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Parkinson’s disease (PD) is a neurodegenerative disorder with poorly understood etiology. Increasing evidence
suggests that age-dependent compromise of the maintenance of mitochondrial function is a key risk factor. Several
proteins encoded by PD-related genes are associated with mitochondria including PTEN-induced putative kinase 1
(PINKT), which was first identified as a gene that is upregulated by PTEN. Loss-of-function PINKT mutations induce
mitochondrial dysfunction and, ultimately, neuronal cell death. To mitigate the negative effects of altered cellular
functions cells possess a degradation mechanism called autophagy for recycling damaged components; selective
elimination of dysfunctional mitochondria by autophagy is termed mitophagy. Our study indicates that autophagy and
mitophagy are upregulated in PINKT-deficient cells, and is the first report to demonstrate efficient fluxes by one-step
analysis. We propose that autophagy is induced to maintain cellular homeostasis under conditions of non-regulated

mitochondrial quality control.

Introduction

Parkinson’s disease (PD) is the second most common neuro-
degenerative disorder and presents a complex etiology involving
genetic and environmental factors. Mitochondria are important
organelles for cellular homeostasis and are involved in essential
functions including energy generation and xenobiotic detoxifica-
tion. Development of PD is highly influenced by the mitochon-
drial status and several PD-related genes are linked to this
organelle, including PTEN-induced putative kinase 1 (PINKI),
mutations of which cause autosomal recessive forms of early-
onset Parkinsonism. The role of PINKI has been mainly impli-
cated in mitochondrial regulation because of its N-terminal
mitochondrial targeting sequence (MTS), which allows selective
localization in this organelle. Thus, PINK1 deficiency or PINKI
mutations dysfunction, i.e.,

result in  mitochondrial
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morphological abnormalities, reduced mitochondrial membrane
potential (Am), and increased reactive oxygen species (ROS)
generation, thus enhancing neurodegeneration.

Although PD and cancer are different human disorders, epide-
miological evidence has shown that there is a low risk of cancer in
PD patients.” Interestingly, in 2001, the PINK1 gene was initially
discovered in cancer cells as a gene that is upregulated by the
major tumor suppressor PTEN.® Survival kinases are upregulated
in many cancer cells, resulting in cellular resistance to therapies.
In this regard, a sensitized RNAI screen of the human kinome
and phosphatome identified PINKI as an essential element for
survival.” Moreover, recent reports have demonstrated that
PINKI1 is directly involved in mechanisms linked to cancer.'®"!

Macroautophagy (referred to hereafter as autophagy) is a
highly conserved process that allows cells to eliminate damaged
organelles, such as mitochondria, or unfolded proteins. Briefly,
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this degradative pathway starts with the formation of a double-
membraned vesicle called autophagosome (AP), where isoform 1I
of microtubule-associated protein 1 light chain 3 (LC3) protein
is localized. In parallel, p62 interacts with ubiquitinated proteins,
generating aggregates that are sequestered in APs by p62-LC3-1I
interaction. Finally, APs fuse with lysosomes, allowing degrada-
tion of the cargo by lysosomal enzymes, such as cathepsin D
(catD). Some of the interest in this topic is generated by the rela-
tionship between autophagy and age-related diseases.'? Defects
in autophagy could contribute to accumulation of protein aggre-
gates, which have been linked to neurodegenerative disorders
such as PD, amyotrophic lateral sclerosis (ALS), and
Huntington’s disease (HD). Indeed, the number of autophagic
vacuoles (AVs) is abnormally elevated in the brains of patients
with PD."? However, in cancer, autophagy presents a dual role,
acting as a tumor suppressor by preventing accumulation of dam-
aged cellular constituents and favoring tumor progression once
malignant transformation occurs. '

The role of PINKI in the autophagic process has mainly
focused on mitophagy, in which selective degradation of mito-
chondria occurs through the regulation of Parkin, an E3 ubiqui-
tin ligase linked to PD. Upon dissipation of Aym, PINKI is
localized to damaged mitochondria,'”"® driven by calcium-
dependent gene expression.'” This localization allows phosphory-
lation of Parkin on Ser65 by the PINKI kinase activity, leading
to its activation and the subsequent ubiquitination of mitochon-
drial substrates, such as voltage-dependent anion channel
(VDAC) and mitofusins.!>?%?! However, the role of PINKI in
autophagy/mitophagy is still unknown.

The aim of this study was to characterize autophagic and
mitophagic activities in P/INKI-deficient cells and analyze the
role of PINKI in autophagy. We report that PINKI is critical
for autophagy/mitophagy processes; the absence of PINKT indu-
ces activation of these degradative mechanisms in response to a
compromised cell situation. We also show that expression of
PINK1 (wild-type [WT] or kinase domain mutants) in PINKI
knockout cells restores autophagy flux to basal levels, further
highlighting the essential role of this protein.

Results

Loss of PINK1 promotes autophagy and mitophagy

A previous report has shown that the number of GFP-LC3
puncta and their colocalization with mitochondria are increased
in stable PINKI-deficient SH-SY5Y cells.”” To investigate
whether loss of PINKI promotes effective autophagy, we trans-
fected PINKI'"" and PINKI™'~ mouse embryonic fibroblasts
(MEFs) with tandem-tagged mCherry-GFP-LC3B, which
displays green-red fluorescence in APs whereas the GFP fluores-
cence is quenched by the acidic pH of the autolysosomes
(ALs) (Fig. 1A).% In addition, cells were co-transfected with
pmTurquoise2-mito, which labels mitochondria, to determine
whether mitophagy occurred. PINKI™"~ MEFs presented a
higher number of exclusive mCherry-LC3B—positive puncta
(78.39 £ 14.00% mCherry-LC3B (+) puncta/cell, compared to
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15.88 + 12.88% in PINKI™* MEFs; Fig. 1B and D), as well as
enhanced localization of mCherry-LC3B in mitochondria (Man-
der’s colocalization coefficient 0.111 £ 0.006 in PINKI™'~
MEFs and 0.002 £ 0.002 in PZNKI™"" MEFs; Fig. 1C and E).
These findings were confirmed by Western-blotting, which
showed an increase in LC3-II levels in PINKI-deficient cells
(Fig. S1A and D). Next, we examined whether the autophagy
observed in PINKI™'~ MEFs is regulated by a mTOR-depen-
dent pathway. In this regard, there were no significant differences
in the phosphorylation of mTOR at residue Ser2448 between
the two cell lines (Fig. S1A and C).

To confirm that autophagy is exacerbated in PINKI
MEFs, we examined selective p62 turnover by expression of
mCherry-GFP-p62 in our model system. We observed that loss
of PINKI induced higher rates of mCherry-p62—positive puncta
(69.09 £ 10.96% mCherry-p62—positive puncta/cell, compared
to 15.87 & 9.16% in PINKI*"" MEFs; Fig. 2A and C). Simi-
larly, PINK1™'~ MEFs exhibited an increased number of GFP-
LC3 puncta (110.10 4 23.31 in PINKI~"~ MEFs versus 8.10 +
4.72 in PINKI*"* MEFs; Fig. 2B and D) and Lysotracker Red
(LTR)-stained puncta (160.10 & 10.59 in PINKI~'~ MEFs ver-
sus 24.00 £ 6.65 in PINKI*"" MEFs; Fig. 2B and E). However,
when we analyzed CatD levels, we did not observe differences in

iy

the precursor isoforms (data not shown) or the fully active
mature isoform (mat-CatD) between these cell lines (Fig. S1B
and E), indicating that loss of PINKI does not affect expression
levels of this lysosomal enzyme. As expected, the red fluorescence
of LTR disappeared (Fig. 2B and E) and mat-CatD levels were
reduced (Fig. SIB and E) after treatment with bafilomycin Al
(Baf. Al) as a result of lysosomal pH alkalinization. Baf. Al is a
specific inhibitor of vacuolar H"-ATPase that blocks the fusion
of APs and lysosomes.

To further reinforce these findings, all of the previous experi-
ments were also performed in cells treated with Baf. Al and/or
under nutrient-deprivation conditions using Farle’s Balanced Salt
Solution (EBSS) medium. First, we incubated both cell lines in
EBSS medium for different time points (2, 4, and 6 h) with no
differences in autophagic response (data not shown), therefore we
established a EBSS treatment time of 4 h for further experiments.
The results obtained suggest that autophagy and mitophagy are
enhanced in PINKI™" MEFs under conditions of starvation (as
evidenced by increased levels of mCherry-LC3B (4), mCherry-
p62 (4), GFP-LC3, and LTR puncta, and higher rates of mito-
chondrial mCherry-LC3B; Figs. 1, 2, and S1), although these
processes are not further increased in PINKT™"~ MEFs. More-
over, exposure to Baf. Al blocked the different autophagic hall-
marks analyzed in this study (low levels of mCherry-LC3B and
mCherry-p62 (4) puncta and mitochondrial mCherry-LC3B
localization, and LC3 accumulation) as observed by immunofluo-
rescence (IF) and Western-blotting (Figs. 1, 2, and S1).

Several reports have shown that different models of PINKT defi-
ciency share certain characteristics, such as impaired mitochondrial
function and increased sensitivity to multiple stressors.”*%’ To study
mitochondrial shape and the presence of AVs (phagosomes, APs,
and ALs), we analyzed cells by transmission electron microscopy.
We found that PINKI1~"~ MEFs exhibit fragmented mitochondria,
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Figure 1. Autophagy and mitophagy induction in PINK1~/~ MEFs. (A) Double mCherry-GFP tags were fused to LC3B or p62. The mCherry tag is acid-
insensitive, whereas GFP is acid-sensitive. Consequently, phagophores and autophagosomes are visualized as yellow (green + red), and autolysosomes
are labeled red. (B) Higher magnification images of the immunofluorescence of mCherry-GFP-LC3B (cells represented in the insets) in MEFs transiently
cotransfected for 24 h and treated with EBSS, Baf. A1, or Baf. A1 + EBSS for 4 h. Arrows indicate the pattern of each condition. Scale bars: 10 pm. (C) Rep-
resentative confocal microphotographs showing the localization of mCherry-LC3B (red) on mitochondria (pmTurquoise2-mito; blue). Arrows indicate
LC3B puncta, highlighting the pattern of each condition. Scale bars: 10 um. (D) Percentage of mCherry-LC3B (+) puncta per cell. (E) Confocal microscopy
analysis of the mitochondrial localization of mCherry-LC3B using Mander’s colocalization coefficient.
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Figure 2. Increased p62 turnover and GFP-LC3 and LTR puncta in PINK1~/~ MEFs. (A) Higher magnification images showing immunofluorescence of
mCherry-GFP-p62 (cells represented in the insets) on MEFs transiently transfected for 24 h and treated as described in Figure 1A. Arrows indicate the
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dramatically reducing the mitochondrial area (13.59 & 7.30 pm” in
PINKI~™"~ MEFs versus 26.81 & 10.60 },Lm2 in PINKIT* MEFs;
Fig. 3B), in addition to other morphologic parameters such as
reduced perimeter (15.54 + 4.81 pm in PINKI~'~ MEFs versus
20.51 + 3.86 wm in PINKI™" MEFs; Fig. 3C), Feret’s diameter
(5.90 £ 1.98 pm in PINKI™~ MEFs versus 7.34 £ 1.5 pm in
PINKI*"* MEFs; Fig. 3D), and dircularity (0.69 + 0.14 in
PINKI™"~ MEFs versus 0.77 & 0.10 in PINKI*"" MEFs; Fig. 3E).
A remarkably lower mitochondrial mass was also observed in
PINK1™'~ MEFs (Fig. 3F and G). Furthermore, loss of PINKI
slightly increased the number of AVs (6.33 & 4.03 AVs/cell, com-
pared to 3.16 £ 3.00 AVs/cell in PINKI"" MEFs). In line with
the results shown in previous figures (Figs. 1, 2 and S1), treatment
with Baf. Al and EBSS provides a clue to how this process is exacer-
bated in PINK1~'~ MEFs; cells treated with Baf. A1 showed signifi-
cant accumulation of AVs (19.88 & 11.52 AVs/cell), whereas EBSS
treatment did not dramatically enhance AV levels (EBSS-treated
[9.86 + 3.29 AVs/cell] versus non-treated cells [6.33 £+ 4.03 AVs/
cell] and Baf. Al plus EBSS-treated [17.83 + 10.68 AVs/cell]
versus Baf. Al-treated cells [19.88 £ 11.52 AVs/cell]; Fig. 3A
and H).

PINK1 WT and kinase mutants restore autophagic response
to basal levels in PINKI~'~ MEFs

To elucidate the role of PINKI in autophagy, we cotrans-
fected PINKT™* and PINKI”" MEFs with the mCherry-GFP-
LC3B plasmid and the following PINKI constructs: WT,
K219M (artificial kinase dead mutant), E240K (PD-related
mutant), L489P (PD-related mutant), and E240K/L489P (E/L,
heterozygous mutant) (Fig. $2).%° We observed that the number
of mCherry-LC3B—positive puncta in PINKI*"" MEFs express-
ing the different constructs was similar to that in cells transfected
with empty vector (pcDNA): pcDNA, 11.74 + 1.83%
mCherry-LC3B—positive puncta/cell; PINKI WT, 7.58 =+
12.08%; K219M, 10.22 £ 9.08%; E240K 9.14 £ 6.19%;
L489P, 7.08 £ 5.61%; E/L, 9.98 + 8.07%. Interestingly,
PINKI-deficient MEFs transfected with the PINKI1 constructs
showed fewer mCherry-LC3B—positive puncta (PINK1 WT,
8.86 £ 10.04%; K219M, 13.46 + 8.75%, E240K, 11.61 =+
4.64%; 1489P, 10.00 & 11.55%; E/L, 11.36 £ 10.92%) than
those transfected with pcDNA (54.38 £ 10.66%), which was sig-
nificantly higher than the value for PINK1 +* MEFs transfected
with pcDNA and concordant with the results shown in Figure 1
(Fig. 4A and B). We analyzed mCherry-GFP-LC3B puncta in
the empty vector (pcDNA) condition to show that differences in
autophagic flux are due only to overexpression of PINK1 con-
structs. Moreover, we confirmed that transfection vehicle (Attrac-
tene Transfection Reagent) and pcDNA did not affect cell
viability (data not shown).

Discussion
Based on epidemiological studies, one of the greatest risk

factors for the development of PD is aging.”’ Mitochondrial
integrity may be the underlying link in this close relationship.
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Abundant evidence implicates oxidative stress in PD patho-
genesis, and mitochondrial dysfunction is one of the primary
sources of such stress.”>?? Mitochondrial alterations accumu-
late progressively and include mutations in mitochondrial
DNA and decreased mitochondrial respiration.’*> Several
PD-related proteins have been associated with mitochondria,
with PINK1 and Parkin being the best studied because muta-
tions in these genes are the most common causes of recessive
PD.

Autophagy is implicated in the clearance of damaged organ-
elles and misfolded proteins. A growing body of evidence shows
that monitoring LC3 and p62 fluxes in the autophagy pathway is
a powerful tool for analyzing its activity, as recently demonstrated
in vivo in the nervous system of mice.’® Previous studies have
suggested analysis of mitophagy induction by immunofluores-
cence, but this was necessarily accompanied by ultrastructural
analysis to demonstrate mitophagic flux.”” Recently, other studies
have developed tandem mCherry—GFP tags to monitor mitoph-
agy.”® Here, we have developed a cutting-edge method to charac-
terize  autophagic  and  mitophagic  efficiencies by
immunofluorescence.

Increased GFP-LC3 puncta and LC3-II protein levels have
been described in PINKI-deficient cells and animals, suggesting
that autophagy is upregulated.*>*>*° Here, we provide the first
lines of evidence for autophagy and mitophagy fluxes in a model
of loss of PINKI and for autophagy flux in PINKI kinase
mutants by immunofluorescence. Our data suggest that autoph-
agy in PINK1~"~ MEFs occurs by an mTOR-independent path-
way. Remarkably, this process is so exacerbated in these cells that
EBSS treatment does not increase its induction. Interestingly, in
PINKI-deficient cells basal and starvation-induced autophagic
levels are quite similar, meaning that the autophagy pathway
might be initially saturated.

The PINKI1/Parkin-dependent mitophagy pathway is well
known."”'® Furthermore, it has been shown that PINKI kinase
mutants and variants lacking the MTS compromise the recruit-
ment of Parkin to mitochondria and, therefore, the removal of
mitochondria by mitophagy.'>*' However, in Drosophila mela-
nogaster, Parkin exhibits residual activity in the absence of
PINKI1, which could be sufficient to maintain basal mitophagy.
In this regard, a recent study has revealed that the Beclin-1/Par-
kin interaction facilitates Parkin translocation to mitochondria,
and also occurs in PINKI-deficient MEFs.** Moreover, cytosolic
cleaved PINKI interacts with Parkin, repressing its mitochon-
drial translocation and subsequent mitophagy.*® These discover-
ies could reinforce our proposed hypothesis that the absence of
PINK1 (and thus also cytosolic cleaved PINK1) could not pre-
vent the translocation of Parkin, thus allowing the elimination of
damaged mitochondria.

It is also possible that the selective removal of mitochondria by
mitophagy might be mediated by other proteins that target this
organelle for its degradation. Consistent with this possibility, a
recent study has suggested that a compensatory mechanism of pro-
tein turnover masks mitophagy defects in PINKI mutants.
Furthermore, it has been shown that mitophagy might also occur by
a PINK1/Parkin-independent pathway.*®
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Figure 4. Transfection of PINK1~/~

basal levels. (A) Representative immunofluorescence images of mCherry-GFP-LC3B and V5-tagged PINK1
(represented in the insets) in MEFs after transient cotransfection for 24 h. Arrows indicate the pattern of each
condition. Scale bars: 10 wm. (B) Percentage of mCherry-LC3B (+) puncta per cell.
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MEFs with PINK1 WT or kinase mutants reduces autophagy response to

regard, there are several ongoing Phase II/T clinical trials based on
a combination of the autophagy inhibitor hydroxychloroquine
and anticancer therapy (radiation therapy or chemotherapy).'* It
is important to mention that cancer cells are highly dependent on
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puncta, and increased levels of LC3-Il protein and AVs. Moreover, PINK1 deficiency results ineffective mitoph-
agy, as determined by increased colocalization of mCherry-LC3B with mitochondria and fragmented mito-
chondria. Overexpression of PINK1 (WT or kinase mutants) in PINK1~/~ MEFs restores autophagy to basal

Western-blotting

Cells were washed with 1xPBS
and lysed in buffer containing
100 mM  Tris-HCl (pH 7.4),
300 mM NaCl, and 0.5% NP-40

functional mitophagy to maintain optimal energetic requirements.
In this scenario, modulation of PINK1 activity could be consid-
ered as a potential target to interfere with tumor progression.

In summary, PINKI is involved in several signaling networks
that are essential for cellular homeostasis, thus increasing the risk
of developing separate disorders.’® Because of its dual role, PINK1
is a promising therapeutic strategy for PD and cancer, but further
information about its function is required in order to better under-
stand both diseases and ultimately decrease their progression.

Materials and Methods

Cell culture and treatments

PINKI™* and PINKI™'~ MEFs were cultured in Dulbecco’s
Modified Eagle Medium (DMEM)-High Glucose (Sigma-
Aldrich, D6546) supplemented with 10% fetal bovine serum
(Sigma-Aldrich, F7524), 1% L-glutamine (Sigma-Aldrich,
G7513), and penicillin-streptomycin (Hyclone, Thermo Fisher
Scientific, SV30010). Cells were seeded at a density of 5 x 10 in
175-cm? tissue culture flasks (Sigma-Aldrich, CLS431080) and
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(Roche, 11332473001), supple-
mented with protease inhibitors cocktail (cOmplete, Mini,
EDTA-free, Roche, 11836170001) and phosphatase inhibitors
cocktail (PhosSTOP, Roche, 04906837001). Proteins were
resolved by 12% SDS-gel electrophoresis as previously
described."” Blots were probed with antibodies against p-mTOR
(Ser2448) (Cell Signaling Technology, #2971), mTOR (Cell
Signaling Technology, #2972), LC3B (Cell Signaling Technol-
ogy, #2775), catD (Santa Cruz Biotechnology, clone C-20), sub-
unit IV of cytochrome ¢ oxidase (COX IV, Abcam, ab14744),
and a-tubulin (Santa Cruz Biotechnology, clone TU-02).

Immunofluorescent staining

For lysosome staining, cells were incubated with LTR (1 uM,
Molecular Probes®, 1-7528) for 15 minutes (min) at 37°C.
Slides were viewed using an inverted fluorescence microscope
(IX51, Olympus) or a confocal scanning laser (Nikon Al) cou-
pled to an inverted microscope (Eclipse T7, Nikon). For the
detection of V5-tagged PINKI, cells were incubated with mono-
clonal anti-V5 antibody (Novex®, Life Technologies, R960-25)
and then stained with Alexa Fluor® 633 anti-mouse secondary
antibody (Molecular Probes®, Life Technologies, A-21052). The
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autophagic flux was measured using tandem-tagged mCherry-
GEFP constructs (LC3B and p62) by determining the percentage
of mCherry-positive puncta (ALs) among the total number of
mCherry puncta (mCherry-GFP [APs] and mCherry [ALs]).
Quantitative analyses of mCherry-GFP-LC3B puncta, mCherry-
GFP-p62 puncta, GFP-LC3 puncta, and LTR puncta were per-
formed using Ifdotmeter® software. At least 150 cells were
counted per condition.

Transmission electron microscopy

Cells were fixed with freshly prepared 2% glutaraldehyde in
0.4 M HEPES pH 7.2 for 2 h. After post-fixation in 1% OsOy4
for 1 h at 4°C, the cells were dehydrated in a graded acetone
series, embedded in EPON 812 resin, and polymerized for 48 h
at 60°C. Ultrathin sections (60—70 nm) were cut using an ultra-
microtome (EM UC6, Leica) and deposited on formvar-carbon
coated grids. Sections were contrasted with 2% uranyl acetate for
40 min at 4°C and examined using a scanning electron micro-
scope (S-3600N, Hitachi). Mitochondrial parameters (area,
perimeter, Feret’s diameter, and circularity) were determined
using Image] software.

Statistical analyses

Each experiment was repeated at least 3 times, with a satisfac-
tory correlation between the results of individual experiments.
The data shown are those of a representative experiment. Data
were evaluated with 2-tailed unpaired Student’s t-test and
ANOVA test, and all comparisons with a p value less than 0.05
(p < 0.05) were considered statistically significant. p < 0.001,
p < 0.01, and p < 0.05 are indicated with triple, double, or sin-
gle asterisks, respectively. Non-significant results are not indi-
cated in the figures. The data are expressed as the mean & the
standard error of the mean (SEM).
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