Journal of Alzheimer’s Disease xx (20xx) X—Xx 1
DOI 10.3233/JAD-190086
10S Press

Mitophagy Failure in APP and Tau
Overexpression Model of Alzheimer’s
Disease

Patricia Martin-Maestro®?!, Ricardo Gargini ¢, Esther Garcia®, Diana Siménd, Jests Avilad:>*

and Vega Garcia-Escudero®?2*

4Centro de Biologia Molecular “Severo Ochoa” (UAM-CSIC), Cantoblanco, Madrid, Spain

bCentro de Investigacion Biomédica en Red de Enfermedades Neurodegenerativas (CIBERNED), Madrid, Spain
¢Neuro-oncology Unit, Instituto de Salud Carlos III-UFIEC, Majadahonda, Madrid, Spain

dFacultad de Ciencias Experimentales, Universidad Francisco de Vitoria, Pozuelo de Alarcén, Madrid, Spain

Accepted 9 May 2019

Abstract. Mitochondrial alterations and oxidative stress are common features of Alzheimer’s disease brain and peripheral
tissues. Moreover, mitochondrial recycling process by autophagy has been found altered in the sporadic form of the disease.
However, the contribution of the main proteins involved in this pathology such as amyloid-3 protein precursor (ABPP) and tau
needs to be achieved. With this aim, human unmodified fibroblasts were transduced with lentivectors encoding APP and Tau
and treated with CCCP to study the mitophagy process. Both ABPP and tau separately increased autophagy flux mainly by
improving degradation phase. However, in the specific case of mitophagy, labeling of mitochondria by PINK1 and PARK?2 to
be degraded by autophagy seemed reduced, which correlates with the long-term accumulation of mitochondria. Nevertheless,
the combination of tau and ABPP was necessary to cause a mitophagy functional impairment reflected in the accumulation
of depolarized mitochondria labeled by PINK1. The overexpression of Tau and APP recapitulates the mitophagy failure

previously found in sporadic Alzheimer’s disease.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common
neurodegenerative disorder. The confirmed diagnosis
of AD requires the presence of two major neu-
ropathological lesions: accumulation of extracellular
amyloid- (AB) in senile plaques and intracellular
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microtubule-associated protein tau (MAPT/tau) in
neurofibrillary tangles. Af3 is generated via sequential
proteolysis of amyloid-f protein precursor (ABPP)
[1], which is proteolyzed by (- and +y-secretase
to yield AB. Consecutive cleavages of (3- and +y-
secretase generate peptides of 40 or 42 amino acids
(AB4p or AB42), which are released into the extracel-
lular space [2]. AB4> is more hydrophobic than AR 4o,
and tends to aggregate and fold in 3-sheet structure,
recruiting other extracellular proteins, which could
result in the formation of senile plaques [3, 4]. In
AD, tau is highly phosphorylated, and many of the
tau phosphorylation sites are targeted by glycogen
synthase kinase-3 (GSK-3) [5, 6]. Although altered
proteolytic processing of ABPP plays a central role
in the production and accumulation of A, failure of
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A and tau clearance can contribute to the pathogen-
esis in sporadic AD [7]. It has been reported that A3
accumulates within autophagic vacuoles in swollen
dystrophic neurites in human AD brain, suggesting
the involvement of autophagy in AD pathogenesis
[8].

Autophagy is the major cellular pathway for degra-
dation of long-lived and aggregated proteins, as
well as cytoplasmic organelles [9, 10]. In macroau-
tophagy, cytoplasmic materials are engulfed by
double membrane structures called autophagosomes,
which subsequently, fuse with lysosomes to degrade
their content [11]. Autophagy plays a fundamental
role in neuronal function and is intensively involved
in AD-related protein aggregation [8]. Indeed, it has
been demonstrated to be the major degradational
pathway following unfolded protein response activa-
tion in neuronal cells, an early event in AD brain [12].

It is well known that A and tau aggregation
is associated with mitochondrial damage, oxidative
stress, and cytoskeletal alteration of neurons in AD
[13]. Mitophagy is the selective degradation of mito-
chondria by autophagy. We have recently demon-
strated a defect in mitophagy process that causes the
abnormal accumulation of mitochondria in periph-
eral and brain tissues from sporadic AD patients
[14] which correlates with the increase of autophagic
vesicles containing mitochondria previously found in
pyramidal neurons in these patients [15, 16].

Although mitophagy alterations are well defined
in AD, the contribution of the two principal pro-
teins involved in the disease, ABPP and tau, to this
failure needs to be clarified: Since, the majority of
AD patients are sporadic, where no genetic muta-
tions have been associated, we proposed to analyze
the effect of wild type ABPP and tau in mitophagy
process. In‘fact, AD is a problem of accumulation
of these proteins; therefore, we studied the effect
of their overexpression. We have demonstrated that
APP and Tau overexpression generates an activation
of autophagy flux, but a deficiency in the labeling
of mitochondria to be recycled by autophagy. Our
data revealed that the presence of tau aggravates the
defect showed by APP overexpression leading to a
compromised mitophagy process.

MATERIALS AND METHODS

Primary cells and culture conditions

Primary skin fibroblasts were obtained from
Coriell Institute for Medical Research (AG11362;

New Jersey, USA). Human fibroblasts were cultured
in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) heat-inactivated fetal
bovine serum (FBS), 2 mM glutamine, 10 U/ml peni-
cillin, 10 pg/ml streptomycin, in 5% CO; in a humid
incubator at 37°C.

Antibodies

The primary antibodies used were: Tau5 (577801,
Calbiochem), Taud04 (44758G, Life Technologies),
Tau396 (44752G, Life Technologies), PHF1 [17] (a
kind gift of Dr. P. Davies, Albert Einstein Coll.,
Bronx, NY, USA), Tau7.51 [18] (a kind gift of Dr.
C. Wischik, MRC, Cambridge, UK), AT8 (MN1020,
Innogenetics, Ghent, Belgium), AT100 (MN1060,
Innogenetics); AT180 (MN1040, Innogenetics), [3-
Actin (A2228, Sigma-Aldrich), ABPP (A8717,
Sigma-Aldrich), B-Amyloid (803015, Biolegend),
TOMM20 (sc-11415, Santa Cruz), LC3 (B7931,
Sigma-Aldrich),. p62 (610832, BD Bioscience),
LAMP1 (611042, BD Bioscience), CatB (AB4064,
Chemicon), GAPDH (ab8245, Abcam), PARK2 (sc-
32282, Santa Cruz), PINK1 (BC100-494, Novus),
COX4 (sc-69359, Santa Cruz). The secondary anti-
bodies for western blot studies were horseradish
peroxidase—conjugated anti-rabbit or anti-mouse
IgGs (P0448 and P0161, DAKO) and for immunoflu-
orescence were anti-mouse or anti-rabbit IgGs
alexa-488 or -555 labeled (Molecular Probes,
Millipore).

Western blot analysis

The cells and tissue samples were homogenized
in lysis buffer (50 mM pH 7.5 HCI-Tris, 300 mM
NaCl, 0.5% SDS and 1% Triton X-100) and incu-
bated 15 min at 95°C. Protein concentration of the
extracts was measured using the Dc protein assay
kit (500-0111, Bio-Rad). Equal amounts of total pro-
tein extracts were resolved by SDS-PAGE and then
transferred to nitrocellulose membranes (1040396,
Watman Protean). Western blot and immunoreactive
proteins were developed using an enhanced chemi-
Iuminescence detection kit (NEL105001EA, Perkin
Elmer) following instructions of the supplier. Quan-
tification was performed by densitometry of the
obtained bands in each lane with respect to the cor-
respondent housekeeping protein in each experiment
(Quantity One software, Bio-Rad). Every data was
normalized with respect to untreated control cells
overexpressing GFP.
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Autophagy flux analysis

Fibroblasts were treated with CCCP (20 pM)
for 24h followed by an additional treatment of
PBS or NH4Cl (15mM) for 6h in the presence of
CCCP. After the treatment, cells were lysed in west-
ern blot buffer and immunodetection of autophagy
involved proteins was performed. Quantification of
autophagic synthesis was represented as the ratio
between the values of the cells treated with CCCP and
NH4Cl with respect to the condition without CCCP
but maintaining NH4Cl treatment. Quantification of
autophagic degradation ratio was obtained by the
relation between the values of the cells treated with
CCCP and NH4ClI and the ones without NH4CI but
maintaining CCCP treatment according to autophagy
standard guidelines [19, 20].

Lentivirus production

Pseudotyped lentivectors were produced using
reagents and protocols from Didier Trono with
the following modifications: 293T cells were tran-
siently co-transfected with 5 g of the corresponding
lentivector plasmid, 5 ug of the packaging plasmid
pCMVdRS.74 (Addgene plasmid 22036), and 2 g
of the VSV G envelope protein plasmid pMD2G
(Addgene plasmid 12259) using Lipofectamine and
Plus reagents following instructions of the supplier
(18324 and 11514, respectively, Life Technologies).
The lentivectors used encode wild type‘human APP
(provided by Dr. Jason Jon Fritz, Emory Univer-
sity School of Medicine, Atlanta, GA) [21], or the
longest wild type isoform of MAPT/Tau in human
brain harboring four-repeats and two N-terminal
inserts followed by GFP linked by an IRES (kindly
ceded by Prof. Kenneth S. Kosik, UC Santa Barbara,
CA). As a control we used a lentivector encoding E-
GFP, pRRLSIN.cPPT.PGK-GFP.WPRE (Addgene
plasmid 12252).

Mitochondrial potential measurement

Cells were treated with 20 uM carbonyl cyanide
m-chlorophenylhydrazone (CCCP; C2759, Sigma)
for 7h and, in the reversible condition, CCCP was
removed and the medium was replaced for DMEM
10% FBS during the last 60 min. Then, fibroblasts
were incubated with 50 nM DiOC6(3) (D273, Molec-
ular Probes) for 30 min at 37°C and analyzed by
flow cytometry (FACSCalibur, BD Biosciences, San
Jose, CA). Mitochondrial membrane potential for

each condition was represented as the fluorescence
intensity in arbitrary units.

Lysosomal function study

Cells were treated with 100 nM bafilomycin
Al (B1793, Sigma) for 2h or remain untreated.
After that, cells were collected and treated with
500 nM LysoTracker Red DND-99 (L-7528, Molec-
ular Probes, Life Technologies) for 20 min. Then,
cells were analyzed by flow cytometry (FACSCal-
ibur, BD Biosciences, San Jose, CA). Relative
LysoTracker level represents the ratio of the FL-2
fluorescence intensity of the untreated condition and
the bafilomycin treated one.

Immunocytochemistry

Fibroblasts and differentiated neurons were grown
on sterile glass coverslips, treated as described for
each experiment, followed by washing with PBS and
fixing with 4% paraformaldehyde in PBS for 30 min
at room temperature. After blocking with PBS con-
taining 1% BSA, permeabilizing with 0.1% Triton
X-100 and Glycine 1 M for 30 min, cells were washed
with PBS and stained by indirect immunofluores-
cence using the antibodies described before. When
indicated, phalloidin (A-12379, Life Technologies)
was added at 1:200 during the second antibody
incubation. Samples were mounted with Prolong
Gold Antifade (P-36930, Life Technologies) and ran-
domly chosen field images were obtained in an Invert
Confocal LSM510 (Zeiss, Oberkochen, Germany)
fluorescence microscope.

Colocalization assay

Colocalization analysis was performed with
ImagelJ software (Bethesda, MD) and every cell was
manually delimited according to phalloidin staining.
The background of different channels was edited with
Subtract Background tool with a rolling ball radius
of 30 pixels; and by a threshold intensity, binary
images were obtained. The logical operation AND
of the Image Calculator tool was used to generate an
image harboring only overlapping structures of both
channels. Colocalization measurement was obtained
by quantifying the area occupied by the overlapping
elements per cell. At least 200 cells were measured
for each cell line.
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Statistical analysis

Graphs represent means and standard deviations
of the values obtained from experimental triplicates.
Statistical comparison of the data sets was performed
by the Student’s ¢ test. Two-way ANOVA test was
performed to examine the differences between exper-
imental factors and their interaction. A post-hoc
Bonferroni test was used when more than two exper-
imental groups were compared. The differences are
given with their corresponding statistical significance
or p value, which is the probability that the difference
occurred merely by chance under the null hypothesis.

RESULTS

APP overexpression increased autophagy
degradation phase

To study the autophagy process, cells were infected
with alentivector encoding wild type (WT) APP com-
pared to cells transduced by a lentivector encoding
enhanced-GFP as a protein overexpression control
(Supplementary Figure 1). First, we analyzed the
A production in our cell model. As it was previ-
ously described [22], the intracellular overexpression
of WT APP promoted A3 oligomer accumulation
respect to the levels in control cells (Supplementary
Fig. 2A, B). Then, cells were treated for 24 h with the
mitochondrial respiratory chain uncoupler carbonyl
cyanide m-chlorophenylhydrazone (CCCP), which
triggers loss of mitochondrial. membrane potential.
This was followed by an additional treatment of
NH4Cl for 6h in the presence of CCCP to block
the degradation phase of autophagy. APP-expressing
cells showed a decreased amount of autophagic vesi-
cles (AV)_ revealed by the lower levels of LC3II
protein as well as LE3II/LC3I ratio under basal con-
ditions (Fig. 1 A—C). These results were accompanied
by unchanged AV synthesis along with a signifi-
cant increase in their degradation (Fig. 1D, E). This
may explain the diminished AV content observed.
Proper lysosomal function is essential for degrading
proteins, organelles and large protein aggregates or
inclusions by the autophagic pathway. Therefore, we
examined levels of lysosomal-associated membrane
protein 1 (LAMP1), which was markedly enhanced
in APP-expressing cells (Fig. 1F, G). It is well known
that the lysosomal cysteine protease Cathepsin B has
been associated with amyloid plaques and increased
AP production [23, 24]; thus, levels of the active
form of this protease were studied and revealed a

considerable increase in APP-expressing cells
(Fig. 1F, G). These results together suggested an
enhanced degradation phase of autophagy correlat-
ing with a higher lysosomal content causing reduced
AV levels.

Imbalance of mitophagy-related proteins after
APP overexpression

The removal of damaged mitochondria is criti-
cal for maintaining proper cellular functions [25].
This process is mediated by autophagy mechanisms
and it is named mitophagy. PARK?2 is a ubiquitin
ligase involved in the labeling of defective mitochon-
dria to be targeted for autophagic recycling. It has
been demonstrated that within 1 h of CCCP addition,
endogenous PARK? was recruited to mitochondria in
the majority of cells [26]. We could also confirm that
in our fibroblast model mitochondrial localization of
both PINK1 and PARK?2 proteins was increased after
1'h of CCCP treatment (Fig. 2A). Therefore, to study
mitophagy, we quantify mitochondrial localization
of PARK2 in such conditions. Immunofluorescence
study displayed a decreased mitochondrial localiza-
tion of PARK?2 in APP-expressing cells suggesting
a defective labeling of damaged mitochondria to be
recycled by mitophagy (Fig. 2B, C). Conversely,
PARK?2 levels study by western blot revealed substan-
tial accumulation of this protein in APP-expressing
cells (Fig. 2D). It has been described that PARK2
is recruited to the mitochondria by a PTEN-induced
putative kinase 1 (PINK1)-dependent mechanism for
mitochondrial turnover by the autophagy system [27].
After mitochondrial damage, PINKI is stabilized in
the mitochondrial membrane as a full length (FL)
isoform which recruits PARK2 [28]. Immunoflu-
orescence analysis of the stabilization of PINKI
in the mitochondria after CCCP challenge for 1h
showed a diminished PINK1 content at this sub-
cellular localization suggesting a defective labeling
of damaged mitochondria for mitophagy degrada-
tion (Fig. 2E, F). High levels of PARK2 and low
PARK?2 and PINK1 mitochondrial targeting may be
explained by increased autophagy flux that rapidly
degrade damaged mitochondria. Then, we studied
mitophagy process long-term after CCCP treatment
for 24 h. In such conditions, we could observe the
augmented levels of FL-PINK1 in APP overexpress-
ing cells with respect to control cells, suggesting
the long-term accumulation of damaged mitochon-
dria labeled by FL-PINK1 (Fig. 2G). On the other
hand, it has been demonstrated PINK 1 may also play
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Fig. 1. APP overexpression enhanced degradation phase of autophagy. A) Representative western blot of LC3 expression for the study
of autophagy flux as explained in Material and Methods. B) Quantification of LC3II levels in APP-expressing cells with respect to GFP-
expressing cells under basal conditions. C) Quantification of LC3II/LC3I ratio in APP-expressing cells with respect to GFP under basal
conditions. D, E) Quantification of LC3II synthesis (D) and degradation (E) ratios as described in Material and Methods. F, G) Representative
western blot and quantification of LAMP1 and Cathepsin B levels after APP overexpression with respect to GFP. (n=3 independent

experiments; *p <0.05, **p <0.01).

an inhibitory role in mitophagy process [29]. The
main cleaved product of PINKI1 (A1l fragment) is
able to physically bind PARK?2 in the cytosol inhibit-
ing its translocation to the mitochondria, therefore,
impairing the elimination of damaged mitochon-
dria. Accordingly, APP-expressing cells exhibited

elevated levels of A1-PINKI after 24h of CCCP
treatment, suggesting that this inhibitory mechanism
may contribute to diminish PARK2 mitochondrial
levels while whole cell levels were increased causing
the accumulation of damaged mitochondria labeled
by FL-PINK1 (Fig. 2G). Accordingly, we observed
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that mitochondrial constitutive protein TOMM?20 lev-
els were slightly higher in APP cells in respect to
the controls (Fig. 3A). The increase of mitochondria
per cell [30] and, even, increased levels of TOMM?20
by western blot was previously related with the
impairment of mitophagy. To test whether there was
a mitochondria recycling failure, we analyzed the
recovery of mitochondrial function represented by
the mitochondrial membrane potential (AWm) after
a reversible treatment with CCCP. The overexpres-
sion of APP did not significantly alter AWm and
depolarization took-place similarly in both GFP-
and APP-expressing cells (Fig. 3B). After CCCP
removal, AWm recovery took place in both GFP-
and APP-expressing cells although levels reached
by APP-expressing cells were to some extent lower
(Fig. 3B). The short-term diminished targeting of
PARK?2 and PINKI1 to mitochondria may explained
by the observed increased autophagy flux; however,
the long-term accumulation of FL-PINKI1 together
with increased mitochondrial content suggests a
slightly compromised mitophagy process. This may
be caused by insufficient labelling of depolarized
mitochondria by PINK1 and PARK?2. Additionally,
the enhanced amount of A1-PINK1 may point out a
further inhibitory mechanism over PARK2 translo-

cation to mitochondria that may contribute to the
deficient labeling of this damage organelle and that
would explain the increased levels of this protein.

Synergistic effect of Tau and APP causes an
increased autophagy flux

As MAPT/Tau is mainly expressed in neurons
while APP is more widely expressed in the organ-
ism, we wanted to evaluate the contribution of Tau
over the previously described effect of APP overex-
pression. Therefore, we studied the effect of tau and
APBPP in the process of autophagy by the overexpres-
sion of both proteins at the same time in a human
line of skin fibroblasts by lentiviral vectors (Supple-
mentary Figure 1). As in previous experiments, GFP
overexpression was used as control and data were
also compared with the overexpression of MAPT/Tau
alone. As expected, Tau overexpression did not sig-
nificantly affect the A oligomers production either
alone or in combination with APP overexpression
(Supplementary Figure 2A, B). As tau phosphory-
lation plays a fundamental role in AD pathology, we
first characterized tau phosphorylation pattern after
APP or/and Tau overexpression. We could observe
that the overexpression of both Tau and APP/Tau
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exhibited phosphorylation in some of the typical AD-
related epitopes such as PHF1 phosphorylation sites
Ser396/Ser404 and AT8 sites Ser202/Thr205 (Sup-
plementary Figure 2C). On the contrary, part of the
epitopes remained dephosphorylated as shown by
Tau 1 antibody label (Dephosho Ser195, 198, 199,
and 202) and negative staining for phospho-Thr231
(AT180) as well as phospho-Thr212 and phospho-
Ser214 (AT100). As expected, the co-expression of
Tau and APP did not affect the phosphorylation pat-
terns with respect to the expression of Tau alone.
These results indicate that the overexpression of Tau
in vitro can induce its phosphorylation by the cell
similar to what is found in AD brain.

The cells were treated for 24 h with CCCP fol-
lowed by an additional treatment of NH4Cl for 6 h
in the presence of CCCP. First, we showed that Tau
overexpression decreased autophagic vesicles for-
mation (LC3II/LC3I ratio) and tended to increase
degradation ratio (Fig. 4A-E), whereas Tau/APP
overexpression caused a considerable reduction of
AVs content exhibited by lower levels of LC3II
and LC3II/LC3I ratio under basal conditions that
correlated with the activation of autophagy flux
(Fig. 5A-C). This activation was indicated by the
markedly elevated synthesis of AVs besides the sig-
nificant increase of LC3II degradation when 7au and
APP are overexpressed (Fig. 5D, E). Underthe same
conditions, we examined levels of p62, an adaptor
protein that recognizes substrates to-be tecycled by
autophagy being itself degraded in this process [31].
Western blot revealed diminished p62 levels in cells
that overexpressed Tau and APP under basal condi-
tions (Fig. SF, G). Similar to previous situation, the
p62 accumulation and degradation rates increased
promoting the turnover of this protein and prevent-
ing their accumulation corroborating in an increased
autophagy flux (Fig«5H, I). Additionally, we could
observe an increased lysosomal content either in 7au
(Fig. 4F-H) or Tau/APP (Fig. 5]-L) overexpression
indicated by the augmented levels of LAMP1 and
active Cathepsin B. To ascertain if these lysosomes
were functional, we studied their pH by LysoTracker
assay finding that Tau/A PP-expressing cells exhibited
a higher capacity to retain LysoTracker probe sug-
gesting an increased amount of lysosomes (Fig. SM).
All this data together indicate that although 7au over-
expression induce a slight autophagy flux increase
reflected by modestly augmented lysosomal con-
tent and LC3II degradation ratio, the combination of
Tau and APP overexpression boosted autophagy flux
by increasing synthesis and degradation what was

accompanied by a marked increase in the lysosomal
content.

Tau and APP overexpression induces mitophagy
impairment

Taking into account that both tau and ABPP con-
tribute to mitochondrial pathogenesis in AD [13],
we wanted to evaluate whether their overexpres-
sion could promote a defect in the mitochondrial
recycling process. Accordingly, as it was previously
seen for APP, Tau overexpression showed a dimin-
ished recruitment of PARK2/ to the mitochondria
after CCCP treatment for.lh (Fig. 6A, B), which
was even more drastic in APP and 7au combination
(Fig. 7A, B). This situation may reflect an activa-
tion of detoxification system [32]. Additionally, when
we studied whole cell levels of PARK2, we could
observe that the overexpression of Tau caused an
increase of PARK?2 basal levels (Fig. 6C). Moreover,
the combination of Tau and APP caused a syner-
gic-accumulation of PARK?2 basal levels (Fig. 7C).
Strikingly, Tau overexpression showed a diminish
amountof PINK1 stabilized in mitochondria suggest-
ing an enhanced recycling of damage mitochondria
or a defect in mitophagy labeling (Fig. 6D, E), as
was the case for APP (Fig. 2E, F). On the con-
trary, the combination of 7au and APP showed a
dramatically increased stabilization of PINKI in
the mitochondria (Fig. 7D, E). Additionally, west-
ern blot analysis displayed that both FL-PINK1 and
A1-PINK1 were significantly increased in Tau and
Tau/APP-expressing cells after a mitochondrial insult
for 24 h (Figs. 6F and 7F, respectively). The increased
levels of A1-PINK1 may sequester PARK2 in the
cytosol impairing its targeting to mitochondria. The
long-term accumulation of FL-PINKI1 indicate that
ABPP/tau combination caused a mitophagy impair-
ment similar to what it was taken place for ABPP or
tau separately. However, the main difference came
when we analyze subcellular localization of PINK1
after CCCP challenge for 1h. This data indicates
that upon APP and Tau overexpression, there was a
correct stabilization of PINKI1 in depolarized mito-
chondria. However, PARK2 was not properly targeted
to this organelle suggesting a deficient crosstalk
between these two proteins, which causes the accu-
mulation of depolarized mitochondria. This data
substantially correlates with the elevated TOMM20
levels shown in Tau/APP-expressing cells, which
were more significantly increased than APP or
Tau separately, suggesting the accumulation of
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LC3II levels in Tau-expressing cells with respect to GFP-expressing cells under basal conditions. C) Quantification of LC3II/LC3I ratio
in Tau-expressing cells with respect to GFP under basal conditions. D) Quantification of LC3II synthesis ratio as described in Methods.
E) Quantification of LC3II degradation ratio as described in Methods. F-H) Representative western blot and quantification of LAMP1 and
Catepsin B proteins under Tau overexpression with respect to GFP. (n=4 in A-E and n=3 in F-H independent experiments; p values are

shown in the corresponding graphs, *p <0.05).

dysfunctional mitochondria (Fig. 8A; Supplemen-
tary Figure 3A). Similar results were obtained using
a matrix mitochondrial protein such as cytochrome
¢ oxidase complex IV (COX4, Supplementary Fig-
ure 3B). To study if this deficient crosstalk would be
translated into a functional mitophagy impairment,
we studied AWm recovery. It has been previously
demonstrated that 6 h CCCP challenge leads to full-

length PINKT1 stabilization and PARK2 recruitment
to damaged mitochondria and ubiquitination of mito-
chondrial PARK2 targets that are recognized by p62,
to the their subsequent target into autophagosomes
and further elimination [33]. Moreover, if CCCP is
removed from the media, dysfunctional mitochondria
labeled by full-length PINK1 are eliminated in 1h
[34] in a PARK2-dependent mitophagy process [35].
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Using similar reversible CCCP challenge, Tau/APP-
expressing cells showed significantly diminished
AW¥m recovery with respect to GFP-cells suggest-
ing that depolarized mitochondria were not properly
eliminated in this timeframe by mitophagy (Fig. 8B).
These results together indicate that the combination
of Tau and APP overexpression disrupt the mitophagy
process causing the accumulation of dysfunctional
low-potential mitochondria labeled by PINK1.

DISCUSSION

Extensive literature exists supporting the role of
mitochondrial dysfunction and oxidative damage in
the early AD pathogenesis [13, 36, 37]. There are
strong indications that oxidative stress occurs prior
to the onset of symptoms in AD and, moreover,

oxidative damage is found not only in the vulner-
able regions of affected brain in the disease [36,
38] but also in peripheral cells [39]. On the other
hand, autophagy plays a fundamental role in neuronal
function and is intensively involved in AD-related
protein aggregation [8]. Moreover, the mitochondrial
recycling by autophagy has been recently demon-
strated to be altered in sporadic AD [14]; however,
the contribution of ABPP and tau to mitophagy
dysfunction was unexplored. In this regard, several
works have pointed out that AR and tau may inter-
fere with cell functions that are fundamental for
mitophagy process. Segregation of damaged mito-
chondria to be recycled by mitophagy depends on
fission and fusion events that are altered in AD [40].
It has been described that abnormal interaction of A3
monomers and oligomers as well as hyperphosphory-
lated tau with the mitochondrial fission protein DLP1
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suggests a possible cause of mitochondrial dynamics
alteration and synaptic damage [41]. In addition, the
microtubule-directed traffic is a main player in the
regulation of autophagy. Altered microtubule assem-
bly impairs microtubule-dependent mitochondrial
and autophagosomal transport toward lysosomes
[42]. Itis known that A3 induces a reductiondn motile
mitochondria [43] and hyperphosphorylated tau may
block the transport of mitochondria and may disrupt
the microtubule network trafficking leading to energy
deprivation and oxidative stress [44].

Presently, we have analyzed the mitochondrial
recycling process after the overexpression of APP
and Tau in a human line of fibroblasts. We have
demonstrated that increase of ABPP or tau proteins
generates an autophagy degradation phase activa-
tion correlating with higher lysosomal activity. The
combination of ABPP and tau markedly enhanced
autophagy flux by increasing AV synthesis and degra-
dation. It might be reasonable to speculate that the
boosting of autophagy flux may be a consequence of
the proteotoxic stress generated by the overexpres-
sion of proteins that are prone to aggregate [45, 46].

The increased mitochondrial content observed in
APP- or Tau- and APP/Tau-expressing cells sug-
gested a compromised mitophagy in all cases,
although there are some differences. In the case of
APP- or Tau-expressing cells, we hypothesize that

increased levels of PARK2 and PINKI1 could be
explained as an attempt to increase the mitochondrial
recycling system. However, the diminished target-
ing of PARK2 and PINKI1 to mitochondria may
reflect either an improvement of the recycling of
mitochondria by the increased autophagy degradation
phase observed or an insufficient labelling of depo-
larized mitochondria to be degraded. In this regard,
enhanced levels of A1-PINK1 may play an inhibitory
effect over PARK?2 mitochondrial translocation con-
tributing to defective label of damage mitochondria
[29]. Nevertheless, the study of mitochondrial AWm
recovery after CCCP insult indicates that a main
part of mitochondria is able to be recycled properly,
although not as efficiently as control cells, which
may explain the slight the long-term accumulation
of mitochondria and FL-PINK. On the other hand,
the combination of APP and Tau overexpression
exhibited a dramatic accumulation of PINK1 in mito-
chondria after an insult but the recruitment of PARK2
to the mitochondria was decreased resulting in a
defective labeling of damaged mitochondria for their
removal, demonstrating a deficient crosstalk between
these two proteins. This resulted in an impaired AWm
recovery after CCCP challenge correlating with a
major accumulation of dysfunctional mitochondria
labeled by PINKI1. This data together demon-
strate a worsening of mitophagy failure due to the
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presence of tau. According to our results, it has been
recently described that tau accumulation may induce
mitophagy deficits by reducing level of PARK?2 in
the mitochondrial fraction [47, 48]. Moreover, dif-
fuse forms of tau have been demonstrated to trap
PARK?2 in the cytosol, preventing its translocation to
mitochondria [48]. This finding may explain part of
mitophagy impairment that we observed. However,
we have also shown inhibition of PARK? transloca-
tion to mitochondria in APP overexpressing cells as
well as a mitophagy failure aggravation in APP/Tau
combination with respect to 7au. Therefore, further
studies will be necessary to unravel the inhibitory
role of ABPP in mitophagy process and PARK2
translocation to mitochondria. Finally, to explain tau
contribution to mitophagy failure, there are two fac-
tors that should be taken into consideration: 1) The
deterioration of mitochondrial function caused by the
deregulation of mitochondrial respiratory chain com-
plexes V and I [49, 50] as well as by the blockage
of mitochondrial pores through VDACI interaction
[51] 2) The mitochondrial dynamics alteration by
tau interaction with the fission protein DLP1 [41]
accompanied with the interference of mitochondrial
axonal transport by competition with their binding
site to microtubules [52]. In conclusion, further stud-
ies will be necessary to fully explain the role of
ABPP and tau in the puzzle of mitophagy failure
in AD.

We have been able to demonstrate mitophagy
impairment by overexpression of the tworproteins
mainly involved in AD. While this is a‘proof of
concept and may help to uinderstand the mecha-
nisms involved in this pathology, this is only the
simplest model with putative artifacts generated by
supraphysiological expression levels that need to be
ruled out. However, our previous findings of simi-
lar mitophagy failure in unmodified fibroblasts and
brain samples from sporadic AD patients [14] cor-
roborates the relevance of the conclusions taking in
consideration that ABPP and tau pathology is a com-
mon feature in sporadic and familiar cases of the
disease.

In summary, we have demonstrated that the pres-
ence of tau aggravates the defect exhibited by APP
overexpression leading to a clear mitophagy failure
shown by unachievable recovery of mitochondrial
membrane potential after an insult that results in
the accumulation of dysfunctional mitochondria.
This data supports the previously established idea
that tau contribution is fundamental for AD-related
pathology [53].
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