant increase since 90 min from STS exposure (3.31 ± 0.003,
p = 0.0001). GAPDH protein levels were used for normalization; (f) Western blot data were confirmed
by confocal analysis of apoptotic cells, identified by irreversible chromatin condensation within
pyknotic nuclei (white arrows). (g) The count of pyknotic nuclei showed a significant increase over
time after STS treatment. Experiments performed in triplicate; a minimum of 200 cells per experiment
were analyzed; mean ± S.E.M.). *** p ≤ 0.001.

3.2. PINK1 Protein Levels Decrease during STS Treatment

It has been previously demonstrated that PINK1 prevents cell death induced by STS
treatment [25,29,30]. Besides this, PINK1 is also able to promote basal and starvation-
induced autophagy [21]. As several pro-autophagic proteins are down-regulated during
apoptosis, which leads to autophagy inhibition in favor of the apoptotic process [31], we
asked whether PINK1 could be involved in this process. To this end, we first monitored
PINK1 protein levels in SH-SY5Y cells treated with STS. Cells transiently overexpressing
PINK1 displayed a gradual and significant decrease in full-length (FL) PINK1 protein dur-
ing STS treatment (Figure 2a,b). In this setting, PINK1 mRNA levels remained unchanged
(Appendix A, Figure A1a). Similarly, mRNA levels of endogenous PINK1 did not vary sig-
nificantly in SH-SY5Y cells treated with STS up to 3 h, thus indicating a post-transcriptional
regulation of PINK1 upon STS treatment (Appendix A, Figure A1b,c).

Since another key regulator of autophagy and apoptosis, namely the Ambra1 protein,
is cleaved and degraded upon STS treatment [32], we hypothesized that PINK1 could be
regulated in a similar manner. However, despite Ambra1 protein levels decreased both in
STS- and etoposide-treated cells, no significant differences were observed upon etoposide
exposure for FL-PINK1 (Figure 2c,d). In addition, incubation of SH-SY5Y cells with the
pan caspase inhibitor z-VAD-fmk failed to prevent PINK1 down-regulation induced by
STS treatment, thus indicating a caspase-independent mechanism responsible for PINK1
degradation (Figure 2e).

It has been previously reported that PINK1 protein stability depends on the ATPase
activity of the Cdc37/Hsp90 molecular chaperone. Thus, inhibition of this machinery
by molecules able to interfere with the ATP/ADP binding site of Hsp90, such as Gel-
danamycin, could destabilize its client proteins, including PINK1 [33,34]. Notably, STS
is also able to inhibit the activity of protein kinases through competition for their ATP
binding site [35]. According to this notion, we found a similar PINK1 degradation pattern
upon Geldanamycin and STS treatment (Figure 2a,f), indicative of a reduced stability of
FL-PINK1 protein following STS exposure. As the 54 kDa form of PINK1 undergoes con-
stitutive degradation by the proteasome in the cytoplasm [34], we hypothesized that the
same pathway could be responsible for the degradation of the FL protein. In support of
this hypothesis, we demonstrated that, in presence of the proteasome inhibitor MG132,
PINK1 protein levels were not affected by STS treatment (Figure 2g).
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Figure 2. PINK1 protein levels decrease during STS treatment. (a) SH-SY5Y cells transiently overex-
pressing PINK1-HA were treated either with STS (for 1, 2 and 3 h) or DMSO for 3 h (NT) and then
processed for Western blotting by using an anti-PINK1 antibody (Novus). Equal loading was verified
by GAPDH protein levels; (b) densitometric analysis showing a progressive decrease in full-length
(FL) PINK1 levels during treatment; (c) SH-SY5Y cells co-expressing Ambra-Myc and PINK1-HA
were treated with STS or etoposide at the indicated times and analyzed by immunoblotting. A
similar increase in cleaved PARP levels was observed after STS or etoposide exposure; however,
even if Ambra protein levels decreased in both experimental conditions, FL-PINK1 levels decreased
significantly only upon STS treatment; (d) densitometric analysis of PINK1 and Ambra proteins
in SH-SY5Y cells treated with etoposide; (e) SH-SY5Y cells transiently expressing PINK1-HA were
treated with STS or with both the caspase inhibitor z-VAD-fmk and STS for 3 h. Immunoblot analysis
with the anti-PINK1 antibody showed a comparable decrease in FL-PINK1 levels for 3 h of STS or
z-VAD-fmk/STS treatment, excluding an involvement of caspase in PINK1 degradation; (f) lysates
from SH-SY5Y cells, treated with Geldanamycin (Hsp90 inhibitor) at the indicated times, were
analyzed by immunoblotting with the anti-PINK1 antibody to monitor FL-PINK1 protein levels;
(g) SH-SY5Y cells transiently expressing PINK1-HA were treated with STS ± MG132 (proteasome
inhibitor). Immunoblot analysis with the anti-PINK1 antibody showed a strong stabilization of
HA-PINK1 after MG132 treatment. * p ≤ 0.05, ** p ≤ 0.01.

3.3. PINK1 Degradation Controls the Switch between STS-Induced Autophagy and Apoptosis

Based on our previous results, we hypothesized that the increased apoptosis observed
upon STS treatment could be the consequence of reduced autophagy activation due to a
decline in PINK1 protein levels.

To test this hypothesis, we first analyzed autophagy activation in SH-SY5Y cells
transiently transfected with PINK1-FL. During STS exposure, PINK1-FL overexpression
significantly induced autophagy compared to cells transfected with vector alone, as indi-
cated by the increased LC3-II/LC3-I ratio in immunoblotting experiments (Figure 3a,b).
Accordingly, the percentage of cells showing LC3-positive vacuoles strongly increased in
PINK1-FL overexpressing cells (Figure 3c,d). In contrast, PINK1 down-regulation by using
a previously validated shRNA (Appendix A, Figure A1d) resulted in a significant decrease
in STS-induced autophagy compared to control cells (Figure 3e–h).
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Figure 3. PINK1 expression regulates STS-induced autophagy. (a) Western blotting analysis of the
autophagic marker LC3 in SH-SY5Y cells transiently transfected with PINK1-FL or vector alone
(pcDNA) and then treated either with STS (for 1, 2 and 3 h) or with DMSO for 3 h (NT). PINK1
expression was verified by immunoblot analysis with an anti-PINK1 antibody. Equal loading was
verified by GAPDH protein levels; (b) the LC3-II/LC3-I ratio in cells overexpressing PINK1 was sig-
nificantly higher than in cells transfected with the empty vector (pcDNA) after 90 min of STS exposure
(3.33 ± 0.13 versus 4.37 ± 0.22, p = 0.0158); (c) these data were confirmed by the higher number of
cells showing GFP-LC3 autophagic vacuoles (in green) in presence of PINK1 over-expression (in red),
analyzed by confocal microscopy after 90 min of STS treatment; (d) GFP-LC3 autophagic vacuoles
were more abundant in cells overexpressing PINK1 (PINK1-positive) compared to untransfected cells
(PINK1-negative). The effect, already observed in basal conditions, further increased upon treatment
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with STS for 90 min (10.8 ± 1.92 versus 56.2 ± 2.12, p = 0.0001); (e) Western blotting analysis of
the autophagic marker LC3 in SH-SY5Y cells transduced with PINK1-shRNA (shPINK1) or control-
shRNA (shCtr) and then treated either with STS (for 1, 2 and 3 h) or with DMSO for 3 h (NT). Equal
loading was verified by GAPDH protein levels; (f) densitometric analysis of (e) showing a significant
reduction in the LC3-II/LC3-I ratio in cells transduced with shPINK1 compared to shCtr after 90 min
of STS treatment (3.52 ± 0.22 versus 1.83 ± 0.27, p = 0.0259); (g) these data were confirmed by the
number of positive cells for GFP-LC3 autophagic vacuoles analyzed by confocal microscopy after
90 min of STS treatment; (h) At this time point, the count of cells positive for GFP-LC3 autophagic
vacuoles was significantly lower in cells transduced with shPINK1 compared to shCtr (12.1 ± 0.24
versus 6.2 ± 0.28, p = 0.0001). * p ≤ 0.05, *** p ≤ 0.001.

In line with our previous results, markers of apoptosis were significantly induced
upon STS exposure, in particular at 2–3 h post-treatment, which corresponds to the time
points characterized by decreased PINK1 stability and reduced autophagy activation. In
fact, transient expression of PINK1-FL in SH-SY5Y cells significantly impaired apoptotic
cell death induced by STS treatment, as revealed by decreased levels of cleaved PARP
and a reduced percentage of cells with pyknotic nuclei (Figure 4a–c). Conversely, PINK1
knockdown further accelerated STS-induced apoptosis, which became significant as soon
as 3 h after STS exposure (Figure 4d–f).
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Figure 4. PINK1 protects from STS-induced cell death. (a) Immunoblot analysis of PARP cleavage in
SH-SY5Y cells overexpressing PINK1 or vector alone (pcDNA) and then treated either with STS (for
1, 2 and 3 h) or with DMSO for 3 h (NT). For PINK1 expression in the same experimental conditions,
see Figure 3a. Equal loading was verified by GAPDH protein levels; (b) densitometric analysis of
(a) showing decreased levels of cleaved PARP in STS-treated PINK1 over-expressing cells compared
to cells transfected with the empty vector (pcDNA) (31.77 ± 2.1 versus 52.54 ± 0.85, p = 0.001);
(c) confocal analysis of apoptotic nuclei confirmed data obtained in immunoblotting experiments
(48.66 ± 1.2 versus 35 ± 1.7, p = 0.0028); (d) immunoblot analysis of PARP cleavage in SH-SY5Y cells
transduced with PINK1-shRNA (shPINK1) or control-shRNA (shCtr) and then treated either with STS
(for 1, 2 and 3 h) or with DMSO for 3 h (NT). Equal loading was verified by GAPDH protein levels;
(e) densitometric analysis of (d) showing a significant increase in cleaved PARP levels in shPINK1
cells compared to shCtr after 180 min of STS exposure (62.6 ± 2.28 versus 89.1 ± 2.5, p = 0.001); (f) a
similar increase was observed through confocal microscopy analysis of apoptotic nuclei (54 ± 3.2
versus 66.3 ± 3.2, p = 0.00527). * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
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3.4. Absence of Mitophagy Induction in Response to STS Treatment

It has been previously reported that STS can simultaneously induce autophagy and
mitophagy in dopaminergic neuronal cells [27]. We thus assessed whether PINK1 could
exert its protective role against STS-induced cell death by activating mitophagy. To this
end, we analyzed different mitophagic markers in SH-SY5Y cells treated with STS or
with the mitochondrial uncoupler CCCP, the latter as a positive control of mitophagy.
Immunoblotting analysis revealed an accumulation of endogenous PINK1 protein upon
CCCP exposure, as expected, but not following STS treatment (Figure 5a). Accordingly,
confocal microscopy analysis in CCCP-treated Parkin-inducible SH-SY5Y cells [24] showed
a strong co-localization between Parkin and the outer mitochondrial membrane marker
TOM20, indicative of Parkin recruitment to mitochondria (an early step in mitophagy
execution); on the contrary, Parkin displayed a typical cytosolic distribution in cells sub-
jected to STS treatment, suggesting absence of mitophagy (Figure 5b). In line with this,
co-localization between mitochondria and the autophagic marker LC3, indicative of mito-
chondrial incorporation into autophagosomes, was only observed after CCCP but not upon
STS treatment (Figure 5c). Finally, we assessed mitochondrial mass by immunoblotting
analysis. As shown in Figure 5d, TIM23 levels were clearly reduced as soon as 6 h after
CCCP exposure in Parkin-inducible SH-SY5Y cells, whereas they remained unchanged
following STS treatment.
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Figure 5. STS treatment does not induce PINK1 mediated mitophagy in SH-SY5Y cells. (a) SH-
SY5Y cells were treated either with CCCP (360 min), STS (120 min) or vehicle (NT). Accumulation
of endogenous PINK1 was only detected by Western blot after CCCP treatment, but not after
STS treatment. Equal loading was verified by GAPDH protein levels; (b) Parkin-inducible SH-
SY5Y cells were treated either with CCCP (360 min) or STS (120 min) and Parkin recruitment at
mitochondria was assessed by confocal microscopy analysis. Parkin was immunostained with HA
antibody (green); TOM-20 antibody was used to label the outer mitochondrial membrane (red).
Parkin colocalized with TOM-20 only upon CCCP, whereas no colocalization was observed upon
STS treatment; (c) colocalization of autophagosomes (LC3) and mitochondria (TOM-20). SH-
SY5Y cells stably expressing GFP–LC3 were transiently transfected with Parkin-HA, treated with
360 min CCCP or 180 min STS and subjected to confocal microscopy analysis. Parkin and TOM-20
were immunostained in red and blue, respectively. Upon STS treatment, the number of cells with
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mitochondria engulfed into autophagosomes was significantly lower than in CCCP-treated cells;
(d) mitophagy was also evaluated by assessing the expression of the mitochondrial marker TIM-23
by Western blotting, which significantly decreased only in Parkin-inducible SH-SY5Y cells treated
with CCCP for 360 min. We observed no significant differences in TIM-23 levels upon STS for 360
min. Equal loading was verified by GAPDH protein levels.

3.5. STS-Induced Autophagy Is Regulated by PINK1–Beclin1 Interaction

In light of our previous findings showing activation of basal- and starvation-induced
autophagy by PINK1 through its interaction with Beclin1 [21], we hypothesized that
the same pathway could regulate autophagy induced by STS treatment. To test this
hypothesis, we performed complementation experiments in SH-SY5Y cells depleted for
PINK1 (shPINK1), by over-expressing PINK1 wild-type protein (WT) or two PD-associated
pathogenic mutants characterized by a different capacity to bind Beclin1 [21]. Strikingly,
STS-induced autophagy was not affected by over-expressing the PINK1-G309D mutant
that maintains the ability to interact with Beclin1 [21], as demonstrated by a similar LC3-
II/LC3-I ratio in shPINK1 cells complemented with WT- or G309D-PINK1. Conversely,
over-expression of the PINK1-W437X mutant defective for the binding to Beclin1 [21]
significantly impaired autophagy induced by STS treatment (Figure 6a,b).
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Figure 6. PINK1–Beclin1 interaction regulates STS-induced autophagy. (a) PINK1-silenced (shPINK1)
SH-SY5Y cells were transiently transfected with empty vector (pcDNA), PINK1 wild-type (WT),
PINK1 G309D or PINK1 W437X, and then treated either with STS or with DMSO for 2 h (NT).
Autophagy activation was measured by analyzing the LC3-II/LC3-I ratio. PINK1 expression was
verified by immunoblot analysis with an anti-PINK1 antibody. Equal loading was verified by GAPDH
protein levels. (b) Densitometric analysis of (a). Both WT-PINK1 and the G309D mutant significantly
rescued autophagy impairment, but not the W437X-PINK1 mutant that is unable to interact with Beclin1
(2.84 ± 0.24 versus 3 ± 0.14) [21]. Experiments performed in triplicate; mean ± S.E.M. * p ≤ 0.05.

3.6. PINK1 Impairs the Pro-Apoptotic Cleavage of Beclin1 upon STS Treatment

Several groups highlighted the role of Beclin1 in the crosstalk between apoptosis
and autophagy following exposure to apoptotic stressors. For instance, in STS-treated
cells, Beclin1 is known to be cleaved by caspase 3, generating a C-terminal fragment that
inhibits autophagy and induces cell death [36,37]. Based on these notions and given the
key role of PINK1–Beclin1 interaction in autophagy activation, we asked whether the
protective function of PINK1 against STS-induced apoptosis could be mediated by the
impairment of Beclin1 cleavage. To this aim, we first assessed the production of cleaved-
Beclin1 in STS-treated SH-SY5Y cells over-expressing HA-tagged PINK1 and Myc-tagged
Beclin1. Strikingly, Beclin1 cleavage was observed as soon as 1 h after STS exposure and
progressively increased with time, concurrently with PINK1 protein levels decrease and
apoptosis induction (Figure 7a). Importantly, Beclin1 cleavage significantly increased
in PINK1-depleted SH-SY5Y cells over-expressing Myc-tagged Beclin1 and subjected to
STS treatment (Figure 7b). Finally, to evaluate whether the direct interaction between
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PINK1 and Beclin1 could be responsible for the inhibition of Beclin1 cleavage during
STS treatment, we performed complementation experiments in PINK1-depleted SH-SY5Y
cells over-expressing PINK1-WT or the pathogenic mutants PINK1-G309D and PINK1-
W437X. In line with our hypothesis, over-expression of both PINK1-WT and PINK1-G309D
but not of the mutant construct PINK1-W437X, significantly decreased the amount of
cleaved-Beclin1 (Figure 7c).
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Figure 7. PINK1 protects against Beclin1 pro-apoptotic cleavage in response to STS treatment. (a) SH-
SY5Y overexpressing PINK1-HA and Beclin1-Myc were treated either with STS (for 1, 2 and 3 h)
or with DMSO for 3 h (NT). The progressive formation of the pro-apoptotic fragment of Beclin1
(cleaved-Beclin1) in response to STS treatment was visualized by immunoblotting with the anti-Myc
antibody. PINK1 expression was verified by immunoblot analysis with an anti-PINK1 antibody. Equal
loading was verified by GAPDH protein levels; (b) SH-SY5Y cells stably overexpressing Beclin1-Myc
were transduced with PINK1-shRNA (shPINK1) or control-shRNA (shCtr) and then treated either
with STS (for 1, 2 and 3 h) or with DMSO for 3 h (NT). Immunoblotting analysis of the caspase-
cleaved fragment of Beclin1 (detected by Myc immunostaining) revealed a significant increase in the
pro-apoptotic fragment at 180 min of STS in shPINK1 compared to shCtr cells (4.87 ± 0.19 versus
9.34 ± 0.76, p = 0.0047). Equal loading was verified by GAPDH protein levels; (c) PINK1-silenced
(shPINK1) SH-SY5Y cells were transiently transfected with empty vector (pcDNA), PINK1 wild type
(WT), PINK1 G309D or PINK1 W437X (together with Beclin1-Myc), and then treated either with
STS or with DMSO for 2 h (NT). Beclin1 cleavage was assessed by immunoblotting analysis with
the anti-Myc antibody. Equal loading was verified by GAPDH protein levels. Complementation
with both WT-PINK1 and the G309D mutant significantly reduced Beclin1 cleavage induced by STS
exposure, whereas the PINK1 W437X mutant exhibited levels of cleaved Beclin1 similar to those
observed in pcDNA-transfected cells (3.92 ± 0.96 versus 4.03 ± 1.04). * p ≤ 0.05.

4. Discussion

Since its discovery as a causative gene in PD [38], PINK1 has been studied in the context
of several neurodegenerative diseases [10,39]. The detailed cellular mechanisms by which
its deficiency causes neurodegeneration, however, remain elusive. At the same time, several
studies have shown that this protein may play a relevant role in oncogenesis, progression
and aggressivity of neoplastic diseases [17,18,40,41]. The first and best-characterized
cellular function of PINK1 is the regulation of mitophagy, the autophagic degradation of
damaged mitochondria. In this setting, PINK1 accumulates on the surface of depolarized
mitochondria, where it phosphorylates ubiquitin, activates the E3 ligase Parkin, and recruits
autophagy receptors, eventually causing the disposal of malfunctioning organelles [42].
Various studies based on iPSC-derived and animal models, however, questioned the
relevance of PINK1-dependent mitophagy in neurons [43–45].

We previously showed that PINK1 directly interacts with Beclin1 to promote basal
and starvation-induced autophagy, besides mitophagy [21]. This interaction, crucial for
the timely accomplishment of the autophagic process, takes place at the ER membranes
associated with mitochondria, the site of origin of autophagosomes [22].
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In this study we used SH-SY5Y neuroblastoma cells, a model for cancer and PD [46], to
demonstrate that PINK1 impairs the pro-apoptotic cleavage of Beclin1, tipping the balance
towards autophagy after STS treatment. This observation not only clarifies and strengthens
the connection between autophagy and neurodegeneration, but also provides an input to
further characterize the role of PINK1 in proliferative diseases and cancer. Our results are
consistent with a number of studies supporting a neuroprotective and anti-apoptotic role of
PINK1 [4,47,48]. A recent article described the interaction of the co-chaperone STUB1/CHIP
with PINK1, which leads to PINK1 ubiquitination and degradation by the proteasome upon
STS treatment [49]. This is not in contrast with our findings, but rather complementary,
as the interaction with STUB1/CHIP apparently occurs upstream of PINK1, while the
interaction with Beclin1 is downstream. In other words, the cited study failed to explain
how PINK1 degradation results in increased apoptosis, while ours missed the specific
protein responsible for PINK1 degradation.

We also provided a clarification of the cellular processes that follow STS treatment,
a subject on which previous research yielded conflicting results [27]. We showed that
autophagy and apoptosis are not activated simultaneously, but this happens in a strict
chronological sequence. Our experimental setting demonstrated the existence of two
alternative phenotypical phases following STS treatment, a pro-autophagic and a pro-
apoptotic one, characterized by distinct protein levels and immunochemical markers,
in line with earlier hypotheses [31]. PINK1 levels steadily decreased throughout this
process, in accordance with the results of previous studies [49]; the described mechanism
of PINK1 degradation by the proteasome due to STUB1/CHIP ubiquitination fits well in
our experimental findings. In addition, we proved that PINK1 degradation is responsible
for the switch from the pro-autophagic to the pro-apoptotic phenotype.

We further determined that the mitophagic process is not activated following STS
treatment, as mitophagy markers were not increased and mitochondrial mass was not
reduced in our conduct experiments. This clearly advocates for a relevant function of PINK1
beyond mitophagy. Finally, we provided abundant data to support the hypothesis that the
PINK1–Beclin1 interaction is crucial in STS-induced autophagy, including complementation
experiments in which wild-type PINK1 and two well-characterized pathogenic mutants
were expressed in PINK1-depleted cells. Strikingly, the kinase-deficient PINK1-G309D,
which is still able to interact with Beclin1 [21], was able to rescue the phenotype as the
wild-type protein, while the truncated PINK1-W437X was not. This fitted our current
hypothesis and confirmed our past observation that PINK1 directly interacts, and does
not phosphorylate, Beclin1 [21,22]. It was previously shown that STUB1/CHIP is able to
cause degradation of the PINK1 mutants G309D and L347P [49]. However, the fact that
these mutants are degraded in the same manner as the wild-type protein does not imply an
effect (or a defect) in activating downstream pathways. Therefore, this is not in contrast
with our data.

The use of cancer cell lines recombinantly overexpressing PINK1 has been called
into doubt since some results obtained in immortalized cells and fibroblasts could not
be reproduced in iPSC-derived neurons [43,50]. This is to some degree an inevitable
arrangement to face the difficulties in visualizing endogenous PINK1, and we avoided
exogenous expression when feasible. Moreover, it is of note that experiments which showed
contrasting results in neurons generally involved PINK1-induced mitophagy, a process
whose activation we excluded in the present setting. Finally, and most importantly, any
molecular function of PINK1 could be relevant in other CNS cellular populations or in
diseases other than neurodegeneration.

Efforts to target PINK1 with candidate therapeutics for neurodegenerative diseases
have so far focused on its kinase activity [51]. We believe that its interaction with Beclin1
could provide an alternative for pharmacological treatment. Our present study identi-
fied and characterized a novel anti-apoptotic function of this versatile protein, which is
potentially amenable to treatment in cancer and neurodegeneration.
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Appendix A

1 

 

 
Figure A1. PINK1 gene transcription does not change significantly after STS exposure, while it
is significantly reduced after shPINK1. (a) Analysis of PINK1 mRNA levels was performed by
RT-qPCR in PINK1-overexpressing SH-SY5Y cells. We observed no significant differences in PINK1
transcript at the indicated times; (b) analysis of endogenous PINK1 mRNA levels was performed by
RT-qPCR. We observed no significant differences in PINK1 expression after STS treatment for the
indicated times. “NT” refers to cells treated for DMSO for 3 h; (c) the analysis of endogenous PINK1
mRNA by RT-qPCR did not show significant differences in a point-by-point comparison between
SH-SY5Y cells treated either with DMSO or with STS for 1, 2, and 3 h; (d) PINK1 downregulation by
shRNA (shPINK1) induces a significant reduction in endogenous PINK1 mRNA in SH-SY5Y cells.
*** p ≤ 0.001. ns = not significant.



Cells 2022, 11, 678 14 of 15

References
1. Ghavami, S.; Shojaei, S.; Yeganeh, B.; Ande, S.R.; Jangamreddy, J.R.; Mehrpour, M.; Christoffersson, J.; Chaabane, W.;

Moghadam, A.R.; Kashani, H.H.; et al. Autophagy and Apoptosis Dysfunction in Neurodegenerative Disorders. Prog. Neurobiol.
2014, 112, 24–49. [CrossRef] [PubMed]

2. Salminen, A.; Kaarniranta, K.; Kauppinen, A.; Ojala, J.; Haapasalo, A.; Soininen, H.; Hiltunen, M. Impaired Autophagy and APP
Processing in Alzheimer’s Disease: The Potential Role of Beclin 1 Interactome. Prog. Neurobiol. 2013, 106–107, 33–54. [CrossRef] [PubMed]

3. Dorsey, E.R.; Bloem, B.R. The Parkinson Pandemic—A Call to Action. JAMA Neurol. 2018, 75, 9. [CrossRef] [PubMed]
4. Arena, G.; Valente, E.M. PINK1 in the Limelight: Multiple Functions of an Eclectic Protein in Human Health and Disease:

Functions of PINK1 in Human Pathology. J. Pathol. 2017, 241, 251–263. [CrossRef]
5. O’Flanagan, C.H.; Morais, V.A.; Wurst, W.; De Strooper, B.; O’Neill, C. The Parkinson’s Gene PINK1 Regulates Cell Cycle

Progression and Promotes Cancer-Associated Phenotypes. Oncogene 2015, 34, 1363–1374. [CrossRef]
6. Gandhi, S.; Wood-Kaczmar, A.; Yao, Z.; Plun-Favreau, H.; Deas, E.; Klupsch, K.; Downward, J.; Latchman, D.S.; Tabrizi, S.J.;

Wood, N.W.; et al. PINK1-Associated Parkinson’s Disease Is Caused by Neuronal Vulnerability to Calcium-Induced Cell Death.
Mol. Cell 2009, 33, 627–638. [CrossRef]

7. Huang, E.; Qu, D.; Huang, T.; Rizzi, N.; Boonying, W.; Krolak, D.; Ciana, P.; Woulfe, J.; Klein, C.; Slack, R.S.; et al. PINK1-Mediated
Phosphorylation of LETM1 Regulates Mitochondrial Calcium Transport and Protects Neurons against Mitochondrial Stress. Nat.
Commun. 2017, 8, 1399. [CrossRef]

8. Morais, V.A.; Haddad, D.; Craessaerts, K.; De Bock, P.-J.; Swerts, J.; Vilain, S.; Aerts, L.; Overbergh, L.; Grünewald, A.;
Seibler, P.; et al. PINK1 Loss-of-Function Mutations Affect Mitochondrial Complex I Activity via NdufA10 Ubiquinone Uncou-
pling. Science 2014, 344, 203–207. [CrossRef]

9. Xiong, H.; Wang, D.; Chen, L.; Choo, Y.S.; Ma, H.; Tang, C.; Xia, K.; Jiang, W.; Ronai, Z.; Zhuang, X.; et al. Parkin, PINK1, and DJ-1
Form a Ubiquitin E3 Ligase Complex Promoting Unfolded Protein Degradation. J. Clin. Investig. 2009, 119, 650–660. [CrossRef]

10. Du, F.; Yu, Q.; Yan, S.; Hu, G.; Lue, L.-F.; Walker, D.G.; Wu, L.; Yan, S.F.; Tieu, K.; Yan, S.S. PINK1 Signalling Rescues Amyloid
Pathology and Mitochondrial Dysfunction in Alzheimer’s Disease. Brain 2017, 140, 3233–3251. [CrossRef]

11. Zheng, X.; Hunter, T. Pink1, the First Ubiquitin Kinase. EMBO J. 2014, 33, 1621–1623. [CrossRef]
12. Houck, A.L.; Seddighi, S.; Driver, J.A. At the Crossroads Between Neurodegeneration and Cancer: A Review of Overlapping

Biology and Its Implications. CAS 2019, 11, 77–89. [CrossRef]
13. Staropoli, J.F. Tumorigenesis and Neurodegeneration: Two Sides of the Same Coin? Bioessays 2008, 30, 719–727. [CrossRef]
14. Ganguli, M. Cancer and Dementia: It’s Complicated. Alzheimer Dis. Assoc. Disord. 2015, 29, 177–182. [CrossRef]
15. Inzelberg, R.; Jankovic, J. Are Parkinson Disease Patients Protected from Some but Not All Cancers? Neurology 2007, 69,

1542–1550. [CrossRef]
16. Shi, H.; Tang, B.; Liu, Y.-W.; Wang, X.-F.; Chen, G.-J. Alzheimer Disease and Cancer Risk: A Meta-Analysis. J. Cancer Res. Clin.

Oncol. 2015, 141, 485–494. [CrossRef]
17. Bernardini, J.P.; Lazarou, M.; Dewson, G. Parkin and Mitophagy in Cancer. Oncogene 2017, 36, 1315–1327. [CrossRef]
18. O’Flanagan, C.H.; Morais, V.A.; O’Neill, C. PINK1, Cancer and Neurodegeneration. Oncoscience 2016, 3, 1–2. [CrossRef]
19. Levy, J.M.M.; Towers, C.G.; Thorburn, A. Targeting Autophagy in Cancer. Nat. Rev. Cancer 2017, 17, 528–542. [CrossRef]
20. White, E. The Role for Autophagy in Cancer. J. Clin. Investig. 2015, 125, 42–46. [CrossRef]
21. Michiorri, S.; Gelmetti, V.; Giarda, E.; Lombardi, F.; Romano, F.; Marongiu, R.; Nerini-Molteni, S.; Sale, P.; Vago, R.; Arena, G.; et al. The

Parkinson-Associated Protein PINK1 Interacts with Beclin1 and Promotes Autophagy. Cell Death Differ. 2010, 17, 962–974. [CrossRef]
22. Gelmetti, V.; De Rosa, P.; Torosantucci, L.; Marini, E.S.; Romagnoli, A.; Di Rienzo, M.; Arena, G.; Vignone, D.; Fimia, G.M.;

Valente, E.M. PINK1 and BECN1 Relocalize at Mitochondria-Associated Membranes during Mitophagy and Promote ER-
Mitochondria Tethering and Autophagosome Formation. Autophagy 2017, 13, 654–669. [CrossRef]

23. Arena, G.; Gelmetti, V.; Torosantucci, L.; Vignone, D.; Lamorte, G.; De Rosa, P.; Cilia, E.; Jonas, E.A.; Valente, E.M. PINK1 Protects
against Cell Death Induced by Mitochondrial Depolarization, by Phosphorylating Bcl-XL and Impairing Its pro-Apoptotic
Cleavage. Cell Death Differ. 2013, 20, 920–930. [CrossRef]

24. Geisler, S.; Holmström, K.M.; Skujat, D.; Fiesel, F.C.; Rothfuss, O.C.; Kahle, P.J.; Springer, W. PINK1/Parkin-Mediated Mitophagy
Is Dependent on VDAC1 and P62/SQSTM1. Nat. Cell Biol. 2010, 12, 119–131. [CrossRef]

25. Wood-Kaczmar, A.; Gandhi, S.; Yao, Z.; Abramov, A.S.Y.; Miljan, E.A.; Keen, G.; Stanyer, L.; Hargreaves, I.; Klupsch, K.;
Deas, E.; et al. PINK1 Is Necessary for Long Term Survival and Mitochondrial Function in Human Dopaminergic Neurons. PLoS
ONE 2008, 3, e2455. [CrossRef]

26. Akundi, R.S.; Zhi, L.; Büeler, H. PINK1 Enhances Insulin-like Growth Factor-1-Dependent Akt Signaling and Protection against
Apoptosis. Neurobiol. Dis. 2012, 45, 469–478. [CrossRef] [PubMed]

27. Ha, J.-Y.; Kim, J.-S.; Kim, S.-E.; Son, J.H. Simultaneous Activation of Mitophagy and Autophagy by Staurosporine Protects against
Dopaminergic Neuronal Cell Death. Neurosci. Lett. 2014, 561, 101–106. [CrossRef]

28. Grishchuk, Y.; Ginet, V.; Truttmann, A.C.; Clarke, P.G.H.; Puyal, J. Beclin 1-Independent Autophagy Contributes to Apoptosis in
Cortical Neurons. Autophagy 2011, 7, 1115–1131. [CrossRef]

29. Petit, A.; Kawarai, T.; Paitel, E.; Sanjo, N.; Maj, M.; Scheid, M.; Chen, F.; Gu, Y.; Hasegawa, H.; Salehi-Rad, S.; et al. Wild-Type
PINK1 Prevents Basal and Induced Neuronal Apoptosis, a Protective Effect Abrogated by Parkinson Disease-Related Mutations.
J. Biol. Chem. 2005, 280, 34025–34032. [CrossRef] [PubMed]

http://doi.org/10.1016/j.pneurobio.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24211851
http://doi.org/10.1016/j.pneurobio.2013.06.002
http://www.ncbi.nlm.nih.gov/pubmed/23827971
http://doi.org/10.1001/jamaneurol.2017.3299
http://www.ncbi.nlm.nih.gov/pubmed/29131880
http://doi.org/10.1002/path.4815
http://doi.org/10.1038/onc.2014.81
http://doi.org/10.1016/j.molcel.2009.02.013
http://doi.org/10.1038/s41467-017-01435-1
http://doi.org/10.1126/science.1249161
http://doi.org/10.1172/JCI37617
http://doi.org/10.1093/brain/awx258
http://doi.org/10.15252/embj.201489185
http://doi.org/10.2174/1874609811666180223154436
http://doi.org/10.1002/bies.20784
http://doi.org/10.1097/WAD.0000000000000086
http://doi.org/10.1212/01.wnl.0000277638.63767.b8
http://doi.org/10.1007/s00432-014-1773-5
http://doi.org/10.1038/onc.2016.302
http://doi.org/10.18632/oncoscience.284
http://doi.org/10.1038/nrc.2017.53
http://doi.org/10.1172/JCI73941
http://doi.org/10.1038/cdd.2009.200
http://doi.org/10.1080/15548627.2016.1277309
http://doi.org/10.1038/cdd.2013.19
http://doi.org/10.1038/ncb2012
http://doi.org/10.1371/annotation/17d5aaa1-c6d8-4aad-a9a4-56b2c1220c83
http://doi.org/10.1016/j.nbd.2011.08.034
http://www.ncbi.nlm.nih.gov/pubmed/21945539
http://doi.org/10.1016/j.neulet.2013.12.064
http://doi.org/10.4161/auto.7.10.16608
http://doi.org/10.1074/jbc.M505143200
http://www.ncbi.nlm.nih.gov/pubmed/16079129


Cells 2022, 11, 678 15 of 15

30. Gelmetti, V.; Ferraris, A.; Brusa, L.; Romano, F.; Lombardi, F.; Barzaghi, C.; Stanzione, P.; Garavaglia, B.; Dallapiccola, B.;
Valente, E.M. Late Onset Sporadic Parkinson’s Disease Caused by PINK1 Mutations: Clinical and Functional Study: Late Onset
Sporadic PD Due to PINK1 Mutations. Mov. Disord. 2008, 23, 881–885. [CrossRef]

31. Mariño, G.; Niso-Santano, M.; Baehrecke, E.H.; Kroemer, G. Self-Consumption: The Interplay of Autophagy and Apoptosis. Nat.
Rev. Mol. Cell Biol. 2014, 15, 81–94. [CrossRef]

32. Gu, W.; Wan, D.; Qian, Q.; Yi, B.; He, Z.; Gu, Y.; Wang, L.; He, S. Ambra1 Is an Essential Regulator of Autophagy and Apoptosis in
SW620 Cells: Pro-Survival Role of Ambra1. PLoS ONE 2014, 9, e90151. [CrossRef]

33. Weihofen, A.; Ostaszewski, B.; Minami, Y.; Selkoe, D.J. Pink1 Parkinson Mutations, the Cdc37/Hsp90 Chaperones and Parkin All
Influence the Maturation or Subcellular Distribution of Pink1. Hum. Mol. Genet. 2008, 17, 602–616. [CrossRef]

34. Lin, W.; Kang, U.J. Structural Determinants of PINK1 Topology and Dual Subcellular Distribution. BMC Cell Biol. 2010, 11, 90. [CrossRef]
35. Karaman, M.W.; Herrgard, S.; Treiber, D.K.; Gallant, P.; Atteridge, C.E.; Campbell, B.T.; Chan, K.W.; Ciceri, P.; Davis, M.I.;

Edeen, P.T.; et al. A Quantitative Analysis of Kinase Inhibitor Selectivity. Nat. Biotechnol. 2008, 26, 127–132. [CrossRef]
36. Wirawan, E.; Vande Walle, L.; Kersse, K.; Cornelis, S.; Claerhout, S.; Vanoverberghe, I.; Roelandt, R.; De Rycke, R.; Verspurten, J.;

Declercq, W.; et al. Caspase-Mediated Cleavage of Beclin-1 Inactivates Beclin-1-Induced Autophagy and Enhances Apoptosis by
Promoting the Release of Proapoptotic Factors from Mitochondria. Cell Death Dis. 2010, 1, e18. [CrossRef]

37. Kang, R.; Zeh, H.J.; Lotze, M.T.; Tang, D. The Beclin 1 Network Regulates Autophagy and Apoptosis. Cell Death Differ. 2011, 18,
571–580. [CrossRef]

38. Valente, E.M.; Abou-Sleiman, P.M.; Caputo, V.; Muqit, M.M.K.; Harvey, K.; Gispert, S.; Ali, Z.; Del Turco, D.; Bentivoglio, A.R.;
Healy, D.G.; et al. Hereditary Early-Onset Parkinson’s Disease Caused by Mutations in PINK1. Science 2004, 304, 1158–1160. [CrossRef]

39. Khalil, B.; El Fissi, N.; Aouane, A.; Cabirol-Pol, M.-J.; Rival, T.; Liévens, J.-C. PINK1-Induced Mitophagy Promotes Neuroprotection
in Huntington’s Disease. Cell Death Dis. 2015, 6, e1617. [CrossRef]

40. Panigrahi, D.P.; Praharaj, P.P.; Bhol, C.S.; Mahapatra, K.K.; Patra, S.; Behera, B.P.; Mishra, S.R.; Bhutia, S.K. The Emerging,
Multifaceted Role of Mitophagy in Cancer and Cancer Therapeutics. Semin. Cancer Biol. 2020, 66, 45–58. [CrossRef]

41. Salazar, C.; Ruiz-Hincapie, P.; Ruiz, L. The Interplay among PINK1/PARKIN/Dj-1 Network during Mitochondrial Quality
Control in Cancer Biology: Protein Interaction Analysis. Cells 2018, 7, 154. [CrossRef]

42. Lazarou, M.; Sliter, D.A.; Kane, L.A.; Sarraf, S.A.; Wang, C.; Burman, J.L.; Sideris, D.P.; Fogel, A.I.; Youle, R.J. The Ubiquitin Kinase
PINK1 Recruits Autophagy Receptors to Induce Mitophagy. Nature 2015, 524, 309–314. [CrossRef]

43. Rakovic, A.; Shurkewitsch, K.; Seibler, P.; Grünewald, A.; Zanon, A.; Hagenah, J.; Krainc, D.; Klein, C. Phosphatase and Tensin
Homolog (PTEN)-Induced Putative Kinase 1 (PINK1)-Dependent Ubiquitination of Endogenous Parkin Attenuates Mitophagy.
J. Biol. Chem. 2013, 288, 2223–2237. [CrossRef] [PubMed]

44. McWilliams, T.G.; Prescott, A.R.; Montava-Garriga, L.; Ball, G.; Singh, F.; Barini, E.; Muqit, M.M.K.; Brooks, S.P.; Ganley, I.G. Basal
Mitophagy Occurs Independently of PINK1 in Mouse Tissues of High Metabolic Demand. Cell Metab. 2018, 27, 439–449.e5. [CrossRef]

45. Sliter, D.A.; Martinez, J.; Hao, L.; Chen, X.; Sun, N.; Fischer, T.D.; Burman, J.L.; Li, Y.; Zhang, Z.; Narendra, D.P.; et al. Parkin and
PINK1 Mitigate STING-Induced Inflammation. Nature 2018, 561, 258–262. [CrossRef] [PubMed]

46. Xicoy, H.; Wieringa, B.; Martens, G.J.M. The SH-SY5Y Cell Line in Parkinson’s Disease Research: A Systematic Review. Mol.
Neurodegener. 2017, 12, 10. [CrossRef] [PubMed]

47. Haque, M.E.; Thomas, K.J.; D’Souza, C.; Callaghan, S.; Kitada, T.; Slack, R.S.; Fraser, P.; Cookson, M.R.; Tandon, A.; Park, D.S.
Cytoplasmic Pink1 Activity Protects Neurons from Dopaminergic Neurotoxin MPTP. Proc. Natl. Acad. Sci. USA 2008, 105,
1716–1721. [CrossRef]

48. Quinn, P.M.J.; Moreira, P.I.; Ambrósio, A.F.; Alves, C.H. PINK1/PARKIN Signalling in Neurodegeneration and Neuroinflamma-
tion. Acta Neuropathol. Commun. 2020, 8, 189. [CrossRef]

49. Yoo, L.; Chung, K.C. The Ubiquitin E3 Ligase CHIP Promotes Proteasomal Degradation of the Serine/Threonine Protein Kinase
PINK1 during Staurosporine-Induced Cell Death. J. Biol. Chem. 2018, 293, 1286–1297. [CrossRef]

50. Brunelli, F.; Valente, E.M.; Arena, G. Mechanisms of Neurodegeneration in Parkinson’s Disease: Keep Neurons in the PINK1.
Mech. Ageing Dev. 2020, 189, 111277. [CrossRef]

51. Hertz, N.T.; Berthet, A.; Sos, M.L.; Thorn, K.S.; Burlingame, A.L.; Nakamura, K.; Shokat, K.M. A Neo-Substrate That Amplifies
Catalytic Activity of Parkinson’s-Disease-Related Kinase PINK1. Cell 2013, 154, 737–747. [CrossRef]

http://doi.org/10.1002/mds.21960
http://doi.org/10.1038/nrm3735
http://doi.org/10.1371/journal.pone.0090151
http://doi.org/10.1093/hmg/ddm334
http://doi.org/10.1186/1471-2121-11-90
http://doi.org/10.1038/nbt1358
http://doi.org/10.1038/cddis.2009.16
http://doi.org/10.1038/cdd.2010.191
http://doi.org/10.1126/science.1096284
http://doi.org/10.1038/cddis.2014.581
http://doi.org/10.1016/j.semcancer.2019.07.015
http://doi.org/10.3390/cells7100154
http://doi.org/10.1038/nature14893
http://doi.org/10.1074/jbc.M112.391680
http://www.ncbi.nlm.nih.gov/pubmed/23212910
http://doi.org/10.1016/j.cmet.2017.12.008
http://doi.org/10.1038/s41586-018-0448-9
http://www.ncbi.nlm.nih.gov/pubmed/30135585
http://doi.org/10.1186/s13024-017-0149-0
http://www.ncbi.nlm.nih.gov/pubmed/28118852
http://doi.org/10.1073/pnas.0705363105
http://doi.org/10.1186/s40478-020-01062-w
http://doi.org/10.1074/jbc.M117.803890
http://doi.org/10.1016/j.mad.2020.111277
http://doi.org/10.1016/j.cell.2013.07.030

	Introduction 
	Materials and Methods 
	Eukaryotic Expression Vectors and shRNA Constructs 
	Cell Cultures 
	Transfections and Transductions 
	Treatments 
	Antibodies 
	Western Blotting Analysis 
	Immunofluorescence and Confocal Microscopy 
	RNA Extraction and RT-qPCR 
	Statistical Analysis 

	Results 
	Autophagy Induced by STS Treatment Precedes Apoptotic Cell Death 
	PINK1 Protein Levels Decrease during STS Treatment 
	PINK1 Degradation Controls the Switch between STS-Induced Autophagy and Apoptosis 
	Absence of Mitophagy Induction in Response to STS Treatment 
	STS-Induced Autophagy Is Regulated by PINK1–Beclin1 Interaction 
	PINK1 Impairs the Pro-Apoptotic Cleavage of Beclin1 upon STS Treatment 

	Discussion 
	Appendix A
	References

