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Abstract

Mitochondrial dysfunctions and oxidative stress play important roles in the early pathogenesis of Alzheimer’s disease (AD),
which also involves the aberrant expression levels of mitochondrial proteins. However, the molecular mechanisms underlying the
aberrant expression levels of these proteins in the pathogenesis of AD are still not completely understood. Tidl (DnaJA3/
mtHsp40), a mammalian homolog of the Drosophila tumor suppressor Tid56, is reported to induce mitochondrial fragmentation
associated with an increase in reactive oxygen species (ROS) levels, resulting in cell death in some cancer cells. However, the
involvement of Tid1 in AD pathogenesis is as yet unknown. In this study, we found that the Tid1 protein levels were upregulated
in the hippocampus of AD patients and Tg2576 mice. Our in vitro studies showed that A342 increased the expression levels of
Tidl in primary rat cortical neurons. The knockdown of Tid1 protected against neuronal cell death induced by A{342, and Tid1-
mediated neuronal cell death, was dependent on the increased ROS generation and caspase-3 activity. The overexpression of Tid1
in HEK293-APP cells increased the BACEI levels, resulting in increased A3 production. Conversely, Tidl knockdown in
HEK293-APP cells and primary cultured neurons decreased A3 production through the reduction in the BACEI levels. We
also found that the overexpression of Tid1 activated c-Jun N-terminal kinase (JNK) leading to increased A3 production. Taken
together, our results suggest that upregulated Tidl levels in the hippocampus of patients with AD and Tg2576 mice induce
apoptosis and increase A3 production, and Tidl may therefore be a suitable target in therapeutic interventions for AD.

Keywords Alzheimer’s disease - Tid1 - Mitochondrial protein - Neuronal cell death - ROS - 3-Amyloid - BACE1 - JNK

Introduction neuronal cell death [1], and is characterized by the presence

of amyloid-3 (A3) plaques and neurofibrillary tangles (NFTs)
Alzheimer’s disease (AD), a progressive neurodegenerative  [2]. A3 is generated from the amyloid-3 precursor protein
disorder, is associated with a chronic loss of synapses and ~ (APP) by two-step proteolytic cleavage. APP is first cleaved
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by [3-secretase, that is, 3-site APP cleaving enzyme 1
(BACELl), to generate a membrane-bound C-terminal frag-
ment of 99 amino acids (APP-C99), and then APP-C99 is
further cleaved by y-secretase to generate A340 and A{342.
Alternatively, APP can be cleaved by o-secretase to generate
non-amyloidogenic soluble APP«, thereby preventing A3
generation [3—6].

In mammals, mitochondria are unique organelles that are
pivotal for various cellular functions including ATP synthesis,
calcium homeostasis, and cell survival [7]. A may directly
disrupt mitochondrial functions and contribute to the deficien-
cy of energy metabolism and neuronal cell death seen in AD.
The presence of A3 in mitochondria is associated with im-
paired mitochondrial metabolism and increased mitochondrial
reactive oxygen species (ROS) production [8, 9].
Mitochondrial proteostasis has been found to be one of the
main factors for neuronal cell death in AD [10, 11], and mi-
tochondrial protein quality control is affected by mitochondri-
al chaperones [12]. Extensive studies have demonstrated that
mitochondrial dysfunctions and oxidative stress play impor-
tant roles in the early pathogenesis of AD [13-15]. Indeed,
mitochondrial dysfunctions including decreased ATP genera-
tion and increased ROS generation induced by the aberrant
expression levels of mitochondrial proteins are frequently ob-
served in the brain of patients with AD [14, 16, 17] and
Tg2576 mice [18]. Although mitochondrial dysfunctions are
a prominent feature of AD, the molecular mechanisms under-
lying the aberrant expression levels of these proteins in the
pathogenesis of AD are as yet unclarified.

Tumorous imaginal disc 1 (Tid1), also known as mitochon-
drial Hsp40 (mtHsp40), is a mitochondrial protein. Mammals
express two alternatively spliced forms of Tid1: Tid1-Long (43
kDa) and Tid1-Short (41 kDa). Both isoforms have an amino-
terminal mitochondrial targeting sequence, a Dnal domain, a
glycine/phenylalanine linker region, a central cysteine-rich re-
gion resembling a zinc finger repeat, and a carboxyl-terminal
region. Via the DnaJ domain, Tid1 interacts with and activates
the Hsp70/Hsc70 family of chaperones to induce protein fold-
ing and degradation [19]. Tid1 also regulates mitochondrial
functions by maintaining mitochondrial membrane potential
and mitochondrial DNA (mtDNA) integrity [20]. Since Tid1l
is a homolog of the Drosophila tumor suppressor Tid56, the
function of Tidl in apoptosis has been investigated. Certain
stress stimuli, including oxidative stress, DNA damage, and
oncogene dysregulation, induce the stabilization and elevation
of p53 protein levels and the subsequent activation of apoptotic
programs. The loss of Tid1l expression abrogates p53 translo-
cation to the mitochondria and inhibits apoptosis, whereas the
overexpression of Tidl promotes p53 mitochondrial localiza-
tion and apoptosis [21]. In cancer cells, Tid1 induces Drpl-
dependent mitochondrial fragmentation associated with in-
creased ROS levels and decreased cell viability [22].
However, the role of Tid1 in neurodegenerative diseases such
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as AD, which are always accompanied by impaired mitochon-
drial functions as a causative factor, is as yet unknown.

In this study, we investigated whether Tidl expression is
altered in the hippocampus of AD patients and Tg2576 mice,
and we found it to be upregulated compared with that in non-
AD and age-matched wild-type mice, respectively. Moreover,
our in vitro studies showed that A42 increased the expres-
sion levels of Tidl in primary rat cortical neurons, which in
turn increased ROS generation and caspase-3 activity leading
to neuronal cell death. Furthermore, the overexpression of
Tid1-L in HEK293-APP cells increased the BACEI levels,
inducing increased A3 production. Conversely, Tidl knock-
down in HEK293-APP cells and primary cultured neurons
decreased A3 production through the reduction in the
BACEI1 levels. We also found that the overexpression of
Tid1 activated JNK leading to increased A3 production.

Materials and Methods
Human Brains

Hippocampus postmortem tissue samples from AD patients
(n =10) and non-AD control (n = 10) were obtained with
the approval of the Committees on Human Research of
Nagoya City University and Choju Medical Institute of
Fukushimura Hospital. The information of the brain speci-
mens is shown in Table 1.

Table 1  Information on the cases used for Western blotting analysis
Diagnosis Age (years) Break Stage PMI (h) Gender
AD 84 4 3 Male
AD 85 6 2 Male
AD 81 None 2 Male
AD 92 None 9 Male
AD 92 None 9 Male
AD 84 6 46 Male
AD 80 6 33 Female
AD 73 6 2.5 Female
AD 75 6 4 Female
AD 80 5 15 Male
Non-AD 88 2 Male
Non-AD 87 2 7 Female
Non-AD 79 None 13 Female
Non-AD 83 2 2 Female
Non-AD 82 1 14 Male
Non-AD 88 None None Male
Non-AD 80 1 3 Male
Non-AD 84 None 3 Male
Non-AD 91 None 2 Male
Non-AD 96 None 10 Male
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APP Transgenic Mice

Female Tg2576 mice overexpressing human APP695 with the
Swedish mutation K660N/M671L were obtained from
Taconic (Germantown, NY, USA). Tg2576 and age-matched
wild-type (WT) mice were housed under a 12-h light/dark
cycle and had access to food and water ad libitum. All the
experiments were performed in accordance with the
Guidelines for Animal Experiments of the Animal
Experimentation Committee of Nagoya City University.
Both Tg2576 and WT mice were sacrificed at 6, 11, and 18
months of age, and hippocampal tissues were dissected,
removed, and placed immediately on dry ice, and stored at
— 80 °C until processing.

Cell Cultures

Cerebral cortical neurons were obtained from embryonic day
17 (E17) Wistar rats (Japan SLC, Inc., Hamamatsu, Japan)
and cultured as described previously [23]. Embryonic brains
were dissected, stripped of meninges, and minced with for-
ceps. The minced tissue was incubated in 0.125% trypsin and
2 mg/ml DNase I in PBS at 37 °C for 15 min. The resulting
fragments were then dissociated into single cells by pipetting.
The dissociated cells were suspended in neurobasal medium
(Invitrogen, Carlsbad, CA, USA) containing MACS
NeuroBrew-21 without vitamin A (Miltenyi Biotec, Auburn,
CA, USA) and 0.1% bovine albumin fraction V solution
(Invitrogen), and plated onto poly-D-lysine-coated 60 mm
dishes (Iwaki, Japan) or poly-D-lysine-coated glass slides in
24-well plates at a density of 1 x 10° cells/ml. These cells were
used on day 4 after plating for future experiments. HEK293-
APP cells stably express human APP695, whereas HEK293-
C99 cells stably express human APP-C99. The Neuro2A cell
line stably expressing Myc-tagged human tau (P301L) was
kindly provided by Dr. Akihiko Takashima (Gakushuin
University, Japan) [24]. These cells were cultured in
Dulbecco’s modified Eagle’s medium (FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan) supplemented with
10% fetal bovine serum.

AB42 Treatment

Human amyloid 3-peptide (1-42) was obtained from Peptide
Institute Inc., Japan. AP342 peptide (0.54 mg) was dissolved in
120 ul of DMSO to prepare a | mM amyloid 3-peptide solu-
tion. The solution was kept at — 20 °C until use. To test the
effect of A342 on the Tid1 expression levels, primary cultured
neurons were treated with 5 uM Af342 for 0, 1, 2,3,0or 6 h
followed by total RNA isolation and protein extraction for
real-time PCR and Western blot analysis, respectively.

Plasmid Constructs and Transfection

A Tid1-L expression construct containing a 1488 bp mouse
cDNA was inserted into the pCMV vector with a Myc-tag
sequence at the 5' terminus of the insert (Myc-Tid1-L). The
plasmid was purchased from Sino Biological Inc. (Beijing,
China). HEK293-APP, HEK293-C99, and Neuro2A-P301L
cells were transfected with 5 pg of the Myc-tagged Tidl-L
(Myc-Tid1-L) or mock control (Myc) vector using
Lipofectamine 3000 reagent (Invitrogen) in accordance with
the manufacturer’s instructions. The effects of transfection
were examined 48 h after the transfection.

RNA Interference

Endogenous Tidl was knocked down using predesigned
Stealth siRNA against Tid1 (Tidl siRNA) and Stealth siRNA
negative control (control siRNA) from Invitrogen. The Tid1l
siRNA sequences are as follows: Tidl siRNA sense, 5'-
CCCGAGGAGCUAUUCAGGAAGAUCU-3" Tidl siRNA
antisense, 5'-AGAUCUUCCUGAAUAGCUCCUCGGG-3'.
The cells were transiently transfected with 30 nM Tid1 or con-
trol siRNA using Lipofectamine RNAIMAX (Invitrogen) in
accordance with the manufacturer’s instructions. The effects
of knockdown were examined 72 h after transfection.
Conditioned medium was collected and used for ELISA, and
then the cells were processed for ROS detection, TUNEL assay,
or Western blot analysis.

RNA Extraction and Real-Time PCR

Total RNA was isolated from primary cultured neurons using
TRIzol reagent (Invitrogen). Reverse transcription was per-
formed using 1 pg of total RNA and an iScript select cDNA
synthesis kit (Bio-Rad, California, USA) in accordance with
the manufacturer’s instructions. Real-time PCR was per-
formed with GeneAce SYBR qPCR Mix (Nippon Gene,
Tokyo, Japan) in MicroAmp Optical 96-well reaction plates
using a 7500 Real-Time PCR System (Applied Biosystems).
The expression levels of the Tidl gene were normalized with
the corresponding amount of actin mRNA using the compar-
ative threshold cycle method. Amplification was performed
using the following primers: Tidl (sense, 5'-TAGG
CAGCAGAACCTGATCC-3’; anti-sense, 5'-GGAA
TCCCTCATTGTCCT-CCC-3") and actin (sense, 5'-CATC
CGTAAAGACCTCTATGCCAAC-3'; anti-sense, 5-ATGG
A-GCCACCGATC-CACA-3").

Western Blot Analysis
Cells and hippocampal tissues from human and mice brains

were homogenized in RIPA buffer containing a protease in-
hibitor cocktail (Roche, Mannheim, Germany) and a
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phosphatase inhibitor cocktail solution I (FUJIFILM
Wako Pure Chemical Corporation, Japan). The resulting
homogenates were incubated on ice for 30 min and
centrifuged for 30 min at 13,000xg at 4 °C. The protein
concentrations in the supernatants were determined using
a BCA protein assay kit (Thermo Fisher Scientific, USA).
Equal amounts of proteins were separated by SDS polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred to
polyvinylidene difluoride (PVDF) membranes (Millipore,
Billerica, MA, USA). These membranes were then
blocked with 5% skim milk in TBS-T for 1 h at room
temperature, and then incubated overnight at 4 °C with
the following primary antibodies: anti-Tidl (Santa Cruz
Biotechnology, USA), anti-Myc (MBL Life Science,
Japan), anti-caspase-3 (Cell Signaling Technology,
USA), anti-phospho (p)-tau (AT180, Invitrogen), anti-
tau (tau5, BioLegend, USA), anti-p-AKT (p-AKT
(S473), Cell Signaling Technology), anti-AKT (Cell
Signaling Technology), anti-p-GSK3o/3 (S21/9, Cell
Signaling Technology), anti-GSK3 /3 (Cell Signaling
Technology), anti-APP (22C11, Millipore), anti-BACEI
(Cell Signaling Technology), anti-PS1 (Millipore), anti-
ADAMI10 (Millipore), anti-actin (Proteintech Group,
USA), anti-p-JNK (p-SAPK/INK (T183/Y185) (G9),
Cell Signaling Technology), and anti-JNK (SAPK/INK,
Cell Signaling Technology) antibodies. The membranes
were washed with TBS-T and then incubated with the
appropriate secondary antibodies conjugated to horserad-
ish peroxidase. Immunoreactive bands were visualized
using Immunostar Zeta or Immunostar LD (FUJIFILM
Wako Pure Chemical Corporation) and analyzed using
Amersham Imager 680 (GE Health Care, Japan).

AB ELISA

Primary cultured neurons, HEK293-APP cells, and
HEK?293-C99 cells were transfected with Tidl or con-
trol siRNA for 72 h, and the conditioned medium was
collected and centrifuged at 12,500 rpm for 15 min at 4
°C to remove cell debris. The levels of AB40 and AP42
secreted in the medium were measured using sandwich
enzyme-linked immunosorbent assay (ELISA) kits
(Wako Pure Chemical Industries, Japan) in accordance
with the manufacturer’s instructions. For HEK293-APP
cells transfected with the Myc-tagged Tidl-L or mock
control vector, the culture medium was replaced with a
fresh one 24 h after transfection, and then the cells were
treated with 10 uM JNK inhibitor (SP600125) or vehi-
cle control (0.1% DMSO) for 24 h. The levels of A{340
and Af342 secreted in the medium were measured using
ELISA kits. The obtained A levels were normalized to
the amount of total protein.
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TUNEL Assay

Apoptosis was assessed by the terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) assay
using an ApopTag Fluorescein Direct In Situ Apoptosis
Detection Kit (Chemicon, Temecula, USA). Primary cultured
neurons transfected with control or Tidl siRNA were treated
with 0, 5, or 10 uM A 42 for 24 h. The cells were fixed with
1% paraformaldehyde in PBS for 10 min at room temperature
and permeabilized in EtOH: acetic acid (2:1) for 5 min at—20
°C, and then the cells were washed with PBS. Fluorescein-
conjugated nucleotide and TdT enzyme were added to the
cells, which were then incubated for 1 h at 37 °C. Nuclei were
stained with DAPI. Images were obtained using an AX70
fluorescence microscope (Olympus, Japan). The percentage
of apoptotic cells was determined as the ratio of the number
of DAPI-TUNEL-double-positive cells with respect to the to-
tal number of DAPI-positive cells.

ROS Detection

Intercellular ROS was assessed using a DCFDA probe with a
ROS Detection Cell-Based Assay Kit (Cayman Chemical,
USA). HEK293-APP cells transfected with the Tid1-L vector
or Tidl siRNA were incubated with 20 uM DCFDA in the
dark for 30 min at 37 °C. Twenty millimolar N-acetyl cysteine
(NAC) was added as a negative control. Intracellular hydro-
gen peroxide levels were assessed using a microplate reader
(SpectraMax Gemini EM).

Statistical Analysis

Statistical analysis was performed using GraphPad prism soft-
ware (GraphPad Software, San Diego, CA, USA). All values
are presented as the mean + SEM of at least three independent
experiments.

Results

Tid1 Is Upregulated in the Hippocampus of AD
Patients and Tg2576 Mice

First, we investigated whether the Tidl protein levels are al-
tered in the hippocampus of AD patients. Total protein was
extracted from the hippocampus, one of the most affected
brain regions in AD, of AD patients (n = 10), and non-AD
control (n = 10), and subjected to Western blot analysis. In
mammals, two alternatively spliced forms of Tidl are
expressed, Tidl-L and Tidl-S, which differ only at their
carboxyl-terminal tails [19]. We found that the protein levels
of'both Tid1-L and Tid1-S in the hippocampus of AD patients
were higher than those in the hippocampus of non-AD control
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(Fig. 1a—c). We also determined the Tid1 protein levels in the
hippocampus of Tg2576 mice overexpressing human APP
with the Swedish mutation, which is linked to early-onset
familial AD. These mice showed that the levels of A3 begin
to increase at 6—7 months and subsequent A3 deposition is
observed at approximately 9 months of age [25]. Total protein
was extracted from the hippocampus of Tg2576 mice and WT
mice at 6, 11, or 18 months of age (n = 6 per each age). We
found that both Tid1-L and Tid1-S protein levels were signif-
icantly upregulated in the 6- and 11-month-old Tg2576 mice
compared with the age-matched WT mice. In the hippocam-
pus of 18-month-old Tg2576 mice, the Tid1-L levels were
also significantly upregulated compared with those in the
age-matched WT mice. At 18 months of age, although the
Tid1-S levels did not significantly change, they tended to be
higher than those in the age-matched WT mice (Fig. 1d—f).
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Fig. 1 Tidl protein levels are upregulated in the hippocampus of AD
patients and Tg2576 mice. a—c Tidl protein levels in the hippocampus
of AD patients (n = 10) and non-AD control (n = 10) were determined by
Western blot analysis using the anti-Tid]1 antibody. a A representative
immunoblot is shown. b and ¢ The protein levels of Tid1-Long (Tid1-
L) and Tid1-Short (Tid1-S) were quantified by densitometry, and their
amounts were normalized to that of actin, and expressed as a value
relative to that of non-AD as a control. All the values are presented as
the mean + SEM, *p < 0.05 vs non-AD, as determined by Student’s  test.
d—f Tidl protein levels in the hippocampus of Tg2576 mice and age-
matched wild-type (WT) mice. Lysates were prepared from the
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These results suggest that Tidl induction occurred at an early
stage of age, and A3 may increase Tidl levels because Af3
production in Tg2576 mice is higher than that in WT mice.

AB42 Increases Tid1 Expression Levels in Cultured Rat
Cortical Neurons

Af3 induces mitochondrial impairment at an early stage of AD
[26, 27]. Therefore, we hypothesized that the upregulated
Tidl protein levels in the hippocampus of AD patients and
Tg2576 mice are due to the increased A level. To test this
hypothesis, we treated primary rat cortical neurons with 5 uM
AP42 for 0, 1, 2, 3, or 6 h, and determined the Tidl protein
levels by Western blot analysis. We observed that A{342 sig-
nificantly increased both Tid1-L and Tid1-S levels 1 and 2 h
after the treatment and then gradually decreased until 6 h
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hippocampus of 6-, 11-, and 18-month-old Tg2576 (Tg) mice (n = 6
per each age) and age-matched wild-type (WT) mice (n = 6 per each
age). The protein levels of Tidl were determined by Western blot
analysis using the anti-Tidl antibody. d A representative immunoblot is
shown. e and f Tidl-Long (Tid1-L) and Tid1-Short (Tid1-S) were
quantified by densitometry, and their amounts were normalized to that
of actin, and expressed as a value relative to that in the 6-month-old WT
mice as a control. All the values are presented as mean + SEM. *p < 0.05,
**p < 0.01, ¥**p < 0.001 vs age-matched WT mice, N.S., no significant
difference, as determined by two-way ANOVA
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(Fig. 2a—c). Next, we measured the mRNA expression levels
of Tidl in these cells after A342 treatment by semiquantita-
tive real-time PCR analysis. As shown in Fig. 2d, the mRNA
expression levels of Tidl significantly increased 1 h after
A 342 treatment, reached a peak at 2 h, and then slightly de-
creased. These findings indicate that the increase in Tid1 pro-
tein levels induced by A342 is caused by Tidl gene expres-
sion. Taken together, these results suggest that the upregulated
Tid1 protein levels found in the hippocampus of AD patients
and Tg2576 mice may be caused by Af3, and Tidl induction
appeared at an early stage in response to Af3.

Knockdown of Tid1 in Primary Cultured Neurons
Protects Against AB42-Induced Neurotoxicity

Tid1 is involved in apoptosis and cell survival, and it is neg-
atively associated with the proliferation of tumor cells [19,
28]. Therefore, we examined whether Tidl is involved in
A42-induced neuronal cell death. For this purpose, we first
decreased the Tid1 levels in primary cultured neurons by Tid1
siRNA transfection. The cells were transfected with control or

A

Fig. 2 A42 increases Tidl
protein and mRNA expression
levels in primary rat cortical
neurons. a—¢ Primary cultured
neurons were incubated with

5 uM Ap42 for0,1,2,3,0or6 h
and then lysed. The protein levels
of Tid1 were determined by
Western blot analysis using the
anti-Tid1 antibody. a A represen-
tative immunoblot is shown. b
and ¢ The protein levels of Tid1-
Long (Tid1-L) and Tid1-Short
(Tid1-S) were quantified by den-
sitometry, and their amounts were
normalized to that of actin, and
expressed as a value relative to
that of without A 342 treatment. d
Primary cultured neurons were
incubated with 5 pM A (342 for 0,
1,2, 3, or 6 h. The Tidl mRNA
expression levels were deter-
mined by real-time PCR analysis.
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Tid1 siRNA, as described in Materials and methods. Seventy-
two hours after transfection, the cells were treated with 0, 5, or
10 uM A[342 for 24 h. Apoptotic cells were analyzed by
TUNEL assay. In control siRNA-transfected cells, the per-
centage of TUNEL-positive cells increased after A[342 treat-
ment in an A342 dose-dependent manner. However, the per-
centage of TUNEL-positive cells was reduced in Tid1 siRNA-
transfected cells compared with control siRNA-transfected
cells after APB42 treatment (Fig. 3a and b). These findings
suggest that Tidl mediates neuronal cell death in response to
A 42 treatment.

Tid1-Mediated Apoptosis Is Caspase-3-Dependent

Next, we examined whether Tid1-mediated neuronal cell
death after A342 treatment is dependent on caspase-3 activity.
Primary cultured neurons were transfected with control or
Tid1l siRNA for 72 h, and then the cells were treated with 0
or 5 uM Af342 for 24 h. The cleaved caspase-3 levels were
determined by Western blot analysis. Under non-A(342-
treatment condition, the knockdown of Tidl did not change
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the cleaved caspase-3 levels compared with control siRNA
transfection. The cleaved caspase-3 levels in Tidl siRNA-
transfected cells were lower than those in control siRNA-
transfected cells after A(342 treatment (Fig. 3¢ and d). These
findings indicate that caspase-3 activity was involved in Tid1-
mediated neuronal cell death induced by A{342. Since the
Tid1 protein levels were upregulated in the hippocampus of
AD patients and Tg2576 mice, we further investigated wheth-
er the overexpression of Tid1 can induce apoptosis. For this
purpose, we used HEK293-APP cells stably expressing hu-
man APP695 because the transfection efficiency of primary
cultured neurons is too low. It has been reported that the Tid1-
L and Tid1-S isoforms have opposing effects on apoptosis
induced by exogenous stimuli, and elevated levels of Tid1-L
promote apoptosis, whereas elevated levels of Tid1-S inhibit
apoptosis [19]. Thus, we used the Tid1-L plasmid vector for
overexpression experiments in HEK293-APP cells. HEK293-
APP cells were transiently transfected with the Myc-tagged
Tid1-L (Myc-Tid1-L) or mock control (Myc) vector. We
found that the overexpression of Tidl-L significantly in-
creased the cleaved caspase-3 levels compared with those of
the mock control vector (Fig. 3e and f). This finding indicates
that Tid1-L overexpression can induce apoptosis in HEK293-
APP cells in the absence of stimuli.

Tid1 Regulates ROS Generation

The overexpression of Tidl-L enhances the generation of
ROS in normal fibroblast cells and cancer cell lines [22],
which trigger caspase-3-mediated apoptosis. Thus, we inves-
tigated the effect of Tidl-L on ROS generation after Tid1-L
overexpression or Tidl knockdown in HEK293-APP cells.
ROS levels were measured using DCFH-DA, a membrane-
permeable non-fluorescent dye. The membrane-permeable
dye was cleaved to DCFH with intracellular esterase, and then
the cleaved dye was oxidized with ROS to produce a green
fluorescence. HEK293-APP cells were transfected with the
Myc-tagged Tid1-L or mock control vector for 48 h, and then
the cells were labeled with DCFH-DA and analyzed using a
microplate reader to detect ROS generation. The overexpres-
sion of Tid1-L increased the DCF fluorescence intensity rela-
tive to the mock control vector transfection, indicating ROS
generation, which was reversed by the simultaneous presence
of 20 mM N-acetyl-cysteine (NAC) (Fig. 4a). Conversely, the
knockdown of Tid1 in these cells decreased ROS levels rela-
tive to control siRNA transfection (Fig. 4b). Therefore, these
results suggest that Tid1-mediated cell death is caused in part
by the generation of ROS.

Tid1 Increases A Production

It was suggested previously that ROS positively contribute to
AP production [29]. Therefore, we further investigated the

effect of Tidl on AR production using HEK293-APP cells
and primary cultured neurons. HEK293-APP cells were
transfected with the Tid1-L or mock control vector for 48 h,
and then the levels of A340 and A(342 in the medium of the
cells were measured by ELISA. We found that both A340 and
A42 levels in the medium of the cells transfected with the
Tid1-L vector were significantly increased compared with
those of cells transfected with the mock control vector
(Fig. 5a and b). Conversely, the knockdown of Tidl in
HEK293-APP cells reduced the production of both
AP40 and AP42 (Fig. 5¢ and d). These results were further
confirmed in primary cultured neurons, that is, the knockdown
of Tid1 reduced the production of both A340 and A 342 com-
pared with control siRNA transfection (Fig. Se and f). These
results indicate that the overexpression of Tidl promotes Af3
production.

Tid1-Induced A Production Is Mediated by BACE1

Altered levels of APP processing enzymes, such as ADAM10
(ax-secretase), BACE1 (f3-secretase), and PS1 (y-secretase
component), affect the production of Af3. To study the mech-
anism underlying Tid1-induced A 3 production, we investigat-
ed the effect of Tidl on the levels of these proteins in
HEK293-APP cells and primary cultured neurons. Western
blot analysis showed that Tid1-L vector-transfected cells
expressed higher levels of BACELI than the cells transfected
with the mock control vector, but there were no significant
differences in APP, PS1, and ADAMI10 levels between the
mock control vector- and Tid1-L vector-transfected cells
(Fig. 6a and b). Conversely, the knockdown of Tidl in
HEK?293-APP cells reduced the BACE1 levels, but not the
APP, PS1, and ADAMI0 levels (Fig. 6¢ and d). Similar results
were obtained in primary cultured neurons, that is, the knock-
down of Tidl decreased the BACEL1 levels without altering
the levels of APP, PS1, and ADAMIO0 (Fig. 6¢ and f). These
results indicate that Tid1-induced A3 production is mediated
by the BACE1 levels. APP-C99 is the product of 3-secretase
and harbors - and 'y-cleavage sites, but not (3-cleavage sites.
Therefore, to further clarify whether Tidl-induced A3 pro-
duction is dependent on the activation of 3-secretase but not
that of o~ or y-secretase, HEK293-C99 cells were transfected
with the Tid1-L or mock control vector for 48 h, and then the
levels of A340 and AP42 in the medium of the cells were
measured using an ELISA kit. We did not find any significant
difference in neither A340 nor A342 level between the mock
control vector- and Tid1-L vector-transfected cells
(Supplementary Figs. A and B). Furthermore, Tid1 knock-
down in HEK293-C99 cells did not change the A340 and
A 342 levels (Supplementary Figs. C and D). Taken together,
these results indicate that Tidl-mediated increases in A{340
and AP42 levels are caused by the increased BACEI levels.
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Tid1 Increases Ap Production via JNK Activation JNK activation is involved in Tidl-mediated A3 production.

For this purpose, HEK293-APP cells were transfected with
Several lines of evidence suggest that oxidative stress induces  the Tid1-L or mock control vector for 48 h, and then the cells
JNK activation, which further regulates apoptosis and induces ~ were treated with the vehicle (control) or 10 uM JNK inhibitor
A3 production [30-33]. We therefore investigated whether ~ (SP600125) for 24 h. We found that the overexpression of
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<« Fig. 3 Tidl regulates caspase-3-dependent apoptosis. a and b Primary
cultured neurons were transfected with control or Tidl siRNA for 72 h
and then incubated with 0, 5, or 10 uM A 342 for 24 h, and apoptosis was
analyzed by TUNEL assay. Cell nuclei were also stained with DAPI. a
Representative images showing DAPI-stained and TUNEL-positive cells.
b Quantification of TUNEL-positive cells among DAPI-stained cells.
TUNEL-positive cells were counted from twelve randomly selected fields
in three independent experiments. All the values are presented as the
mean = SEM of three independent experiments. **p < 0.01, ***p <
0.001 vs control siRNA, AB42 0 uM. *p < 0.001, N.S., no significant
difference, as determined by two-way ANOVA. ¢ and d Primary cultured
neurons were transfected with control or Tidl siRNA for 72 h and then
incubated with 0 or 5 uM A (342 for 24 h. The protein levels of Tidl and
cleaved caspase-3 were determined by Western blot analysis using the
anti-Tid]1 and anti-caspase-3 antibodies respectively. ¢ A representative
immunoblot is shown, and bands were quantified by densitometry, and
their amounts were normalized to that of actin, and expressed as a value
relative to that of control (d). All the values are presented as the mean +
SEM of three independent experiments. *p < 0.05, ***p < 0.001 vs
control siRNA, Ap42 —. #p < 0.05, N.S., no significant difference, as
determined by one-way ANOVA. e and f HEK293-APP cells were
transfected with the mock (Myc) or Myc-tagged Tid1-L (Myc-Tidl-L)
vector for 48 h. The protein levels of Tidl and cleaved caspase-3 were
determined by Western blot analysis using the anti-Tid1 and anti-caspase-
3 antibodies respectively. e A representative immunoblot is shown, and
bands were quantified by densitometry, normalized to actin, and
expressed as a value relative to that of the mock vector (f). All the values
are presented as the mean + SEM of three independent experiments. **p
< 0.01 vs mock vector, as determined by Student’s ¢ test

Tid1-L increased the phosphorylated (p-) JNK levels com-
pared with mock control vector transfection, and the Tid1-
mediated increases in the p-JNK levels were decreased by
the treatment with the JNK inhibitor (Fig. 7a and b). The
Tid1-mediated increases in the BACEI levels were al-
so decreased by the treatment with the JNK inhibitor
(Fig. 7a and c). Next, we further investigated A3 production
and found that the JNK inhibitor reduced the Tid1-mediated
increases in Af340 and A(342 levels (Fig. 7d and e). These
results suggest that the Tid1-mediated activation of JNK con-
tributes to the production of Af.

A
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» 27
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o 17
=
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NAC. — + — +
vector: mock Tid1-L

Fig. 4 Tidl regulates ROS generation. a HEK293-APP cells were
transfected with the mock control (Myc) or Myc-tagged Tidl-L (Myc-
Tid1-L) vector for 48 h. b HEK293-APP cells were transfected with
control or Tidl siRNA for 72 h. ROS levels were determined using a
DCFDA probe. 20 mM N-acetyl-cysteine (NAC) was used as a ROS

Tid1 Has No Effect on Tau Phosphorylation

The hyperphosphorylation of tau is a hallmark of synaptic
dysfunction and neurodegeneration in the brain of patients
with AD. Therefore, we also determined whether Tid1-L can
affect tau phosphorylation. The phosphorylated (p-) tau levels
after Tid1-L overexpression in Neuro2A-P301L cells, which
stably express the human 2N4R tau isoform and the repeat
domain fragment with the P301L mutation [24], were deter-
mined by Western blot analysis. We found that the overexpres-
sion of Tid1-L did not affect the p-tau levels (Fig. 8a and b).
Next, we also examined whether the knockdown of Tidl in
primary cultured neurons can affect the p-tau levels. The phos-
phorylation of AKT (p-AKT) and GSK3o/ (p-GSK3o/f3),
which are essential components of PI3K signaling to reduce
tau phosphorylation, was also examined. We did not find any
significant difference in neither p-tau, p-AKT, nor p-GSK3«/
{3 levels between Tidl siRNA- and control siRNA-transfected
primary cultured neurons (Fig. 8c and d). These results indi-
cate that Tid1 is not involved in tau phosphorylation.

Discussion

Several lines of evidence suggest that mitochondrial dysfunc-
tion is an important factor in the pathogenesis of neurodegen-
erative diseases including AD, Parkinson’s disease (PD), and
amyotrophic lateral sclerosis (ALS) [34-36]. Several mito-
chondrial and metabolic abnormalities have been identified
in the brain of AD patients compared with the age-matched
control. Furthermore, mitochondrial oxidative changes and
synaptic abnormalities have been reported as early events in
AD progression [37-39]. Moreover, oxidative stress has been
proposed to be an important factor in the pathogenesis of AD
and contributes to A3 generation and NFT formation,
resulting in neuronal cell death [40-42]. However, the causal
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inhibitor. Quantification results were expressed as a value relative to that
of control. All the values are presented as the mean + SEM of three to six
independent experiments. *p < 0.05, **p < 0.01 vs mock vector, NAC —,
sy < 0.001 vs control siRNA, NAC —, #p < 0.001, as determined by
one-way ANOVA
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Fig. 5 Tidl regulates A3 level in HEK293-APP cells and primary cul-
tured neurons. a and b HEK293-APP cells were transfected with the
mock control (Myc) or Myc-tagged Tid1-L (Myc-Tidl-L) vector for 48
h. ¢ and d HEK293-APP cells were transfected with the control or Tid1
siRNA for 72 h. e and f Primary cultured neurons were transfected with
control or Tid1 siRNA for 72 h. The levels of A340 and A 342 secreted in

factors for mitochondrial oxidative damage in AD pathogen-
esis are still unclear.

Tid1 is proposed to play a role in multiple signal transduc-
tion processes including neurite outgrowth, apoptosis, and
mitochondrial protein translocation. However, the involve-
ment of Tid]l in AD pathogenesis, as well as its expression
in the brains of patients with AD, is as yet unclarified. In this
study, we first investigated whether the Tid1 protein levels are
altered in the hippocampus of AD patients and Tg2576 mice,
and also determined the effect of Tidl on neuronal cell death
and A3 generation in primary cultured neurons and HEK293-
APP cells. As a result, we found that the Tidl protein levels
were upregulated in the hippocampus of AD patients and
Tg2576 mice, and the treatment of primary cultured neurons
with A342 significantly increased the Tid1 levels at the early
stage, which suggests that the upregulated Tid1 protein levels
found in the brains of AD patients and Tg2576 mice may be
caused by Af3. Moreover, the overexpression of Tidl-L in-
creased ROS generation, apoptosis, and A3 production, and
these effects were reversed by Tid1 knockdown.

Recently, a time-course global gene expression study of
Tg2576 mice and age-matched non-transgenic littermates
has revealed that the genes related to mitochondrial energy
metabolism and apoptosis were upregulated in Tg2576 mice
before AR plaques were evident [18], which suggest that mi-
tochondrial impairment is an early event in AD progression.
Tg2576 mice showed that the levels of A3 begin to increase at
6—7 months and subsequent A3 deposition is observed at
approximately 9 months of age [25]. In our study, we found
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the medium were measured by sandwich ELISA. The A3 levels were
normalized to the amount of total protein in the cells. All the values are
presented as the mean + SEM of three to six independent experiments. *p
< 0.05 vs control siRNA, **#p < 0.001 vs mock vector, as determined by
Student’s ¢ test

that elevated Tidl protein levels in the hippocampus of
Tg2576 mice appeared at 6 months of age compared with
age-matched WT mice. This finding suggests that the induc-
tion of Tidl at an early stage may contribute to mitochondrial
impairment. Treatment of N2a cells and neurons with Af3
induced abnormal mitochondrial dynamics through decreased
mRNA levels of mitochondrial fusion genes and increased the
expression levels of fission genes [43, 44]. Recent studies
suggest that A3 interacts with a mitochondrial fission protein,
dynamic-related protein 1 (Drpl), which causes excessive
fragmentation of mitochondria, leading to abnormal mito-
chondrial dynamics and synaptic degeneration in AD neurons
and Af3 increases its mRNA expression levels in mouse neu-
roblastoma (N2a) cells [45]. It has been reported that elevated
Tidl protein levels induced Drpl-dependent mitochondrial
fragmentation, which suggests that Tidl acts as an inducer
of mitochondrial fragmentation [22]. Therefore, we consid-
ered that the increase in Tidl protein levels was due to Af3,
and we found that A342 treatment significantly increased the
expression levels of Tidl mRNA and its protein in primary
cultured neurons. This result suggests that the increase in Tid1
protein levels in the hippocampus of 6-month-old Tg2576
mice could be triggered by A3 similarly to the A{3-mediated
increase in Tid1 expression levels observed in cultured corti-
cal neurons. Although the mechanism by which the Tidl
levels increased in A342-stimulated primary neurons is as
yet unclarified, one possibility is that A342 induces the im-
pairment of mitochondria, consequently affecting mitochon-
drial protein Tidl levels.
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The reduction in physiologic levels of Tidl in cancer cell
lines causes resistance to apoptosis induced by multiple exog-
enous stimuli, including tumor necrosis factor « [28, 46],
suggesting that Tid1 has its tumor suppressor activity. In this
study, we also examined the effect of Tidl on neuronal cell
death induced by A342 in primary cultured neurons, and we
found that the knockdown of Tid1 by Tid1 siRNA transfection
significantly decreased both the percentage of TUNEL-
positive cells and cleaved caspase-3 levels after A342

treatment. These findings suggest that the increased Tidl ex-
pression levels may mediate the apoptotic function in primary
cultured neurons against A42-induced neurotoxicity. It has
been reported that A3 induces the expression and activation of
p53, which plays an important role in promoting apoptosis in
cultured neurons [47, 48]. Therefore, the increased Tidl ex-
pression levels might simultaneously activate p53 to promote
neuronal cell death, because Tidl interacts with p53 leading to
the promotion of apoptosis [21, 49]. Regarding apoptosis, the
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Fig. 7 JNK inhibitor rescues Tidl-mediated A3 production. HEK293-
APP cells were transfected with the mock control (Myc) or Myc-tagged
Tid1-L (Myc-Tid1-L) vector for 48 h, and the cells were treated with
10 uM SP600125 (JNK inhibitor) for 24 h. a—¢ The protein levels of
Tidl, p-JNK, JNK, and BACEI were determined by Western blot analy-
sis using the anti-Tid1, anti-p-JNK, anti-JNK, and anti-BACE]1 antibod-
ies respectively. a A representative immunoblot is shown, and the p-JNK
levels were quantified by densitometry, and normalized to JNK levels,
and expressed as a value relative to that of control (b). The BACE] levels
were quantified by densitometry, normalized to actin levels, and

two Tid1 protein isoforms exhibit opposing effects on apopto-
sis in response to exogenous stimuli, as previously observed in
protein overexpression studies. The expression of Tid1-L was
found to promote apoptosis induced by the DNA-damaging
agent mitomycin C, whereas Tid1-S expression suppressed it
[19]. Here, we report that the ectopic expression of Tid1-L in
HEK293-APP cells increased cleaved caspase-3 levels even in
the absence of any stimuli. These findings are consistent with
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expressed as a value relative to that of control (c). All the values are
presented as the mean + SEM of three independent experiments. *p <
0.05, **p < 0.01, ***p < 0.001 vs mock vector, SP600125 —, #p <0.05,
N.S., no significant difference, as determined by one-way ANOVA. d and
e The levels of A40 and A(342 secreted in the medium were measured
by sandwich ELISA. Quantification results were expressed as a value
relative to that of the mock control vector, SP600125. All the values are
presented as the mean + SEM of three independent experiments. *p <
0.05, **p < 0.01 vs mock vector, SP600125, *p < 0.05, *p < 0.01, N.S.,
no significant difference, as determined by one-way ANOVA

a previous finding that elevated Tid1-L levels induce apopto-
sis in the absence of any stimuli [22, 28]. Furthermore, the
depletion of both endogenous Tid1-L and Tid1-S strongly
protects primary cultured neurons from A3-induced apopto-
sis, which is in agreement with a previous finding that the
depletion of both endogenous Tid1-L and Tid1-S isoforms
resistance to apoptosis mediated by multiple exogenous
stimuli [46].
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Impaired mitochondrial function results in excessive
ROS generation and the subsequent oxidative damage to
neurons; oxidative stress is characteristic of AD brains
[15]. In this study, we found that the overexpression of
Tid1-L increased ROS generation, whereas the depletion
of Tidl reduced ROS generation in HEK293-APP cells.
It has been reported that Tidl induce Drpl-mediated
mitochondrial fragmentation associating with increased
ROS level in cancer cells [22]. The increased ROS gen-
eration observed in Tidl-L overexpression cells might
be induced by Tidl-mediated mitochondrial fragmenta-
tion. These findings indicate the involvement of ROS
generation and caspase-3 activation in Tidl-induced
cytotoxicity.

A3 is generated from APP by a two-step proteolytic cleav-
age by (-secretase and y-secretase. Oxidative stress is en-
hanced during normal aging and is believed to be an early
event in AD pathogenesis [44, 48], and oxidative stress has
been known to increase the expression level and enzyme ac-
tivity of BACE1 [50-52]. Moreover, the expression level and
activity of BACELI are increased in the brain of late-onset
sporadic AD patients [53-56]. In this study, we also deter-
mined the effect of Tid1 on A3 production in primary cultured
neurons and HEK293-APP cells. Our study provides for the
first time the finding that the overexpression of Tid1-L

increased the production of both A340 and Af342 in
HEK293-APP cells. Conversely, the depletion of Tidl in
HEK293-APP cells and in primary cultured neurons de-
creased their production. Furthermore, the overexpression of
Tid1-L significantly increased BACE1 levels without altering
APP, ADAMI10, and PS1 levels, which suggest that the Tid1-
mediated increase in ROS levels increased BACE1 levels,
resulting in AR production.

JNK is a member of the mitogen-activated protein kinase
family and phosphorylates and activates transcription factors
of the activator protein-1 family in response to various stress-
es, including oxidative stress [57]. Furthermore, JNK expres-
sion is upregulated in the brains of AD patients and Tg2576
mice [58, 59]. Additionally, the loss of JNK activity prevents
the amyloidogenic cleavage of APP and the formation of am-
yloid plaques in vivo. Furthermore, JNK may contribute to the
increase in AP production by promoting f3-secretase-
mediated APP cleavage. We also found that the overex-
pression of Tidl activated JNK leading to increased Af3
production, whereas the inhibition of JNK by the JNK
inhibitor prevented Tidl-mediated A3 production. However,
whether Tidl is directly involved in JNK activation is
unclear; one possible mechanism is that the overexpres-
sion of Tidl-L increases ROS generation which may in
turn activate JNK.
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In the present study, Tidl increased A3 production and
conversely A342 induced in increase of Tidl expression
levels. These two results implicate to that they are reciprocally
regulated to synergistically facilitate neuronal cell death.

Although it has been shown that Tid1-L and Tid1-S exhibit
opposing activities in regulating apoptosis, in general, other
studies indicate that both isoforms of Tidl display similar
functions. For instance, both Tidl-L and Tidl-S pro-
mote autophagy flux by interacting with Beclinl-
containing autophagy protein complex [60]. Also, the
ratio of Tid1-L/S and/or modulation of relative expres-
sion levels of the two isoforms may affect the biological
function [19]. In this study, the expression level of
Tid1-S is higher in the brains compared with that of
Tid1-L and is also increased in AD and Tg2576 brains
along with TidlL. Therefore, we cannot rule out the
possibility that the elevated Tid1-S levels found in the
hippocampus of AD patients and Tg2576 mice are also
involved in the apoptosis induced by A3 and A3 production.
Further investigation is necessary on whether the overexpres-
sion of Tid1-S can affect A 3-induced neuronal cell death and
A production.

Conclusion

In summary, our findings suggest that the elevated levels of
Tid1 found in the hippocampus of AD patients and Tg2576
mice are caused by Af3, and the increased Tid1 levels promot-
ed neuronal cell death through increased ROS generation and
caspase-3 activity. Moreover, elevated Tidl levels also in-
duced A production via increased BACEI levels and JNK
activity. Thus, Tidl may be a suitable target for therapeutic
intervention for AD.
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