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ABSTRACT
BACKGROUND: Mitophagy and mitochondrial dynamics alterations are two major hallmarks of neurodegenerative
diseases. Dysfunctional mitochondria accumulate in Alzheimer’s disease–affected brains by yet unexplained
mechanisms.
METHODS: We combined cell biology, molecular biology, and pharmacological approaches to unravel a novel
molecular pathway by which presenilins control phosphatase and tensin homolog–induced kinase 1 (Pink-1)
expression and transcription. In vivo approaches were carried out on various transgenic and knockout animals as
well as in adeno-associated virus–infected mice. Functional readout and mitochondrial physiology (mitochondrial
potential) were assessed by combined procedures including flow cytometry, live imaging analysis, and
immunohistochemistry.
RESULTS: We show that presenilins 1 and 2 trigger opposite effects on promoter transactivation, messenger RNA,
and protein expression of Pink-1. This control is linked to g-secretase activity and b-amyloid precursor protein but is
independent of phosphatase and tensin homolog. We show that amyloid precursor protein intracellular domain (AICD)
accounts for presenilin-dependent phenotype and upregulates Pink-1 transactivation in cells as well as in vivo in a
Forkhead box O3a–dependent manner. Interestingly, the modulation of g-secretase activity or AICD expression
affects Pink-1–related control of mitophagy and mitochondrial dynamics. Finally, we show that parkin acts
upstream of presenilins to control Pink-1 promoter transactivation and protein expression.
CONCLUSIONS: Overall, we delineate a molecular cascade presenilins–AICD–Forkhead box O3a linking parkin to
Pink-1. Our study demonstrates AICD-mediated Pink-1–dependent control of mitochondrial physiology by
presenilins. Furthermore, it unravels a parkin–Pink-1 feedback loop controlling mitochondrial physiology that could
be disrupted in neurodegenerative conditions.
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It arose recently that besides macroscopic lesions character-
izing specific subsets of neurodegenerative diseases, mito-
chondrial function appears to be consistently affected in brain
diseases (1,2). Indeed, mitochondrial deficits are now consid-
ered as a major hallmark in Alzheimer’s disease (AD) (3). In both
familial and sporadic AD cases, early accumulation of structur-
ally abnormal mitochondria has been evidenced (4,5), and such
defects also stand in animal models of AD (6). Thus, b-amyloid
precursor protein (bAPP) transgenic mice-derived neurons
display drastically altered mitochondrial dynamics (6,7).
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Exacerbated neuronal autophagy/mitophagy also corre-
sponds to a consistent anatomical stigma in neurodegener-
ative diseases (2). In AD-affected brains, electron microscopy
unraveled neuronal accumulation of autophagic vacuoles and
impairment of autophagosomes maturation that ultimately
yield amyloid-b (Ab) overload (8). While both mitochondrial
dynamics and mitophagy could well contribute to early phase
of AD-linked neurodegeneration, little is known concerning
the mechanistic defects that could account for such
alterations.
f Biological Psychiatry. This is an open access article under the
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Phosphatase and tensin homolog (PTEN)-induced kinase 1
(Pink-1) controls both mitochondrial dynamics and mitophagy
by selectively enhancing mitochondrial fission (9) and recruit-
ing parkin (PK) to damaged mitochondria (10), respectively.
Pink-1 is a PTEN-induced putative kinase 1 (11), and it is
noteworthy that PTEN expression is altered in AD brains in a
region-specific manner (12) and appears to be involved in the
synaptic plasticity and cognition in AD mice models (13).
Strikingly, immunological detection also revealed Pink-1
expression in senile plaques (14). Overall, alteration of PTEN-
Pink-1 homeostasis could well account for some of the
defects taking place in AD.

It is remarkable that presenilin 1 (PS1) and presenilin 2 (PS2),
which constitute the catalytic core of g-secretase responsible
for the ultimate cleavage yielding Ab (15,16) and its C-terminal
counterpart APP intracellular domain (AICD) (17) from bAPP,
regulate the level of PTEN (18). This led us to question of
whether PSs could act as upstream regulators of Pink-1 and its
associated functions. Here, we show that PS1 controls Pink-1
by a g-secretase–dependent and bAPP-dependent but PTEN-
independent mechanism. We show that AICD, which was
shown to behave as a transcription factor (19–21), indeed
controls Pink-1 transactivation and expression in a Forkhead box
O3a (FOXO3a)-dependent process. AICD-mediated control of
Pink-1 influences its mitochondrial and mitophagic functions.
Finally, we demonstrate that PK, which acts as a transactivator of
PS1 promoter (22), controls Pink-1 in a fully PS1-dependent but
PTEN-independent manner. Thus, our study delineates, for the
first time, a molecular cascade linking PS1 and Pink-1. Further-
more, we reveal a PS-dependent molecular link between PK and
Pink-1 that could be part of a feedback loop responsible for their
cellular homeostasis and mitochondrial health that could be
altered in neurodegenerative condition.

METHODS AND MATERIALS

Cellular and animal models, promoter activities assay,
messenger RNA (mRNA) analysis, and description of con-
structs are provided in the Supplement.

Drug Description and Administration Ex Vivo

The mitochondrial uncoupler carbonyl cyanide m-chlorophenyl
hydrazone (CCCP) and LY294002 (2-(4-morpholinyl)-8-phenyl-
1(4H)-benzopyran-4-one hydrochloride) (23) (Millipore-Sigma;
St Quentin Fallavier, France) were incubated at 10 mM for 6 and
16 hours, respectively, as previously described (24). DFK-167
(MP Biomedical, Santa Ana, CA) was applied on human em-
bryonic kidney 293 (HEK293) and mouse embryonic fibroblast
cells at 50 mM for 15 hours. ELND006 (D6) was kindly provided
by Elan Pharmaceuticals (South San Francisco, CA) and used
in both ex vivo and in vivo studies (see “3xTgAD and In Vivo
Drug Treatment” section below) (25). In ex vivo experiences,
HEK293 and mouse embryonic fibroblast cells were treated for
15 hours with D6 (5 mM).

Cellular and Mouse Brain Sample Preparation and
Western Blot Analysis

Western blot analysis of cellular and mouse brain samples was
performed by standard procedures and is described in the
Supplement.
2 Biological Psychiatry - -, 2017; -:-–- www.sobp.org/journal
3xTgAD Mice and In Vivo Drug Treatment

3xTgAD mice (harboring PS1M146V, bAPPswe, and TAUP301L

transgenes) and nontransgenic (wild-type) mice (26) were
housed with a 12-hour light/dark cycle and were given free
access to food and water. All experimental procedures were
conducted in accordance with the European Communities
Council Directive of November 24, 1986 (86/609/EEC) and
local French legislation. Two groups of 24 wild-type male mice
(129/C57BL/6) and 25 3xTgAD male mice were used. Mice
were treated daily for 10 days with either vehicle or D6
(30 mg/kg) (Elan Pharmaceuticals) (25) via oral gavage (27).
Animals were sacrificed 6 hours after the last administration.
Dissected hippocampi were either submerged for 2 days in
RNAlater RNA Stabilization Reagent (Qiagen, Marseille,
France) for quantitative polymerase chain reaction mRNA
analysis or reserved for membrane fractions preparation
devoted to g-secretase activity measurement (28), and West-
ern blot analysis of AICD and bAPP C-terminal fragments were
performed as described in the Supplement.

Adeno-associated Virus-Nuclear Localization
Sequence-AICD Production and Mice Injection

Virus production and mice injection were performed according
to previously described protocols (27,29) and are resumed in
the Supplement.

Mitochondrial Potential Disruption Analysis

Mitochondrial potential was accessed using live imaging and
flow cytometry analysis of tetramethyl-rhodamine methyl ester
probe as detailed in the Supplement.

Immunohistochemistry

Immunohistochemical analyses of mouse brain slices are
described in the Supplement.

RESULTS

PS1 and PS2 Differently Modulate Pink-1
Transcription in a PTEN-Independent Manner

We have examined the ability of PS1 and PS2 to modulate
Pink-1 levels at both transcriptional and posttranscriptional
levels. We show that Pink-1 expression is poorly detectable
in mock-transfected HEK293 cells and could be enhanced
on CCCP treatment (Figure 1A, B), in agreement with the
well-established stabilizing effect of this uncoupling agent
on Pink-1 protein (10). Stable expression of PS1 drastically
enhances Pink-1 expression, while PS2 reduces Pink-1 to levels
below CCCP-treated mock-transfected cells (Figure 1A, B).
Interestingly, PS1 and PS2 also trigger similar opposite effects
on Pink-1 promoter transactivation (Figure 1C) andmRNA levels
(Figure 1D).

PSs regulate cellular levels of PTEN (18), a tumor suppres-
sor thought to transcriptionally transactivate Pink-1 (11).
Therefore, we questioned whether a direct PS–PTEN–Pink-1
cascade could mechanistically account for PS-mediated
modulation of Pink-1 or whether alternative pathways could
be envisioned. As expected, PS1 overexpression enhances
PTEN protein (Supplemental Figure S1A) and mRNA
(Supplemental Figure S1C) expressions and transactivates its
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Figure 1. Phosphatase and tensin homolog (PTEN)-independent control of PTEN-induced kinase 1 (Pink-1) transcription by presenilin 1 (PS1). (A, B) Pink-1
and actin protein levels in human embryonic kidney 293 cells stably overexpressing an empty vector (EV) (Mock), PS1, and PS2 complementary DNA
in basal (2, white bars) and carbonyl cyanide m-chlorophenyl hydrazone (CCCP)-treated (1, black bars) conditions. Representative gels (A) of pooled data
(B, n = 6) are shown. (C, D) Pink-1 promoter activity (C, n = 18) and messenger RNA (mRNA) levels (D, n = 9) in the above-described cell models were measured
as described in the experimental procedures. (E–G) Pink-1 mRNA levels (E, n = 8) and promoter activity (F, n = 6) in control (PTEN1/1) or invalidated (PTEN2/2)
mouse embryonic fibroblast (MEF) cells. In (G), Pink-1 promoter activity was measured in PTEN2/2 cells after PS1 and PS2 overexpression (n = 9). Repre-
sentative gels of PS1 and PS2 transfection efficiency and actin as gel charge control are provided in (G) (upper). (H, I) Pink-1 promoter activity (H, n = 12) and
mRNA levels (I, n = 6) in control MEF cells (PS1/1) or cells invalidated for either PS1 (PS12/2) or PS2 (PS22/2) were measured as described in the experimental
procedures. (J–L) Pink-1 promoter activity (J, n = 9) and mRNA levels (K, n = 12) in control MEF cells (PS1/1) or MEF cells devoid of both PS1 and PS2 (PS2/2).
In (L), Pink-1 promoter activity was measured (n = 7) in PS2/2 cells transiently transfected with either PS1 or PS2 complementary DNA as described in the
experimental procedures. Representative gels of PS1 and PS2 transfection efficiency and actin as gel charge control are provided in (L) (upper panel). In all
histograms, data are expressed as percentage of control (CT) taken as 100 and represent mean 6 SEM (*p , .05; **p , .01; ***p , .001; ns, nonsignificant).
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promoter (Supplemental Figure S1B), while depletion of
endogenous PS1 triggers the opposite phenotype
(Supplemental Figure S1D, E). It is noteworthy that PS2
expression lowers PTEN protein levels, promoter activity, and
mRNA levels (Supplemental Figure S1A–C), a feature reminis-
cent of that observed for PS2-mediated control of Pink-1 (see
Figure 1A–D). As expected, we also observed a drastic
reduction of Pink-1 mRNA levels and promoter activation in
PTEN-deficient fibroblasts (Figure 1E, F). Altogether, these
data show that fibroblasts display canonical cellular responses
linking PS and PTEN, on the one hand, and PTEN and Pink-1,
on the other. However, we show that PS-mediated control
of Pink-1 remained unaltered by PTEN gene invalidation
B

(Figure 1G), indicating that PSs likely control Pink-1 tran-
scription by alternative PTEN-independent pathways.

To rule out a possible artifactual influence of PS on Pink-1
due to the overexpression procedure, we examined the
effect of endogenous PS on Pink-1 transactivation and mRNA
levels. PS1 gene depletion lowers Pink-1 promoter trans-
activation (Figure 1H) and mRNA levels (Figure 1I), while PS2
gene ablation leads to barely detectable and not statistically
significant effects (Figure 1H, I). The discrepancy between PS2
overexpression and depletion data could be explained by the
previously described interplay between PS1 and PS2 (30).
Thus, we showed that PS2 lowers PS1 expression. As such,
PS2 overexpression via reduction of PS1 triggers Pink-1
iological Psychiatry - -, 2017; -:-–- www.sobp.org/journal 3
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diminution, while PS2 depletion remains biologically inert. This
suggests a dominant role of PS1 over PS2 in the control of
Pink-1. Indeed, invalidation of both PS1 and PS2 lowers both
Pink-1 promoter activation (Figure 1J) and mRNA levels
(Figure 1K), a phenotype similar to the one observed with PS1
depletion only (Figure 1H, I). In agreement, in a double PS1/2
knockout background, PS1 only rescues the Pink-1 activation
of its promoter (Figure 1L). Overall, these data show that PS1 is
involved in the transcriptional activation of Pink-1 by a PTEN-
independent mechanism.

PS1-Mediated Control of Pink-1 Is Dependent on Its
Catalytic Activity

PSs are pleiotropic proteins (31) but act as the catalytic core of
g-secretase, the enzymatic complex yielding Ab (15). We
examined, by pharmacological and mutational approaches,
the consequences of the blockade of PS-mediated catalysis
for Pink-1. Mutation on the aspartyl residue in position 257 of
PS1 abolishes its activity (32) and reduces Pink-1 protein
expression (Figure 2A), promoter activation (Figure 2B), and
mRNA levels (Figure 2C). Furthermore, inhibition of g-secre-
tase by two distinct inhibitors [D6 (25) and DFK-167 (33)] led to
similar reductions of Pink-1 protein expression (Figure 2D).

We examined whether pharmacological blockade of
g-secretase could also influence Pink-1 mRNA levels in vivo in
triple transgenic mice model (3xTgAD harboring PS1M146V,
bAPPswe, and TAUP301L transgenes) of AD (26). Interestingly,
3xTgAD mice exhibit increased Pink-1 mRNA levels at 3
months of age [i.e., when C99 (the b-secretase–derived frag-
ment of bAPP) accumulates in the absence of detectable Ab
(34)] and steadily until 12 months (Supplemental Figure S2A).
Then, we examined the influence of pharmacological blockade
of g-secretase by D6 on Pink-1 mRNA levels. First, we
4 Biological Psychiatry - -, 2017; -:-–- www.sobp.org/journal
confirmed that D6 treatment abolished g-secretase activity as
illustrated by complete inhibition of Ab and AICD in vitro pro-
duction (Supplemental Figure S3A), as previously described
(34). As expected, D6 highly enhanced the expression of
C-terminal fragment APP fragments C83 and C99 but also
drastically reduced recovery of AICD in treated 3xTgAD brains
(Supplemental Figure S3B). It is noteworthy that AICD
expression was higher in 3xTgAD mice than in control wild-
type mice (Supplemental Figure S3B). Of importance, D6 did
not affect Pink-1 mRNA levels in control mice and restored
Pink-1 mRNA expression to control mice levels in 3xTgAD
mice (Figure 2E). It is noteworthy that PS-dependent control of
PTEN (see above) was independent of its g-secretase activity
(18) and hence supports the dichotomy between g-secretase-
independent PS1-related effects on PTEN and g-secretase-
dependent effects on Pink-1. Overall, our data indicate that
g-secretase activity accounts for PS1-mediated control of
Pink-1 both in vitro and in vivo.

PS-Mediated Control of Pink-1 Is Affected by bAPP
Modulation

Besides bAPP, which originally allowed characterization of PS
catalytic function (15), numerous proteins were delineated as
additional g-secretase substrates (17). Thus, we examined the
contribution of bAPP to PS1-dependent control of Pink-1 in
human cells. Wild-type bAPP overexpression augmented
Pink-1 protein (Figure 3A) and mRNA (Figure 3C) expressions
and led to enhanced Pink-1 promoter transactivation
(Figure 3B). Interestingly, these augmentations were further
enhanced in cells expressing the Swedish mutated bAPP
(Supplemental Figure S4A–C). Conversely, mouse embryonic
fibroblast cells that naturally lack endogenous bAPP family
member APLP1 and that are genetically invalidated for both
Figure 2. Phosphatase and tensin homolog–
induced kinase 1 (Pink-1) control by presenilin 1
(PS1) is g-secretase dependent. (A–C) Effect of the
D257A PS1 mutation on Pink-1 protein (A, n = 12),
promoter activity (B, n = 9), and messenger RNA
(mRNA) levels (C, n = 12) after transient transfection
of human embryonic kidney 293 cells with an empty
vector (EV) or mutated complementary DNA (257).
Representative gels of PS1 transfection efficiency
and actin as gel charge control are provided in (A) to
(C) (upper panels). (D, E) Modulation of Pink-1
expression by g-secretase inhibitors ex vivo (D,
n = 12) and in vivo (E, n = 8–9). In (D), human em-
bryonic kidney 293 cells were treated with DFK167
or DLN006 (D6) and then analyzed for Pink-1
expression by Western blot analysis as described
in the experimental procedures. Representative gels
of Pink-1 and actin of pooled data are provided in (D,
left). In (E), 4-month-old control (CT) and triple
transgenic (3xTgAD) mice were daily treated for 10
days with a vehicle (CT, black bars) or with g-sec-
retase inhibitor (D6, white bars), and then Pink-1
mRNA levels (n = 8–9) were analyzed at 4 months
of age as detailed in the experimental procedures.
Data are expressed as percentage of CT taken as
100 and represent mean 6 SEM (*p , .05; **p , .01;
***p , .001; ns, nonsignificant). CCCP, carbonyl
cyanide m-chlorophenyl hydrazine.
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Figure 3. g-Secretase-mediated control of phosphatase and tensin homolog–induced kinase 1 (Pink-1) is linked to b-amyloid precursor protein (bAPP)
cleavage. (A) Pink-1 and actin protein levels in human embryonic kidney 293 cells stably overexpressing an empty vector (Mock, black bars) or wild-type bAPP
(APP, white bars) in basal (2) and carbonyl cyanidem-chlorophenyl hydrazine (CCCP)-treated (1) conditions. Bars are means of n = 12. (B, C) Pink-1 promoter
activity (B, n = 12) and messenger RNA (mRNA) levels (C, n = 12) in the above-described cell model were measured as indicated in the experimental pro-
cedures. (D, E) Pink-1 promoter activity (D, n = 12) and mRNA levels (E, n = 9) in control (CT, black bars) or triple knockout (bAPP2/2 and APLP22/2 and lacking
endogenous APLP1 referred to as triple knockout (tko), white bars; see Results) mouse embryonic fibroblast cells were measured as indicated in the
experimental procedures. (F) Pink-1 promoter activity was measured (n = 6) in either CT or tko mouse embryonic fibroblast cells transiently transfected with
empty vector (EV) or presenilin 1 (PS1) complementary DNA. (G, H) Pink-1 promoter activity (G) and mRNA levels (H) in CT and tko mouse embryonic fibroblast
cells were measured (n = 6) in the absence (CT) or presence of g-secretase inhibitor (D6) as described in the experimental procedures. Data are expressed as
percentage of CT taken as 100 and represent mean 6 SEM (*p , .05; **p , .01; ***p , .001; ns, nonsignificant).
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bAPP and its additional family member APLP2 (thus consid-
ered as triple knockout [tko] in Figure 3) show reduced Pink-1
promoter activity (Figure 3D) and mRNA levels (Figure 3E). Of
importance, PS1 overexpression enhances Pink-1 promoter
transactivation in wild-type (control) cells but not in tko cells
(Figure 3F). Finally, D6 reduces Pink-1 promoter activation and
mRNA levels in wild-type (control) fibroblasts but not in tko
fibroblasts (Figure 3G, H). Altogether, the above data demon-
strate that PS1-mediated and g-secretase–linked control of
Pink-1 occurs via the g-secretase cleavage of endogenous
bAPP.

AICD Controls Cellular Pink-1 Transcription in a
FOXO3a-Dependent Manner

Both Ab and AICD harbor transcription factor properties
(35–37). However, several lines of reasoning and independent
B

data led us to consider AICD as the main mediator of PS1-
linked control of Pink-1. First, AICD is a transcription factor
(17) that is mainly generated in the amyloidogenic pathway from
its precursor C99 by g-secretase (38–40). Second, expression
of bAPP harboring the Swedish mutation thought to potentiate
BACE1-mediated formation of C99 increases Pink-1 promoter
transactivation and mRNA levels (Supplemental Figure S4A–C).
Third, APPε, the APP fragment that undergoes b/g-secretase
cleavages, thereby leading Ab (41), but that lacks AICD, did not
modulate Pink-1 expression (Supplemental Figure S4D).
Fourth, we previously designed 2xTgAD mice that were derived
from intercrossing of the F1 progeny of 3xTgAD with wild-type
mice (34). At late stages, 3xTgAD and 2xTgAD mice accumu-
late C99 and AICD to similar extents, while Ab is present only at
barely detectable levels in 2xTg mice (34) compared with
3xTgAD mice. Interestingly, 12-month-old 2xTgAD and
iological Psychiatry - -, 2017; -:-–- www.sobp.org/journal 5
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3xTgAD mice display similar increases of Pink-1 mRNA levels
(Supplemental Figure S2B). Fifth, in vivo inhibitor-mediated full
blockade of g-secretase in 3xTgADmouse brain (Supplemental
Figure S3A) drastically reduces AICD expression (Supplemental
Figure S3B) and concomitantly restores Pink-1 mRNA levels to
control values (Figure 2E).

Based on these observations, therefore, we examined the
putative influence of AICD on Pink-1. We used an AICD
construct harboring a nuclear localization sequence (nls) aimed
at potentiating its targeting to the nucleus. Figure 4 shows that
AICDnls (AICD) overexpression increases Pink-1 protein
Figure 4. Amyloid precursor protein intracellular domain (AICD) controls pho
Forkhead box O3a (FOXO3a). (A–C) Analysis of the effect of AICDnls (referred t
messenger RNA (mRNA) levels (C, n = 6) after transient transfection of human em
DNA (cDNA). Representative gels of Pink-1, AICDnls, and actin expressions are pr
knockout mouse embryonic fibroblast cells on EV or AICDnls cDNA transient trans
as gel charge control are provided in the left panel. (E) Mapping of the functional i
the 50 end deletion constructs of the full-length (FL) mouse Pink-1 promoter regio
reporter gene and either empty cDNA (EV, black bars, 2) or AICD (white bars,
described in the experimental procedures. The lower left panel shows representat
(F) AICD controls Pink-1 transcription via FOXO3a. The upper panel describes th
approach, in the -2055- to -1353 region of the FL Pink-1 mouse promoter (referre
(white bars, 1) on FL or deleted F1 (DF1) or F2 (DF2) Pink-1 promoters was ana
representative gels of AICD transfection efficiency and actin as gel charge control.
activity. Pink-1 promoter constructs were cotransfected with the b-galactosidase
complementary DNA. One full day (24 hours) after transfection, cells were treated
gray bars), and then luciferase activity (n = 12) was measured as described in Meth
transfection efficiency and actin as gel charge control. Data are expressed as pe
mean 6 SEM (*p , .05; **p , .01; ***p , .001; ns, nonsignificant). ATG, methio
start site.
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expression (Figure 4A), promoter transactivation (Figure 4B),
and mRNA levels (Figure 4C). Figure 4D shows that AICD
overexpression also increases Pink-1 promoter transactivation
in tko fibroblasts.

We mapped the Pink-1 promoter region involved in its
AICD-mediated transactivation. As expected, AICD increased
transactivation of full-length Pink-1 promoter (cf. black and
white full-length bars in Figure 4E). The 50 deletions data
indicated that deletion of the 22055- to 21354 Pink-1 pro-
moter region fully abolished AICD-mediated increase in Pink-1
promoter activation (cf. full-length and 1.3 constructs in
sphatase and tensin homolog–induced kinase 1 (Pink-1) transcription via
o as AICD) on Pink-1 protein (A, n = 9), promoter activity (B, n = 15), and
bryonic kidney 293 cells with empty vector (EV) or AICDnls complementary

ovided in (A, left). (D) Pink-1 promoter activity was measured (n = 10) in triple
fection. Representative gels of AICD cDNA transfection efficiency and actin
nteraction domain of AICD and Pink-1 promoter. The upper panel represents
n. Pink-1 promoter constructs were cotransfected with the b-galactosidase
1) cDNA, and then luciferase activity was measured (lower right, n = 9) as
ive gels of AICD cDNA transfection efficiency and actin as gel charge control.
e two putative FOXO3a binding consensus motifs identified, by the in silico
d to as F1 and F2). The effect of empty vector (EV, black bars, 2) or AICDnls

lyzed as above in (F) (lower right panel, n = 18). The lower left panel shows
(G) Effect of LY294002 (LY) on AICD-induced modulation of Pink-1 promoter
reporter gene and either empty complementary DNA (EV) or AICDnls (AICD)
for 15 hours with either vehicle (2, black bars) or 10 mM LY294002 (LY, 1,
ods and Materials. The upper panel of (G) shows representative gels of AICD
rcentage of controls (EV, EV (2) or FL condition) taken as 100 and represent
nine starting codon; nls, nuclear localization sequence; TSS, transcription
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Figure 5. Parkin (PK) controls phosphatase and tensin homolog (PTEN)-
induced kinase 1 (Pink-1) transcription via presenilin 1 in a PTEN-
independent manner. (A, B) Pink-1 promoter activity (A, n = 9) and
messenger RNA (mRNA) levels (B, n = 12) measurements in human
embryonic kidney 293 cells stably overexpressing either a control vector
(Mock) or wild-type PK. (C, D) Pink-1 promoter activity (C, n = 12) and
mRNA levels (D, n = 17) analyses in control (PK1/1) or parkin gene knockout
(PK2/2) mouse embryonic fibroblast cells. (E, F) Pink-1 protein (E, n = 6) and
mRNA levels (F, n = 6) analyses in PK1/1 or PK2/2 mouse brain. (G, H)
Pink-1 promoter activity analyses in presenilin (PS)1/1 and PS2/2 (G, n = 18)
or PTEN1/1 and PTEN2/2 (H, n = 6) mouse embryonic fibroblast cells
transiently overexpressing either an empty vector (2, black bars) or wild-
type PK (1, white bars). Data are expressed as percentage of controls
taken as 100 and represent mean 6 SEM (*p , .05; **p , .01; ***p , .001;
ns, nonsignificant).
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Figure 4E). The close examination of this region allowed us to
identify two FOXO3a responsive elements (F1 and F2) located
within this functionally relevant 50 region of Pink-1 promoter
(Figure 4F, upper scheme). Our interest for FOXO3a was
motivated by two independent observations. First, FOXO3a
activation was previously shown to upregulate Pink-1 tran-
scription in both mouse and human cells (42). Second, Wang
et al. recently demonstrated a physical and functional inter-
action between FOXO3a and AICD (43). In this context, we
postulated that FOXO3a and AICD could functionally interact
to control Pink-1 transcription. Thus, we examined the influ-
ence of the mutation of these FOXO3a responsive elements on
the AICD-mediated control of Pink-1. Our data indicate that
between the two sites, only the F1 responsive element fully
abolishes AICD-mediated transactivation of Pink-1 promoter
(Figure 4F, lower right panel). These data were corroborated by
experiments aimed at pharmacologically blocking FOXO3a
with LY294002 (cf. gray bars in Figure 4G), showing that this
inhibitor fully prevents AICD-induced increase in Pink-1 pro-
moter activity. Overall, our data unravel a linear molecular
cascade linking PS1, bAPP/AICD, FOXO3a, and Pink-1.

PK Controls Pink-1 Transcription in a
PS-Dependent and PTEN-Independent Pathway

Wepreviously demonstrated that besides its well-characterized
ubiquitin-ligase activity (44), PK also behaved as a transcription
factor (45). We showed that, among its various targets, PK
directly upregulated PS1 and downregulated PS2 promoter
transactivations and protein expressions (22). These opposite
effects of PK on PS, whichwere strikingly similar to the opposite
effects of PS1 and PS2 on Pink-1 transactivation (see Figure 1),
led us to question whether PK could modulate Pink-1 tran-
scription via PS1. Five lines of direct and indirect evidence
support this hypothesis. First, PK overexpression increases
Pink-1 promoter transactivation andmRNA levels (Figure 5A, B).
Second, deletion of endogenous PK reduces Pink-1 transcrip-
tion and mRNA expression ex vivo (Figure 5C, D). Third, Pink-1
protein and mRNA expression were lowered in the brain of PK
null mice (Figure 5E, F). Fourth, PK-induced increment in Pink-1
promoter activation was fully abolished byPS1 andPS2 (PS2/2)
gene invalidation (Figure 5G). Fifth, PK ability to upregulate
Pink-1 promoter transactivation remains unaffected by PTEN
depletion (Figure 5H). While the control of PK by Pink-1 has
been consistently documented (46,47), our data demonstrate,
for the first time, a reciprocal pathway where PK acts upstream
of a PS1/AICD-dependent cellular cascade linking PK to Pink-1.

AICD Modulates Mitochondrial Physiology in a
Pink-1-Dependent Manner

If the above cascade is true, one anticipates an AICD-
associated modulation of Pink-1–mediated functions. Pink-1
has been consistently involved in the control of mitophagy
and mitochondrial dynamics (9).

Mitochondrial membrane potential directly reflects mito-
chondrial health and can be classically measured to follow
mitophagy. First, we used tetramethyl-rhodamine methyl ester
as an indicator of mitochondrial membrane potential alter-
ations to analyze the impact of endogenous Pink-1 reduction
on mitochondrial function. As expected (48), both confocal
B

(Figure 6A, B) and fluorescence-activated cell sorting
(Figure 6C) analyses indicate that short hairpin RNA–induced
Pink-1 knockdown in SH-SY5Y cells (Pink-1KD) or full genetic
depletion (Pink-12/2) in fibroblasts (Supplemental Figure S5)
significantly reduced mitochondrial membrane potential
(cf. black and white control bars in Figure 6B, C and
iological Psychiatry - -, 2017; -:-–- www.sobp.org/journal 7
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Figure 6. Amyloid precursor protein intracellular domain (AICD) controls mitochondrial homeostasis via phosphatase and tensin homolog–induced kinase 1
(Pink-1). (A–C) Control (Pink-1ct, black bars) or short hairpin RNA-depleted Pink-1 (Pink-1KD, white bars) SH-SY5Y cells were treated with the g-secretase
inhibitor ELND006 (D6), and its effect on mitochondrial potential was measured by cell imaging (A, B, n = 150 cells per experiment) and flow cytometry
(C, n = 12) as detailed in the experimental procedures. (D–J) Impact of control (empty vector) or AICDnls overexpression on autophagy LC3-II (E, n = 9) and p62
(F, n = 9), mitochondrial mass TIM23 (G, n = 9) and TOM20 (H, n = 9), and mitochondrial dynamics-related proteins dynamin-like protein 1 (DRP1) (I, n = 9) and
mitofusin 2 (MFN2) (J, n = 9) markers was analyzed in Pink-1ct (black bars) or Pink-1 knockdown (Pink-1KD, white bars) SH-SY5Y cells as described in the
experimental procedures. Representative gels of markers, AICD transfection efficiency, and actin (as gel charge control) are provided in indicated cells (D).
Data in histograms are expressed as percentage of controls taken as 100 and represent mean 6 SEM (*p , .05; **p , .01; ***p , .001; ns, nonsignificant). CT,
control; nls, nuclear localization sequence; TMRM, tetramethyl-rhodamine methyl ester.
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Supplemental Figure S5B). It is noteworthy that the D6
reduced tetramethyl-rhodamine methyl ester fluorescence in
wild-type cells, a phenotype abolished by endogenous Pink-1
depletion in both Pink-1KD and Pink-1-/- cells (Figure 6B, C and
Supplemental Figure S5, respectively). This effect was
confirmed by use of another g-secretase inhibitor, DFK167, in
Pink-12/2

fibroblasts (Supplemental Figure S5). This set of
data clearly indicates that Pink-1-mediated control of
mitophagy/autophagy is modulated by g-secretase–linked
events in these cells. To directly link this function to AICD, we
examined the influence of AICDnls on LC3II and p62, two
classical markers of autophagosome formation and autopha-
gic degradation, respectively. First, we confirmed that reduc-
tion of Pink-1 in Pink-1KD cells (Supplemental Figure S6A–C)
modulated p62 and LC3II expressions in an opposite manner
in stress conditions (CCCP in Supplemental Figure S6D–F),
suggesting a decreased autophagic process as previously
described (49,50). Interestingly, AICDnls overexpression
increased LC3II (cf. black bars in Figure 6D, E) and reduced
p62 (cf. black bars in Figure 6D, F) levels in wild-type SH-SY5Y
cells but not in Pink-1KD cells (cf. white bars in Figure 6D–F),
8 Biological Psychiatry - -, 2017; -:-–- www.sobp.org/journal
indicating that AICDnls promotes a pro-autophagic phenotype
that is fully dependent on endogenous Pink-1. It is noteworthy
that FOXO3a controls autophagy via its transcription factor
properties (51,52). Thus, it is not excluded that AICD/FOXO3a
interaction may alter expressions of additional genes involved
in nonselective autophagy. To foster the implication of AICD
in mitophagy control, we have analyzed its impact on the
levels of TIM23 and TOM20, two reliable markers of mito-
chondrial mass used to follow the mitophagy process
(53,54). First, we confirmed that Pink-1 depletion triggers
accumulation of TIM23 (Supplemental Figure S6D, G) and
TOM20 (cf. white bars in Supplemental Figure S6D, H) levels
in CCCP conditions. Interestingly, AICDnls overexpression
decreased TIM23 (cf. black bars in Figure 6D, G) and TOM20
(cf. black bars in Figure 6D, H) levels in wild-type SH-SY5Y
cells but not in Pink-1KD cells (Figure 6D and cf. white bars in
Figure 6G, H).

Finally, mitochondrial dynamics are mainly supported by
fusion/fission processes that can be followed by canonical
markers such as mitofusin 2 and dynamin-like protein 1. (1).
We confirmed that Pink-1 knockdown leads to accumulation of
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mitofusin 2 and dynamin-like protein 1 levels (Supplemental
Figure S6I–K), probably due to the decrease of Pink-1–
mediated PK recruitment and E3-ligase activity (55,56).
Again, conversely, AICDnls expression reduces dynamin-like
protein 1 and mitofusin 2 expressions in Pink-1 control cells
(Figure 6D, I, J), a phenotype fully prevented by Pink-1
knockdown (Figure 6D, I, J). The above data indicate that
both g-secretase inhibition and AICDnls expression modulate
mitophagy and mitochondrial dynamics in a Pink-1-dependent
manner, thereby confirming AICD as a potent modulator of
Pink-1-mediated phenotypes.

AICD Modulates Pink-1 Transcription In Vivo

To reinforce our cell biology approaches, we examined
whether AICD could modulate Pink-1 protein and mRNA levels
in vivo in mouse brain. First, we used an adenoviral approach
to express AICDnls in neonatal mouse brain. As illustrated in
Figure 7A, AICDnls is expressed in hippocampal regions
Figure 7. Amyloid precursor protein intracellular domain (AICD) controls phosp
(A) Low (upper panel) and high (lower panel) magnification of immunohistochemic
subiculum of 1-month-old C57BL/6 mice injected at postnatal day 1 as described
AICD and 40,6-diamidino-2-phenylindole nuclear labeling, respectively. (B, C) A
neonatal adeno-associated virus-mediated delivery on Pink-1 protein (B, n = 4–9)
bars) levels compared with age-matched administration of control virus (CT) or viru
taken as 100 and represent mean 6 SEM (*p , .05; **p , .01). (D, E) Pink-1 pro
(13 months) control (CT-Tg) and AICD-Tg mouse brain. Data in histograms are ex
(*p , .05). (F) Model of the molecular interplay linking parkin (PK) and Pink-1.
Forkhead box O3a (FOXO3a)-dependent AICD-mediated control of Pink-1 transc
dynamics and mitophagy, the functional interplay between PK and Pink-1 suppo
and governs their responsiveness and adaptation to pathological conditions. Drp

B

(1 month old) and appears to be clearly associated with 40,6-
diamidino-2-phenylindole nuclear labeling (Figure 7A, lower
panels), indicating its efficient nuclear translocation in vivo.
AICDnls increased expressions of Pink-1 protein (Figure 7B)
and mRNA levels of Pink-1 and neprilysin, a canonical AICD
transcriptional target (20) (Figure 7C). Second, we analyzed the
impact of AICD in a transgenic mice model stably over-
expressing AICD (57,58). As previously described (59), AICD-
Tg mice display enhanced neprilysin mRNA levels (Figure 7E)
and increased Pink-1 protein expression and mRNA levels
(Figure 7D, E). Altogether, these two independent mice models
of AICD expression concur to conclude that AICD acts as a
genuine modulator of Pink-1 promoter transactivation in cells
and in vivo.

DISCUSSION

Specific histological lesions serve as anatomical signatures to
characterize subsets of neurodegenerative diseases. However,
hatase and tensin homolog–induced kinase 1 (Pink-1) transcription in vivo.
al analyses of adeno-associated virus-AICDnls intranuclear localization in the
in the experimental procedures. Green and blue fluorescences correspond to
nalysis (at 4 months of age) of the effect of AICDnls overexpression after
and Pink-1 and neprilysin (NEP) messenger RNA (mRNA) (C, n = 8–17, white
s vehicle (PBS). Data in histograms are expressed as percentage of controls
tein (D, n = 3) and Pink-1 and NEP mRNA levels (E, n = 3) in age-matched
pressed as percentage of controls taken as 100 and represent mean 6 SEM
PK upregulates presenilin 1 (PS1)/g-secretase activity, thereby promoting
riptional regulation. Because Pink-1 recruits PK to modulate mitochondrial
rts their cellular homeostasis and thereby controls mitochondria physiology
-1, dynamin-like protein 1; Mfn2, mitofusin 2; PS2, presenilin 2.
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additional dysfunctions such as protein aggregation (60,61),
misfolding and more recently spreading (62), proteasome
dysfunction (63), endoplasmic reticulum stress and unfolded
protein response activation (64), as well as other vital cellular
processes, are also seen as common denominators of brain
diseases. It has also been suggested that mitochondrial dys-
functions could well underlie at least part of neurodegenerative
processes. Thus, disruption of mitochondrial dynamics
reflected by altered balance between fission and fusion pro-
cesses or inefficient mitochondria quality control by mitophagy
has been consistently reported (1,2). Such defects have been
described in AD (65), but the molecular mechanisms underly-
ing these observations remained poorly understood.

Pink-1 is a kinase that harbors a dual mitochondrial and
cytosolic localization. Among Pink-1–related functions, its
involvement in the control of mitochondria morphology was
first documented (66), and then Pink-1 was shown to control
the mitophagy process (49). Interestingly, Pink-1-like immu-
noreactivity colocalized with senile plaques in AD-affected
brains (67). These data led us to examine the mechanisms
by which Pink-1 could account for the mitochondrial dynamics
and mitophagy alterations taking place in AD.

We delineated a molecular cascade linking PS1 and Pink-1.
Thus, overexpression/depletion of PS1 increases/lowers
Pink-1 promoter transactivations and mRNA and protein ex-
pressions. Cellular biology and pharmacological approaches,
as well as in vivo models, indicate that PS1-mediated control
of Pink-1 involved g-secretase cleavage of bAPP. Furthermore,
we identified AICD as the cellular mediator able to modulate
Pink-1 transactivation in cells, as well as in vivo, in two distinct
models of AICD-expressing mice. It is noteworthy that AICD
modulates Pink-1-associated changes in mitochondrial mem-
brane potential and autophagy/mitophagy players’ expression.
Importantly, we established that PS1-mediated control of
Pink-1 was independent of PTEN. These data agree well with a
prior study showing that, conversely to PS1-mediated control
of Pink-1, PS1 modulation of PTEN was independent of
g-secretase (18). Thus, PS1-dependent modulation of Pink-1
and PTEN appear to be either linked to or independent of its
catalytic function.

AICD is a transcription factor able to modulate transcrip-
tion of a number of genes (17,21,68). Such function is often
supported by AICD ability to interact with cofactors/nuclear
modulators (17,68). Here, we demonstrated that AICD-
associated control of Pink-1 involved FOXO3a given that
deletion of FOXO3a responsive elements on Pink-1 promoter
fully abolished AICD-induced modulation of its transcription.
These data agree well with a previous study showing
that AICD and FOXO3a interacted physically and trans-
located in the nucleus to ultimately control cell death (43).
Furthermore, FOXO3a regulated Pink-1 transcription in
human cells (42). This adds to the growing evidence that
epigenetic factors could well contribute to aging and
dementia (69,70).

It is interesting to note that two previous studies indirectly
suggested a putative functional link between AICD and Pink-1
in the control of mitochondrial function. Thus, the mRNA levels
of PGC-1a, a mitochondrial coactivator driving the expression
of various mitochondrial proteins, were lowered by PS1 path-
ogenic mutations and upregulated by AICD (71), while Pink-1
10 Biological Psychiatry - -, 2017; -:-–- www.sobp.org/journal
also increased PGC-1a-linked regulation of mitochondrial
oxidation (72).

Recent evidence indicates that Pink-1 controls mito-
chondrial fragmentation in hippocampal neurons (9) and
recruits PK to damaged mitochondria to trigger mitophagy
(10). In both cases, Pink-1 has been considered as an
effector acting upstream of PK. Our study demonstrates that
PK could also occur upstream of Pink-1 to regulate its
function. Initially, this hypothesis was based on our previous
study showing that PK could behave as a direct trans-
activator that up- or downregulated PS1 and PS2 promoter
transactivation, respectively (22). This opposite effect of PK
on PS1 and PS2 was strikingly reminiscent of the PS1/PS2-
mediated effect on Pink-1 (see Figure 1). Interestingly, we
were able to show, first, that PK overexpression or deletion
increased or lowered Pink-1 promoter transactivation and
mRNA levels, respectively, and, second, that PK-mediated
control of Pink-1 was fully abolished by PS depletion and
remains independent of PTEN. Thus, we have evidenced a
functional interplay between PK and Pink-1 and unraveled a
key role of PS1/g-secretase–derived AICD fragment in such
regulation (see Figure 7F).

The above-described cascade and feedback loop could
ensure protein homeostasis in physiological conditions and
adjust cellular responses to control mitochondrial physiology
in case of cellular stresses or challenges. This interplay could
be of importance in neurodegenerative diseases. Thus, we
showed that several PK mutations responsible for familial
Parkinson’s disease abolish its transcriptional function (45). In
these cases, lowering PS1 could ultimately drive reduction of
Pink-1 and thereby compromise the adaptive response to
mitochondrial dysfunction. On the other hand, in both sporadic
and most familial cases of AD, AICD expression is likely
increased due to either a lower degradation rate linked to
reduced expression of its insulin-degrading enzyme (73) or
increased production triggered by APP or PS1 mutations (74).
This could explain the macroscopic observation of an
increased expression of Pink-1 in senile plaques and reflect a
cellular adaptation response to circumscribe the neurodegen-
erative process. Overall, our study enlightens a novel cellular
cascade and delineates potential targets for therapeutic
intervention.
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