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The Parkinson-associated protein PINK1 interacts with
Beclin1 and promotes autophagy

S Michiorri"28, V Gelmetti"8, E Giarda®, F Lombardi', F Romano"2 R Marongiu', S Nerini-Molteni®, P Sale®, R Vago®, G Arena’,
L Torosantucci', L Cassina®, MA Russo?, B Dallapiccola’, EM Valente*'* and G Casari*>®’

Mutations in the PINK1 gene cause autosomal recessive Parkinson’s disease. The PINK1 gene encodes a protein kinase that is
mitochondrially cleaved to generate two mature isoforms. In addition to its protective role against mitochondrial dysfunction and
apoptosis, PINK1 is also known to regulate mitochondrial dynamics acting upstream of the PD-related protein Parkin. Recent
data showed that mitochondrial Parkin promotes the autophagic degradation of dysfunctional mitochondria, and that stable
PINK1 silencing may have an indirect role in mitophagy activation. Here we report a new interaction between PINK1 and Beclin1,
a key pro-autophagic protein already implicated in the pathogenesis of Alzheimer’s and Huntington’s diseases. Both PINK1
N- and C-terminal are required for the interaction, suggesting that full-length PINK1, and not its cleaved isoforms, interacts with
Beclin1. We also demonstrate that PINK1 significantly enhances basal and starvation-induced autophagy, which is reduced by
knocking down Beclin1 expression or by inhibiting the Beclin1 partner Vps34. A mutant, PINK1V**"X interaction of which with
Beclin1 is largely impaired, lacks the ability to enhance autophagy, whereas this is not observed for PINK1%3°°°, a mutant with
defective kinase activity but unaltered ability to bind Beclin1. These findings identify a new function of PINK1 and further
strengthen the link between autophagy and proteins implicated in the neurodegenerative process.
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Parkinson’s disease (PD) is a frequent neurodegenerative
disorder resulting from massive degeneration of the dopami-
nergic neurons in the substantia nigra. Although most cases
are sporadic, several genes are known to cause familial PD,
especially with early onset."

Mutations in the PINK1 gene are the second most frequent
cause of autosomal recessive PD after those in the Parkin
gene.?® The PINK1 gene encodes a serine—threonine kinase
with an N-terminal mitochondrial import sequence, first
characterized as a protein aimed at maintaining mitochondrial
integrity and preventing apoptosis in response to cellular
stressors.24® This neuroprotective role is partly exerted
through phosphorylation of the mitochondrial chaperon,
TRAP1, although cytoplasm-restricted PINK1 was also
shown to protect against MPTP damage.®'° The full-length
PINK1 (PINK1-FL) is processed within mitochondria to
generate two mature proteins;*'" all three isoforms localize
both to the mitochondria and cytosol, their relative ratio being
regulated by several factors.'®"3

Increasing data have demonstrated that absence of
functional PINK1 induces abnormalities of mitochondrial

morphology.® 1415 In several studies (mostly in Drosophila),
PINK1 was shown to promote fission acting upstream of the
Fis1-Drp1 machinery, and the mitochondrial phenotype
observed in PINK1 knockout flies or silenced cells was
associated to reduced fission.'®'” Subsequent studies in
mammalian cell systems contradicted these results, demon-
strating that mutant or silenced PINK1 resulted in increased
fragmentation. 51719

A major progress in this field has come from the finding that
PINK1 interacts with Parkin to regulate mitochondrial
dynamics. Parkin overexpression was found to rescue the
mitochondrial abnormalities observed in PINK1 knockout flies
and silenced cells but not vice versa, suggesting that Parkin
may act downstream of PINK1 in a common pathway. #1519 |¢
has been recently shown that Parkin is directly recruited to
dysfunctional mitochondria mediating their elimination
through mitophagy,?® and that stable silencing of PINK1
induces an increase in oxidative stress levels, which activates
both mitophagy and mitochondrial fission.'® Mitophagy is a
tightly regulated autophagy-based mechanism that has a
central role in mitochondria quality control, by selectively
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eliminating damaged mitochondria before they could activate
apoptosis.?! Indeed, autophagy is being increasingly recog-
nized as an essential homeostatic process to clear misfolded
or aggregated proteins and to ensure organellar turnover.
The role of autophagy seems even more relevant in aging
non-mitotic cells, such as neurons, in which damaged
cellular components cannot be diluted through recurring cell
division cycles.??

Compelling evidence now indicates a protective role of
autophagy against neurodegeneration. Dysfunctional auto-
phagy has been implicated in a growing number of neurode-
generative diseases, including PD, that share the pathoge-
netic pathways of mitochondrial abnormalities and misfolded
protein damage.?®>™®* Interestingly, the fission protein Fis1
was found to activate the autophagy pathway,?® and it has
been proposed that mitochondria fusion/fission machinery
and mitophagy could represent a ‘quality control axis’,
regulating mitochondrial dynamics and function.2® Although
in PINK1-deficient cells mitophagy seems to depend on
mitochondrial fission,'® Parkin-activated mitophagy seems
independent from its effects on mitochondrial morphology,
suggesting that the two mechanisms can be regulated
together or in parallel.2°
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Here, we present evidence that PINK1-FL, but not its
cleaved isoforms or a mutant protein truncated at the
C-terminus, interacts with the pro-autophagic protein Beclin1
and enhances autophagy. This effect results from an increase
of the autophagic flux and is, at least, partly mediated through
the Beclin1—Vps34 complex, suggesting a main role for
PINK1 in this fundamental cellular pathway.

Results

PINK1 interacts with the pro-autophagic protein
Beclini. In search of PINK1 interactors using a yeast two-
hybrid approach, we screened a human brain cDNA library
and obtained a strong interaction with the PINK1 N-terminal
region (aa 1-100; Figure 1a). Sequencing of the prey cDNA
and subsequent bioinformatic analysis showed that it
corresponded to the BECN1 gene, encoding Beclint.

To confirm the yeast two-hybrid data, we performed in vitro
GST pull down using different PINK1 constructs, and detected
a strong interaction between PINK1-FL and Beclin1. The
interaction was mildly reduced on removing the first 77 amino
acids of PINK1, but less than halved on removing the whole
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5-GST PINK177-49%
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Interaction between PINK1-FL and Beclin1 in different systems. (a) Yeast two-hybrid system showing interaction between the bait encoding for N-terminal region

of PINK1 (aa 1-100) and the prey encoding for Beclin1. The prey identified by library screening was cloned in a fresh yeast host, and several independent colonies were
array-mated with the original bait strain. After establishment of the diploid strains and replica plating, interaction testing was confirmed by growth on selective medium for the
HIS3 and ADE2 reporter genes (left and middle panel). No growth was observed after mating of the prey with an unrelated bait strain (UR, right panel). Growth of single
colonies (arrows) was likely dependent on occasional mutations occurred in the bait or prey. (b) Pull-down assay using purified GST alone, GST-PINK1-FL- and GST-PINK1-
deleted constructs. Ponceau staining shows the amount of fusion protein used in each pull down

963

Cell Death and Differentiation



PINK1-Beclinl interaction promotes autophagy
S Michiorri et a/

964

N-terminus (1-112 aa), and completely abolished when the
C-terminus was also deleted (Figure 1b). These results
confirmed that PINK1-FL binds Beclin1 in vitro, and sug-
gested that the interaction involves both its N- and C-terminal
regions. To assess whether Beclin1 could be a substrate
of PINK1, we performed an in vitro kinase assay using
GST-PINK1777%8" and observed no phosphorylation of
Beclin1 (data not shown).

Deletion of PINK1 N- or C-terminal regions, but not loss
of its kinase activity, impairs Beclin1 binding in vivo. To
test the interaction between PINK1-FL and Beclin1 in vivo,
we performed co-immunoprecipitation experiments in HelLa
cells co-transfected with HA-tagged PINK1 and Beclin1. In
line with pull-down results, we showed that PINK1-FL
strongly co-immunoprecipitated Beclin1 (Figure 2a). As no
reliable antibodies are available to immunoprecipitate

endogenous PINK1,%2” we next demonstrated that
endogenous Beclin1 specifically co-immunoprecipitated
PINK1-FL, whereas no bands were observed

corresponding to PINK1-cleaved isoforms (Figure 2b). The
binding between Beclinl and PINK1-FL was further
confirmed by immunoprecipitating endogenous Beclin1 in
SH-SY5Y cells stably expressing PINK1-FL (Figure 2c).

We then generated several HA-tagged PINK1-deleted and
mutant constructs. We selected two PINK1 pathogenic
mutations (p.W437X and p.G309D),? with similar stability
and subcellular localization in comparison with the wild-type
protein.2® Mutant PINK1Y437X |acks the C-terminus and part of
the kinase domain, yet it partly maintains the ability to

phosphorylate specific substrates such as TRAP1. Conversely,
kinase activity is lost by the missense mutant PINK13%°P °
PINK1 constructs lacking either the N-terminus (PINK1112-581)
or the C-terminus (PINK1'%¢ mutant PINK1"43”%) showed a
marked reduction of Beclin1 co-immunoprecipitation. Conver-
sely, PINK1%3%°P_Beclin1 co-immunoprecipitation was compar-
able with PINK1-FL (Figure 2d).

To validate these results in a different experimental
approach, we used fluorescence lifetime imaging microscopy
(FLIM), a confocal microscopy-based fluorescence reso-
nance energy transfer (FRET) technique, which can reveal
protein—protein interactions in vivo. We performed FLIM on
Hela cells transiently co-transfected with PINK1-FL, deleted
or mutant constructs and Beclin1. Immunostaining of PINK1-
FL with donor fluorophore generated a lifetime value
that markedly decreased when Beclin1 also was co-
stained with the acceptor fluorophore, indicating interaction
of the two proteins. A similar reduction of donor lifetime
could be observed on co-staining PINK1%3°°P and Beclin1;
conversely, co-immunostaining PINK11127581 pINK1'#%and
PINK1W437X with Beclin1 did not result in significant reduc-
tions of donor lifetime. To assess FLIM specificity, we
performed a further experiment testing PINK1-FL and
Calnexin, a marker of the endoplasmic reticuum (ER)
known not to co-localize with PINK1, but could observe no
interaction (Figure 3). Equivalent results were obtained in all
experiments when acceptor and donor were exchanged (data
not shown).

Taken together, co-immunoprecipitation and FLIM ex-
periments confirmed that Beclin1 strongly interacts with
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Figure2 Co-immunoprecipitation (co-IP) between PINK1 and Beclin1. (a) Co-IP of overexpressed Beclin1 and PINK1-FL in HeLa cells. IP was performed with rat anti-HA
antibody (PINK1) followed by immunoblotting with rabbit anti-Beclin1 antibody (Beclin1) and rabbit anti-HA antibody. The three bands detected with anti-HA antibody
correspond to PINK1-FL- (upper band) and PINK1-cleaved isoforms (middle and lower bands). Control sample is represented by HeLa cells transfected with pcDNA3.1 empty
vector and Beclin1. (b) Co-IP of endogenous Beclin1 and overexpressed PINK1-FL in HeLa cells. IP was performed with rabbit anti-Beclin1 antibody. Control is represented by
Hela cells transfected with pcDNA3.1 empty vector. (¢) Co-IP of endogenous Beclin1 and PINK1 in SH-SY5Y cells stably expressing PINK-FL. IP as in (b). Control is
represented by untransfected SH-SY5Y cells. (d) Co-IP of overexpressed Beclin1 and different PINK1 constructs. IP was performed with rat anti-HA antibody. Control samples
were: PINK1-FL incubated without anti-HA antibody (no ab), IP performed without sample (no sample)
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PINK1-FL but not with its cleaved isoforms or the truncated
PINK1W437X mutant in vivo. Our data suggest that the ability
of PINK1 to bind Beclin1 is influenced by the lack of both the
N- and C-terminal domains but not by its kinase activity.
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Both PINK1 and Beclin1 localize to the mitochondrial
compartment. To assess the extent of co-localization of
PINK1 and Beclin1, we transiently co-transfected PINK1-FL
and Beclin1 in different cell types. Confocal microscopy
analysis indicated evident co-localization of the two proteins
both in HeLa and SH-SY5Y cells, which did not change after
starvation, a potent inducer of the autophagic response
(Figure 4a and Supplementary Figure 1). On testing PINK1-
deleted and mutant constructs in HelLa cells, co-localization
with Beclin1 did not significantly change for PINK1'112-581or
PINK1G3%°P \whereas it appeared to be variably reduced for
PINK1'™% or PINK1W437X |t should be noted that the
overlap coefficient for Beclin1 and PINK1'12758" is Jikely to be
overestimated because of the diffuse localization of both
proteins (Figure 4b).

We next asked where the interaction between PINK1 and
Beclin1 could take place within the cell. By performing
confocal microscopy experiments with organelle-specific
markers, we confirmed that PINK1 localizes mainly to the
mitochondria, with only a small proportion of it localizing to
other compartments'®2® (Figure 4c and Supplementary
Figure 2a). Mitochondrial localization did not significantly
change for PINK1'™%%  PINK1W47X and PINK1G399D,
whereas PINK1'127%81 presented diffuse cytoplasmic locali-
zation, as expected (Figure 4e). In previous studies, Beclin1
has been detected within mitochondria, ER and the trans-
Golgi network.2? We observed that Beclin1 localized con-
siderably to mitochondria and, in lesser proportion, to the ER,
whereas we failed to identify co-localization with Golgi or
lysosome markers (Figure 4d and Supplementary Figure 2b).
These findings indicate mitochondria as the only subcellular
compartment in which both proteins abundantly localize,
although they also seem to have partial cytosolic localization.

To assess whether PINK1 could influence the mitochondrial
distribution of endogenous Beclin1, we performed sub-
fractionation experiments on SH-SY5Y cells stably
overexpressing PINK1-FL or PINK1W437X ability of which to
bind Beclin1 is impaired. We were able to detect endogenous
Beclin1 in both mitochondrial and cytoplasmic/microsomal
fractions, with no significant differences between the two cell
lines, as well as in a control cell line. Similarly, we observed no
differences in PINK1-FL distribution when Beclin1 was either
overexpressed or silenced (Figure 4f). Beclin1 distribution
also did not change when PINK1-FL or PINK1W437X were
transiently co-transfected with Beclin1 or when Beclin1 was
expressed alone (data not shown). Thus, it seems that the

<

Figure 3 FLIM analysis of PINK1 and Beclin1 in Hela cells. (a) Cells
coexpressing HA-tagged PINK1 and Myc-tagged Beclin1 were labeled with donor
fluorophore Alexa-488 (to label PINK1) + acceptor fluorophore Alexa-555 (to label
Beclin1). PINK1-FL in the absence or presence of Calnexin labeling was used as
control for negative interaction. The intensity images (left) show the standard
immunostaining pattern for PINK1-FL in the absence or presence of Beclin1 or
Calnexin staining. Corresponding FLIM images using a pseudocolor scale (middle)
and relative graphs (right) visualize donor fluorophore lifetime (n= 3 experiments,
see Materials and Methods section). (b) Means = S.E.M. values and relative
plotting of FLIM analysis of different PINK1 constructs, in several randomly selected
cells. E, FRET efficiency. *P< 0.001
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Figure 4 Co-localization and mitochondrial distribution of PINK1 and Beclini. (a) Confocal images of HeLa cells and SH-SY5Y cells co-transfected with PINK1-FL and Beclini.
(b) HeLa cells co-transfected with different PINK1 constructs and Beclin1. (c-e) Confocal images of transfected HeLa cells representing co-localization of PINK1-FL (c), Beclin1 (d) and
different PINK1 constructs (e) with the mitochondrial marker TOM20. Merge pictures and relative insets reveal co-localization. R values represent the overlap coefficients. Scale bars:
10 um. HA-tagged PINK1 constructs and myc-tagged Beclin1 were detected with anti-HA and anti-myc antibodies, respectively. (f) Western blotting analysis of subcellular localization
of Beclin1, PINK1-FL or PINK1"457Xin the following SH-SY5Y cells (from left to right): control cells stably expressing pcDNA; cells stably expressing HA-PINK1-FL or PINK1"457%: cells
stably expressing HA-PINK1-FL and transfected with Beclin1 or with Beclin1 siRNA. PINK1 and Beclin1 were detected with anti-HA and anti-Beclin1 antibodies, respectively. Tot, Total
lysate; M, mitochondrial-enriched fraction; C, cytoplasmic/microsomal-enriched fraction. TIM23 and GAPDH were used as mitochondrial and cytoplasmic markers, respectively.
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interaction between PINK1 and Beclin1 is not relevant for the
mitochondrial distribution of both proteins.

PINK1-FL, but not pathogenic mutant PINK1W437X,
enhances autophagy. As the main role of Beclin1 is to
promote autophagosome formation and maturation,?®%° we
reasoned that PINK1 could interact with Beclin1 to modulate
autophagy. Two complementary strategies, based on
immunofluorescence and western blotting, were optimized
to detect autophagy. We first transiently overexpressed
PINK1-FL in SH-SY5Y cells stably expressing GFP-LC3
under nutrient-rich and starvation conditions, and compared
the number of PINK1-expressing and non-expressing
cells that were positive for GFP—LCS3 vacuoles, indicative of
activated autophagy (Figure 5a). In nutrient-rich conditions,
PINK1-FL overexpression induced a nearly three-fold
increase in the number of vacuole-positive cells compared
with untransfected cells. Under starvation, the number of
autophagic untransfected cells increased about three times
compared with basal condition, and PINK1-FL overexpression
produced a further significant increase of autophagic cells
compared with starved control (Figure 5b). Notably, we did not
observe any co-localization of PINK1 with the GFP-LC3
dots under nutrient-rich and starvation conditions
(Supplementary Figure 3).

To confirm the ability of PINK1 to enhance autophagy, we
monitored the conversion of endogenous LC3 from the
cytoplasmic (LC3-1, 18kDa) to the membrane-bound form
(LC3-Il, 16 kDa) in SH-SY5Y cells stably expressing PINK1. In
this system, we quantified autophagy by assessing the LC3-Il/
LC3-Iratio, as we observed that, in SH-SY5Y cells, autophagy
activation was variably associated with LC3-Il increase and/or
LC3-l decrease.®' Under both nutrient-rich and starvation
conditions, PINK1-FL cells showed a significant increase of
the LC3-1I/LC3-I ratio compared with control cells. Activation
of autophagy was further confirmed by showing reduction of
P62 levels in cells expressing PINK1 versus controls
(Figure 5c).

To explore whether the observed results actually repre-
sented an increase of autophagy, we treated cells with the
lysosomal protease inhibitor ammonium chloride, (NH,CI),
that prevents the degradation of autophagosomes. Immuno-
fluorescence analysis showed that GFP-LC3 punctae
dramatically increased under starvation conditions. In
western blotting, treatment with NH,Cl induced an evident
accumulation of LC3-11 in both cell lines (Figure 5d). These
findings suggest that PINK1-induced autophagy results from
a true enhancement of the autophagic flux and not from the
blockage of autophagic degradation.®?

We next knocked down PINK1 expression using RNAi
in GFP-LC3 and wild-type SH-SY5Y cells, obtaining 60
and 80% decline of PINK1 mRNA expression, respectively.
In immunofluorescence experiments, PINK1 silencing
induced a significant decrease of starvation-induced autop-
hagy when compared with control cells, which was confirmed
by a reduction of the LC3-II/LC3-I ratio in western blotting
(Figures 5e and f).

To assess whether PINK1-related autophagy is mediated
by the Beclin1-Vps34 complex, we first evaluated GFP-LC3
vacuole-positive cells in presence of 3-methyladenine (3MA),

PINK1-Beclinl interaction promotes autophagy
S Michiorri et al

a compound known to block autophagy by inhibiting the
activity of class Il PI3K—Vps34,%® a Beclin1 effector that
regulates autophagosome formation and maturation.3° We
showed that, in PINK1-expressing cells, increasing concen-
trations of 3MA were able to significantly decrease basal and
starvation-induced autophagy (Figures 5g and h). To further
verify the direct involvement of Beclin1, we then knocked
down Beclin1 by siRNA. Beclin1 silencing also induced a
significant reduction of autophagy in cells overexpressing
PINK1, although the proportion of autophagic cells remained
higher than that of control cells (Figures 5i and j).

To assess the effect of distinct mutations on PINK1-related
autophagy, we next monitored the proportion of autophagic cells
and endogenous LC3 conversion in SH-SY5Y cells expressing
PINK1-FL and either the W437X or the G309D mutant.

Inimmunofluorescence, the percentage of vacuole-positive
cells was significantly lower in cells expressing PINK1W437X
than those expressing PINK1-FL in nutrient-rich conditions,
and overall comparable with untransfected controls under
starvation (Figures 6a and c). Conversely, overexpression of
PINK1@3%°P resulted in an increase in the number of
autophagic cells that did not significantly differ from PINK1-
FL both under nutrient-rich and starvation conditions (Figures
6b and d). Similar results were obtained with LC3 western
blotting (Figures 6e and f).

Taken together, our data show that PINK1-FL is able
to significantly enhance basal and starvation-induced
autophagy, and that this effect is at least partly mediated by
Beclin1. The PINK1-mediated autophagy is greatly reduced
in presence of PINK1W437% ability of which to bind Beclin1
is largely impaired, but not in presence of PINK13%°D
a protein with defective kinase activity but unaltered Beclin1
binding.

PINK1 overexpression does not affect mitochondrial
morphology. We next sought to assess whether the
observed effects of PINK1 on autophagy could be
mediated by its activity on mitochondrial dynamics.

Mitochondrial morphology was analyzed in Hela cells by
co-transfecting a mitochondrially targeted yellow fluorescent
protein (mtYFP) with mitofusini and DRP1 as positive
controls for the induction of fusion or fission, and with either
PINK1-FL, PINK1W437X or PINK1%3%°D and performing live
imaging using confocal microscopy. For quantitative analysis
of mitochondrial morphology, we distinguished between cells
with tubular, intermediate or fragmented mitochondria, as
described previously.3* Co-transfection of mtYFP with each
construct was confirmed by immunofluorescence analysis
(data not shown).

Live imaging of cells overexpressing mitofusin1 showed
a higher number of cells with tubular mitochondria than
mock-transfected cells, whereas the expression of DRP1
resulted in a significant increase of fragmented mitochondria.
Transfection of mtYFP with PINK1-FL or mutants did not
result in visible morphological changes of the mitochondrial
network in comparison with control cells (Figure 7),
suggesting that, at least in this experimental setting, PINK1
is not directly involved in the regulation of mitochondrial
dynamics.
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Discussion

In this study, we describe a new interaction between the
pro-autophagic protein Beclin1 and PINK1, a protein mutated
in autosomal recessive PD.

Beclin1, also known as ATGS6, is a proautophagic protein
that has been extensively studied as a tumor-suppressor
factor and as an interactor of the anti-apoptotic protein
Bcl-2.293% Beclin1 expression decreases in an age-depen-
dent manner in human brains, leading to a reduction of
autophagy with aging, which possibly contributes to the
progression of neurodegenerative diseases.®® A role of
Beclin1 in neurodegeneration is also supported by the finding
of reduced Beclin1 levels in affected brain regions of patients
with Huntington’s and Alzheimer's diseases; moreover,
Beclin1 deficiency in cellular and animal models of these
disorders was shown to induce disruption of neuronal
autophagy, accumulation of mutant hungtintin and amyloid-f
and neuronal cell loss.®®%” QOur data, to the best of our
knowledge, correlate for the first time Beclin1 to a protein
directly involved in PD pathogenesis, strengthening the link
between autophagy and PD-related neurodegeneration.

Beclin1 is strictly modulated by the binding of Bcl-2 family
members (Bcl-2/Bcl-XL), which results in autophagy inhibi-
tion. On receiving autophagic stimuli, this interaction is
disrupted either by post-translational modifications (e.g.
JNK-mediated Bcl-2 phosphorylation) or by competitive
binding with BH3-only proteins, such as Bad, allowing
activation of autophagy.®®*® Very recently, Zalckvar et al.®°
have shown that death-associated protein kinase (DAPK)-
mediated phosphorylation of Beclin1 also promotes its
dissociation from Bcl-XL and triggers autophagy. Using this
knowledge, it might be speculated that PINK1 could modulate
autophagy either through direct phosphorylation of Beclin1 or
its inhibitory interactors, or through competitive binding. In our
study, we were not able to detect PINK1-mediated phosphory-
lation of Beclinl in vitro. Moreover, kinase-defective
PINK1%3%90 byt not the truncated mutant PINK1W437%,
regulated autophagy with an efficiency similar to PINK1-FL,
suggesting that this effect is mediated by Beclin1 binding and
not by PINK1 kinase activity. The activation of autophagy by
PINK1 was significantly reduced in the presence of Beclin1
silencing as well as exposure to 3MA, an autophagy blocker
that inhibits Vps34,° suggesting a direct involvement of
PINK1 in the Beclin1—Vps34 macroautophagy pathway.
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However we noted that, under both conditions, PINK1-
induced autophagy did not reach control cell levels, sugges-
ting a possible role for PINK1 in distinct pathways. Indeed,
recent studies have uncovered a number of Beclin1-depen-
dent and -independent autophagy pathways, indicating that
the macroautophagy process is far more complex than
previously thought.3%4"*2 Further studies are needed to
establish how PINK1 can interplay with Beclini multiple
interactors and with other major autophagy effectors to trigger
the autophagic response in neuronal cells.

In our study, PINK1 seems to positively regulate autophagy
independently of its effects on mitochondrial dynamics.
Indeed, in the presence of endogenous wild-type PINK1,
neither overexpression of PINK1 nor of its mutants had a
directly influence on mitochondria morphology, whereas it
clearly affected basal and starvation-induced autophagy.
These findings are in line with those previously reported for
Parkin, which also seems to activate mitophagy in a way
independent from its activity on mitochondrial morphology.?°

After PINK1 silencing, we observed a significant reduction
of starvation-induced autophagy in SH-SY5Y cells, whereas
no obvious differences were evident in nutrient-rich condition.
The apparent discrepancy with a previous study, in which
PINK1 silencing was reported to indirectly enhance mitophagy
through the activation of mitochondrial fission,'® could likely
be explained by the different experimental settings adopted in
the two studies, in particular the use of transient versus stable
PINKT1 silencing. In fact, it is plausible that a chronic reduction
of PINK1 expression could activate compensatory pathways
to counterbalance the damaging effects secondary to PINK1
deficiency, which are not yet appreciable at an early stage
after silencing.

Interestingly, we observed that endogenous Beclin1 only
immunoprecipitated PINK1-FL and that the interaction
between PINK1 and Beclin1 was markedly reduced in the
absence of the first 112 aa of PINK1. Taken together, these
findings suggest that only PINK1-FL, and not the mature
isoforms generated after mitochondrial import, is required to
bind Beclin1. Indeed, previous data have shown a tight
regulation of the relative amounts and subcellular distribution
of these isoforms, implying distinct roles within cells.'"'?

Both PINK1-FL and Beclin1 are found in the mitochondria
and cytosol, making it difficult to exactly locate the subcellular
compartment in which the two proteins interact. As Beclin1
does not possess a canonical amino-terminal targeting signal

Figure 5 Assessment of autophagy induction by PINK1-FL in SH-SY5Y cells. (a—c) Effect of PINK1-FL overexpression. (a) Representative pictures of SH-SY5Y cells
stably expressing GFP-LC3 and transiently transfected with HA-tagged PINK1-FL. Appearance of GFP-LC3 autophagic vacuoles (GFP-LC3"*) was assessed both under
nutrient-rich condition and 1 h starvation. Merge pictures reveal co-localization. Insets show magnification of GFP-LC3 dots in PINK1-transfected cells. Scale bar 10 um.
(b) Mean percentage of untransfected versus PINK1-FL-transfected cells showing GFP-LC3"%° (n= 3 experiments performed in quadruplicate; a minimum of 200 cells per
experiment were analyzed; mean * S.E.M.). (c) Representative P62 blot (left) and LC3 blot (right) in SH-SY5Y cell lines stably expressing empty vector (control, CTR) versus
PINK1-FL in nutrient-rich or starvation conditions (STARV). Expression of HA-tagged PINK1-FL is shown below. Densitometric analysis using LC3-1I/LC3-| ratio is shown in the
graph, measuring relative increments compared with the control sample in nutrient-rich condition, set at 1 (a minimum of 6 blots were analyzed for each condition;
mean £ S.E.M.). (d) Effect of treatment with 20 mM NH,CI. Representative picture of cells as in (a) after 1 h starvation, and representative LC3 blot as in (c), after treatment.
(e, f) Effect of PINK1 silencing. (e) Quantitative real-time PCR showing reduction of PINK7 mRNA expression levels in GFP-LC3 SH-SY5Y cells and mean percentage of
GFP-LC3"*° cells in control (scramble: SCR) versus PINK1 silenced cells; (f) quantitative real-time PCR in SH-SY5Y cells and representative LC3 blot. (g and h) Effect of
treatment with 3-methyladenine (3MA). (g) Representative picture of cells as in (a) after treatment with SMA 10 mM and 1 h starvation; (h) Mean percentage of GFP-LC3"*
cells as in (b), in absence or presence of increasing 3MA concentrations. (i and j) Effect of Beclin1 silencing. (i) Representative picture of cells as in (a) after Beclin1 silencing
and 1h starvation; (j) Mean percentage of GFP-LC3"*° cells treated with either Beclin1 siRNA (siBeclin1) or scramble siRNA (SCR) and transfected with either pcDNA3.1
empty vector or PINK1-FL. Western blotting of Beclin1 after SiRNA treatment is shown on the right. Statistical significance: *P<0.01; **P<0.0001
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Figure 6 Effect of distinct mutations on PINK1-mediated autophagy. (a and b) Representative pictures of SH-SY5Y cells stably expressing GFP-LC3 and transiently
transfected with either HA-tagged PINK1"43 (a) or PINK1%3%%D (b). Appearance of GFP-LC3'® was assessed both under nuttient-rich condition and 1h starvation.
(c and d) Mean percentage of cells showing GFP-LC3'* (n=3 experiments performed in quadruplicate; a minimum of 200 cells per experiment were analyzed;
mean = S.E.M.). (e and f) Representative LC3 blots and densitometric analysis using LC3-Il/LC3-I ratio of SH-SY5Y cells stably expressing PINK1-FL and PINK1V4¥7X () or
PINK1%3%D (f). Relative increments were compared with the PINK1-FL sample in nutrient-rich condition, set at 1. Expression of each HA-tagged PINK1 mutant is shown on

the right of each graph. Statistical significance: *P<0.01; **P<0.0001.

for mitochondrial import, it can be hypothesized that it may be
partly associated with the outer mitochondrial membrane
(OMM) in which the interaction with PINK1 could take place.
Other Beclin1-interacting proteins, such as Bcl-2 and Bcel-XL,
are known to partly localize at the OMM through their
C-terminal hydrophobic domain, and a recently published
protease protection experiment on isolated mitochondria
demonstrated a PINK1 immunoreactivity pattern similar to
Bcl-2. This study suggested that the N-terminus of PINK1
would be inserted in the OMM through the putative transmem-
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brane domain (aa 94-110), with the kinase domain facing the
cytosol.” Such a localization would argue against our
hypothesis, as both N- and C-terminal domains of PINK1
are required to ensure a strong Beclin1 binding. Nevertheless,
it is reasonable to speculate that a pool of PINK1-FL would not
enter the OMM, but remain associated with mitochondria
through anchoring proteins. In line with this hypothesis,
Weihofen et al.'® have proposed that binding to Cdc37/
Hsp90 would destine PINK1 to mitochondrial import and
processing, while in the absence of Hsp90, PINK1 would
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Figure 7 Analysis of mitochondrial morphology in HeLa cells expressing PINK1 constructs. (a) HeLa cells were co-transfected with mtYFP and empty vector (mock) or the
indicated proteins. Representative confocal images of mtYFP fluorescence from randomly selected cells are shown. Scale bar: 10 um. (b) Morphometric analysis of
mitochondrial shape. A total of 30 randomly selected images of mtYFP fluorescence were acquired, stored and classified as described. Data represent mean + S.D. of at least

three independent experiments. Mfn1: mitofusin 1. Statistical significance: *P<0.001.

remain attached to mitochondria as a full-length precursor.
More recently, the same authors reported a new interaction of
PINK1 with Miro and Milton, two proteins that are part of a
complex connecting mitochondria to microtubules. Only Miro
spans the OMM with its C-terminus, and thereby can anchor
the cytosolic protein Milton and other members of the
complex, such as PINK1, to the mitochondrion.?” Interest-
ingly, overexpressions of Miro and Milton were shown to
induce accumulation of PINK1-FL in the mitochondrial
fraction, suggesting the existence of a regulatory mechanism
controlling the pool of PINK1-FL, which is required to act at the
mitochondrial outer membrane.

In conclusion we show that, besides its many protective
functions, PINK1 may also have a relevant role in promoting
basal and starvation-induced autophagy. The identification of

autophagy as a key protective mechanism against neuronal
cell loss has represented a crucial step toward the develop-
ment of new therapeutic strategies for neurodegeneration,®
and autophagy-inducing drugs have been shown to
bear neuroprotective activity in cellular and animal models
of neurodegenerative diseases.?* Using this knowledge
our findings represent a major progress in the current
understanding of PD pathogenesis, and open new exciting
research perspectives.

Materials and Methods

Yeast-two-hybrid analysis. A GAL4-based yeast two-hybrid screening was
performed as described previously.® Three PINK1 baits (N-terminus, aa 1-100;
kinase domain and C-terminus, aa 110-581; full-length protein, aa 1-581) were
cloned in pGBD-B vector (kind gift of Prof. David Markie, University of Otago,
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New Zealand) by gap repair, and used to screen a pre-transformed human brain
cDNA library (Human Brain BD Matchmaker, BD Biosciences, San Jose, CA).
Potential interactions were checked for the activation of two reporter genes (HIS3and
ADE2) by growth on selective medium. Specificity and reproducibility of interactions
were further confirmed by re-cloning interacting preys in pACT2-B vector and mating
them with the original bait strain and with an unrelated bait strain (/2-microglobulin, aa
30-96). For positive clones, interaction sequence tags were determined by
sequencing the PCR fragments obtained from prey inserts and the corresponding
genes were identified by bioinformatic search of nucleic acid databases.

Eukaryotic expression vectors. The PINK1 constructs were all tagged at
C-terminus with HA epitope. The constructs PINK1-FL, PINK1"*57X and PINK163%P
have been described previously.?® The PINK1'~* and PINK1"'2-%8" constructs were
generated from PINK1-FL cDNA by introducing, respectively, an EcoRl restriction
site at position 497 and a start codon at position 112 using the QuickChange Il XL
Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA). The two fragments,
1-496 and 112-581, were then subcloned in pcDNA 3.1( + ) (Invitrogen, Carlsbad,
CA, USA) and HA-tagged at the C-terminus as described.”® The Beclin1 cDNA
omitting the stop codon was amplified from human cDNA using primers 5’-CCCAAG
CTTGGGATGGAAGGGTCTAAGAC-3' (sense; Hindlll tail) and 5'-GGAATTCTTT
GTTATAAAATTGTGAGGACAC-3' (antisense; EcoRl tail) and cloned into the
Hindlll and EcoRlI sites of pcDNA3.1(+ ). The Myc tag was introduced at the
C-terminus and the stop codon was inserted into sequence. The pEGFPC1-LC3
plasmid was a kind gift from Dr. Francesca De Marchi (International Centre for
Genetic Engineering and Biotechnology, Trieste, ltaly).

Human PINK1 shRNA expression plasmid was constructed using the pSilencer
3.1 H1-hygro system (Applied Biosystems, Foster City, CA, USA). Sense and
antisense oligonucleotides were synthetized as previously described.” The
pSilencer hygro vector expressing a scramble shRNA was used as negative control.

Analysis of mitochondrial morphology was performed using pEYFP-Mito
(Clontech, Carlsbad, CA, USA), human mitofusini (pCB6Myc-MFN1) and human
DRP1 (pcDNA3.1-DRP1) plasmids, kindly provided by Prof. Luca Scorrano
(University of Geneva Medical School, Geneva, Switzerland and Dulbecco-Telethon
Institute, Padua, Italy).

Cell cultures, stable expression and treatments. Human Hela and
SH-SY5Y cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen), supplemented with 2mM L-glutamine, 200 U/ml penicillin, 200 mg/ml
streptomycin, 1 mM sodium pyruvate and 10% heat inactivated FBS at 37 °C in 95%
humidifier air and 5% CO,. For serum and amino-acid deprivation studies
(starvation), cells were cultured in serum-free Earle’s Balanced Salt Solutions
medium (EBSS; Invitrogen) at 37 °C for 1 h in the presence or absence of 20 mM
NH,Cl or 3MA at concentrations of 2mM, 5mM and 10mM (Sigma Aldrich,
St Louis, MO, USA).

Stable transfectants expressing PINK1-FL-HA, PINK1W4¥7X_HA PINK15%0°P
-HA and GFP-LC3 cDNA were obtained after transfection of respective expression
vectors in SH-SY5Y human neuroblastoma cells. Transfected cells were cultured as
bulk in a selective medium containing 1 mg/ml G418 (Invitrogen) for 20 days,
and then screened for protein expression by western blotting. As a control, a cell line
stably expressing the pCDNA3.1 empty vector was also created following the
same protocol.

To knock down endogenous PINK1 expression, wild-type and GFP-LC3 SH-
SY5Y cells were transfected with PINK1 or scramble shRNA expression vectors.
After 72 h, PINKT mRNA expression was verified by quantitative real time PCR.

For Beclin1 knockdown, siRNA duplex oligoribonucleotides were purchased from
Invitrogen (BECN1 Stealth Select RNAi; HSS112742). The Stealth RNAi Negative
Control Duplex (Invitrogen) was used as negative control. The SH-SY5Y cells either
stably expressing GFP-LC3 or PINK1-FL were transfected with 100 pmol siRNA,
according to manufacturer’s instructions. To increase Beclin1 silencing efficiency,
siRNA transfection was repeated after 24 h, co-transfecting PINK1-FL expression
vector in GFP-LC3 SH-SY5Y cells. Beclin1 knockdown and PINK1 expression were
checked 48 h from the second transfection by western blotting. All transfections
have been performed using Lipofectamine 2000 transfection reagent (Invitrogen).

GST pull down. The GST —pull down was performed by standard techniques.
The GST-PINK1''27%8! and GST-PINK1''2%%® constructs have been described
previously.2® The GST-PINK1-FL, GST-PINK177-%®" and GST-PINK{17774%
constructs were generated from pcDNA3.1 PINK1-FL or pcDNA3.1 PINK1'4%
by PCR using a sense oligonucleotide carrying the restriction site BamH| at position
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1 and 77 of the corresponding plasmid and a antisense oligonucleotide, EcoRl, in
frame with the GST protein. The GST-tagged constructs were expressed in the
Escherichia coli strain BL21 and GST-PINK1 fusion proteins were produced under
the induction by 0.1 mM isopropy! thiogalactopyranoside (Sigma) for 3h at room
temperature. Recombinant proteins were purified by affinity absorption using
glutathione-Sepharose 4B (Amersham Biosciences AB, Uppsala, Sweden)
according to the manufacturer’s instructions, and then incubated for 2h at 40 °C
with lysates from HelLa cells expressing Beclin1-Myc followed by extensive
washings. Pull-down products were separated by SDS-PAGE and analyzed by
western blotting with anti-Myc antibody.

Q-RT-PCR. Total RNA was extracted using the RNeasy kit (Qiagen, Hilden,
Germany) and then reverse transcribed with SuperScript Il Reverse Transcriptase
(Invitrogen). Resulting cDNAs were quantified by real-time PCR using SYBR green
master mix (Applied Biosystems) on the HT-7900 platform (Applied Biosystems)
using the following primers: PINK1-Fw: 5-CAAGAGGCTCAGCTACCTGCAC-3;
PINK1-Rev: 5'-TGTCTCACGTCTGGAGGCACT-3'; GAPDH-Fw: 5'-CGCTTCGCT
CTCTGCTCCT-3'; GAPDH-Rev: 5'-CCTTCACCTTCCCCATGGT-3'. The relative
expression was calculated using the AAC; method, and normalized to GAPDH
expression.

Western blotting analysis. For western blotting analysis, 50 ug of samples
were subjected to SDS-PAGE and probed with the following antibodies: rat anti-HA
(Roche Diagnostics, Indianapolis, IN, USA) or rabbit anti-HA (Sigma) for
the detection of PINK1 proteins, goat anti-Myc or rabbit anti-Beclin1 (Novus
Biologicals, Littleton, CO, USA) for Beclin1 protein, mouse anti-LC3 (MBL
International, Woburn, MA, USA), mouse anti-P62 (BD Biosciences), mouse anti-3-
tubulin (Sigma), rabbit anti-GAPDH (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and mouse anti-TIM23 (BD Biosciences). All samples were normalized to
p-tubulin.

Densitometric analysis of LC3 blots was performed using the software Quantity
One 4.6.5 (Bio-Rad, Hercules, CA, USA). Activation of autophagy was evaluated
using LC3-II/LC3-I ratio, measuring relative increments of each sample compared
with the control sample in nutrient-rich condition, set at 1.%2

Co-immunoprecipitation assay. The Hela cells were either transfected
with vectors expressing PINK1-FL or co-transfected with vectors expressing PINK1-
FL or each PINK1 mutant and Beclin1. Both HeLa cells and SH-SY5Y cells stably
expressing PINK1-FL were lysed in 1% Triton X-100 buffer (10mM HEPES (pH
7.5), 1425mM KCl, 5mM MgCl,, 1mM EDTA), containing protease and
phosphatase inhibitor cocktails (Pierce, Rockford, IL, USA). Total cell extracts
were centrifuged at 6000 x g for 15 min.

To immunoprecipitate endogenous Beclin1, 1 mg of the lysate was incubated
overnight at 4 °C with 4 ug of rabbit polyclonal anti-Beclin1 antibody (Novus) and
protein A Agarose (Roche). To immunoprecipitate PINK1, 500 ng of the lysates
were incubated overnight at 4 °C with 1 ug of rat monoclonal anti-HA antibody
(Roche) and protein G Sepharose (Roche). The immune complexes were then
washed three times with lysis buffer without Triton X-100 by centrifugation. Samples
were heated in SDS sample buffer and processed by western blotting.

Immunofluorescence and confocal microscopy. Immuno-
fluorescence analysis was performed as described previously?® using the
following antibodies: anti-HA (Covance, Berkeley, CA, USA) to detect PINK1
proteins, anti-Myc (Novus Biologicals) to detect Beclin1, anti-Calnexin (Sigma), anti-
TOM20 (BD Biosciences), anti-LAMP1 (Developmental Studies Hybridoma Bank,
lowa City, IA, USA), anti-Golgin (Molecular Probes, Eugene, OR, USA). Primary
antibodies were visualized using the appropriate secondary antibodies conjugated
with either Alexa Fluor 488 or Alexa Fluor 555 (Molecular Probes). All images were
acquired using a confocal microscope (PCM Eclipse TE300, Nikon Instruments,
Tokyo, Japan). Merged images were obtained by EZ2000 software. The Overlap
Coefficient (R) was calculated on several randomly selected cells from different
slides, using WCIF ImageJ software (www.uhnresearch.ca/facilities/wcifimagej/).
For each co-localization showing an R value > 0.30, overlay masks are presented
in Supplementary Figure 2c.

FRET-FLIM assay. The FRET-FLIM measurements rely on the observation
that fluorescence lifetime of a donor fluorophore is shorter in close proximity
(<10 nm) of an acceptor fluorophore, in which the energy transfer only depends on
the distance of the two protein-interacting domains and not on their relative
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concentration. The FRET-FLIM assays were performed as previously described.
Briefly, fixed HeLa cells transiently transfected with PINK1 constructs and Beclin1
were labeled with appropriate primary and secondary antibodies (see above).
Samples were examined with a C1 confocal microscope attached to a TE2000
inverted microscope and equipped with a LIMO lifetime imaging system (Nikon).
Cells were excited under two-photon excitation at 750 nm with a Ti:sapphire ultrafast
laser source (Mai Tai Laser 750-850, Spectra Physics, CA, USA). Photons were
accumulated for 60 s and data were analyzed using EZ LIMO Software 3.40 (Nikon).
For each condition, a minimum of three experiments in duplicate were performed,
analyzing 7-8 cells from each slide for statistical analysis. The FRET efficiency (E)
was calculated as: E= (1—tDa/zD) where 7D and DA are the lifetimes of the
donor alone and the donor in the presence of acceptor, respectively.**

Subcellular fractionation. Mitochondrial and cytosolic subcellular fractions
were isolated by cell disruption followed by differential centrifugation and washing as
described previously,* with some modifications. Briefly, homogenates were
centrifuged at 750 x g for 10min at 4°C, and supernatants were then
centrifuged at 10000 x g for 15min at 4 °C. Pellets contained the enriched
mitochondrial fraction, whereas supernatants contained the cytoplasmic/
microsomal fraction. Equal amounts of proteins from the two fractions were
analyzed by western blotting. Beclin1 was detected with anti-Beclin1 antibody,
whereas PINK1 was detected using rat monoclonal anti-HA antibody. Anti-TIM23
and anti-GAPDH antibodies were used as molecular markers of the two fractions.

Analysis of GFP-LC3 immunofluorescence. The SH-SY5Y cells
stably expressing GFP-LC3 were transfected with HA-tagged PINK1-FL,
PINK1W43™ or PINK1%3%%P and immunostained with anti-HA antibody to mark
PINK1-expressing cells. In each acquired field, GFP-LC3 cells not expressing
PINK1 were used as controls. For PINK1 silencing, GFP-LC3 SH-SY5Y cells were
either transfected with PINK1 or scramble shRNA expression plasmid. For Beclin1
silencing, GFP-LC3 SH-SY5Y cells were transfected with either HA-tagged PINK1-
FL or pcDNA3.1 with or without Beclin1 or scramble siRNA. Autophagy was
quantified by counting the percentage of cells exhibiting the accumulation of
GFP-LC3 vacuoles (GFP-LC3vac). Cells mostly presenting a diffuse distribution of
GFP-LC3 were considered non-autophagic, whereas cells presenting several
intense GFP-LC3 vacuoles were classified as autophagic.** Experiments were
performed in nutrient-rich condition and after starvation, in absence or presence of
treatments. Optimal setting for starvation-induced autophagy was established in a
4-h time course experiment. Each experiment set was repeated at least three times
in quadruplicate and a minimum of 200 cells per experiment were analyzed. Each
GFP-LC3 staining was read by two independent investigators blinded to the
experimental setting.

Mitochondrial morphology analysis by live imaging. Analysis of
mitochondrial morphology was performed as described.** Cells were co-transfected
with plasmids expressing EYFP-Mito and empty vector (control), regulators of
mitochondrial dynamics (human Mitofusin1 or human DRP1) or PINK1 constructs
(PINK1-FL, PINK1W437% or PINK1%%%%P) " ysing a 1:2 ratio. Confocal microscopy
was performed using Perkin Elmer (Foster City, CA, USA) UltraVIEW Spinning Disk
Confocal Microscope and EMCCD Hamamatsu C9100 imaging camera. This
system is equipped with a stage incubator from OkoLab (www.okolab.com),
allowing to work with live cells maintained under stable conditions of temperature,
CO, and humidity. A total of 30 randomly selected images of cells expressing
mtYFP for each transfection were acquired. Morphometric analysis of mitochondrial
network was performed examining 100-150 cells for each experimental condition.
Cells were divided into three classes according to mitochondrial shape: tubular
mitochondrial network, intermediate or fragmented mitochondrial structures.
Experiments were repeated at least three times, and analysis was performed by
three operators independently. Co-transfection efficiency was assessed performing
in parallel live imaging and immunofluorescence analyses on the same samples.

Statistical analysis. Data are expressed as means = S.E.M. values.
Student’s t-test or ANOVA were used for calculation of P-values as appropriate.
The distribution of values for each variable was tested for normality using
Kolmogorov-Smirnov test.
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