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MiR-204 silencing reduces mitochondrial
autophagy and ROS production in a murine
AD modelviathe TRPML1-activated STAT3 pathway
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Mitochondrial dysfunction is an early feature of Alzheimer’s
disease (AD), whereby accumulation of damaged mitochondria
in conjunction with impaired mitophagy contributes to neuro-
degeneration. Various non-transcribed microRNAs (miRNAs)
are involved in this process. In the present study, we aimed to
decipher the participation of miR-204 in a murine AD model.
Primary hippocampal neurons were isolated from mice and
treated with B-amyloid 1-42 (AB1-42) to establish a cell model
of AD. Dichloro-dihydro-fluorescein diacetate and dihydro-
rhodamine 123 staining assays were performed to measure to-
tal reactive oxygen species (ROS) and mitochondrial ROS pro-
duction in neurons, and MitoSOX staining was done to analyze
mitochondrial ROS production in hippocampus. Furthermore,
mitochondrial autophagy was observed in hippocampus from
amyloid precursor protein/pesenilin-1 AD modeled mice, and
their cognitive function was assessed by Morris water maze.
Mitochondrial damage, ROS production, and mitochondrial
autophagy were observed in AD cell model induced by AP1-
42. In AD, signal transducer and activator of transcription 3
(STAT3) and transient receptor potential mucolipin-1
(TRPMLI1) expression was downregulated, although miR-204
expression was upregulated. TRPML1 overexpression, downre-
gulation of miR-204, or STAT3 pathway activation reduced the
AB1-42-induced mitochondrial damage, along with ROS pro-
duction and mitochondrial autophagy in vivo and in vitro.
Silencing of miR-204 could upregulate TRPMLI1 expression,
thus suppressing ROS production and mitochondrial auto-
phagy in AD through STAT3 pathway.

INTRODUCTION

As a progressive neurodegenerative disease commonly occurring in
the elderly, Alzheimer’s disease (AD) is the main reason for dementia.
AD is featured by impairment in memory and executive function,
spatial awareness, situational memory, and other cognitive deficits;
deterioration of language; social isolation and defective social cogni-
tion; as well as mental disorder, apathy, depression, and aggression.
Although individual patients suffer from specific psychiatric symp-
toms, all will suffer from a decrease in daily activities and a gradual
loss of self-sufficiency.' Around the world, the number of people
suffering from AD-related dementia is expected to reach 135.5

822 Molecular Therapy: Nucleic Acids Vol. 24 June 2021 © 2021 The Authors.

million by 2050, thus making AD (together with cancer) the major
health problem for the 21% century, imposing an enormous social
and economic burden.” Studies have shown that many cellular
changes are related to the development and progress of neurodegen-
erative diseases, including mitochondrial dysfunction, synaptic dam-
age, hormonal imbalance, inflammatory responses, the formation and
accumulation of hyperphosphorylated tau, and neuronal loss, among
which mitochondrial dysfunction and synaptic damage are early
changes in the pathogenesis of AD.’

Transient receptor potential mucolipin-1 (TRPMLI), which is widely
expressed in the lysosome or endosomal membrane of mammalian
cells,* is the main channel for release of Ca®" from lysosomes and
the main regulator of lysosomal storage and transport of metabolites.
In addition, TRPMLI can regulate autophagy and accumulation of
B-amyloid (AB) in neurons,” both of which are pathological charac-
teristics of AD. MicroRNAs (miRNAs) are a class of non-coding
RNA molecules with 19-24 nt, which are involved in epigenetic regu-
lation of gene expression at a post-transcriptional level.” Current
research has revealed that miRNAs in brain microvessels may pro-
mote a highly activated endothelial phenotype, thus promoting
elimination of AP oligomers through perivascular drainage and inter-
fering in the progression of AD.° Moreover, transcription factor
signal transducer and activator of transcription 3 (STAT3) is acti-
vated in reactive astrocytes in several murine and primate models
of AD,” although inhibition of the STAT3 pathway can prevent astro-
cyte reactivity and affect the progression of AD.

Of note, AD is characterized by mitochondrial dysfunction and syn-
aptic damage, which have been recognized to be ameliorated by phos-
phatase and tensin homologue-induced putative kinase 1 (PINK1).*’
Mitophagy, a selective autophagy to eliminate dysfunctional mito-

chondria, is now understood to be dependent on Parkin.'” In
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Figure 1. AB1-42 induces mitochondrial damage, ROS production, and mitochondrial autophagy in AD-modeled neurons

(A) Expression of mitochondrial-autophagy-related proteins normalized to B-actin in AD-modeled neurons detected by western blot analysis. (B) Binding of autophages to
lysosomes in AD neurons by mRFP-GFP-LC3 staining is shown. (C) The mitochondrial membrane potential of AD-modeled neurons by JC-1 staining is shown. (D) Cell
ATP production detected in AD neurons is shown. (E) Total ROS production in AD-modeled neurons detected by DCFH-DA staining is shown. DCFH-DA without intrinsic
fluorescence can enter into cells through the membrane and then be hydrolyzed into DCFH by esterase. DCFH is incapable of crossing through the cell membrane, such
that probes can be easily loaded into cells where active oxygen can oxidize non-fluorescent DCFH to generate DCF with green fluorescence, which indicates the ROS
content. (F) ROS production in mitochondria in AD-modeled neurons detected by dihydrorhodamine (DHR) 123 staining is shown. DHR123 was oxidized into rhoda-
mine123 by ROS in the mitochondria, and rhodamine123 was excited at 488 nm while green fluorescence was emitted at 515 nm. Measurement data were expressed in
the form of mean + standard deviation. The comparison between two groups was performed by independent sample t test. *p < 0.05. The experiment was repeated

three times independently.

addition, Beclinl is known as a molecular platform involved in the
mediation of autophagosome formation in AD.'" Also, light-chain
31T (LC3II), an autophagosome membrane marker, has been observed
to be upregulated in human neuroblastoma cells exposed to AB,
whereas its downregulation was associated with reduced deposition
of AB in a mouse model of AD.'>"? Given the aforementioned find-
ings, we have investigated the miRNA miR-204 as a factor affecting
mitochondrial autophagy in cell and murine AD models via upregu-
lation of TRPMLI through activation of STAT3 pathway, manifesting
in reduced levels of PINK1, Parkin, LC3II, and Beclinl proteins.

RESULTS

Mitochondrial damage, reactive oxygen species (ROS)
production, and mitochondrial autophagy were observed in AD-
model neurons induced by AB1-42 exposure

To verify whether mitochondrial autophagy is involved in AD, we
first developed an AD cell model by treatment of cultured neurons
with AP1-42. The expression of mitochondrial-autophagy-related
proteins (PINK1, Parkin, LC3II, and Beclinl) was upregulated in
the AD cells compared with that in the control cells (Figure 1A).
Moreover, the binding of autophagosomes to lysosomes was detected
by monomeric red fluorescent protein (mRFP)-green fluorescent pro-
tein (GFP)-LC3 staining, which suggested that autophagic lysosome
formation was blocked in AD (Figure 1B).

Compared with normal neurons, the mitochondrial membrane po-
tential and mitochondrial adenosine triphosphate (ATP) production

in AD-modeled hippocampal neurons were decreased, suggesting
pervasive mitochondrial damage (Figures 1C and 1D). In addition,
total ROS and mitochondrial ROS production in hippocampal neu-
rons of AD were increased (Figures 1E and 1F). Therefore, AB1-42
treatment may induce mitochondrial damage, increase ROS produc-
tion, and impair mitochondrial autophagy in cultured hippocampal
neurons.

Overexpression of TRPML1 reduces mitochondrial damage,
ROS production, and mitochondrial autophagy induced by
Ap1-42

Reverse transcription quantitative polymerase chain reaction (qRT-
PCR) showed that TRPMLI expression was decreased in AD-
modeled neurons (Figure 2A). Upon overexpressing TRPML1 in
AD neurons (Figures 2A and 2B), western blot analysis revealed
that this overexpression downregulated the expression of PINK1, Par-
kin, LC3II, and Beclinl proteins (Figure 2B). Immunofluorescence
showed that the number of co-localized mitochondria and lysosomes
was increased after overexpressing TRPMLI in AD-modeled neurons
(Figure S1A). Moreover, overexpression of TRPMLI increased the
mitochondrial membrane potential and mitochondrial ATP produc-
tion (Figures 2C and 2D), although reducing total ROS and mito-
chondrial ROS production in AD-modeled hippocampal neurons
(Figures 2E and 2F). These results suggest that TRPMLI overexpres-
sion reduces mitochondrial damage, ROS production, and mitochon-
drial autophagy induced by AB1-42 toxicity.
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Figure 2. Restoring TRPML1 reduces AB1-42-induced mitochondrial damage, ROS production, and mitochondrial autophagy

(A) Expression of TRPML1 detected by gRT-PCR. (B) Expression of mitochondrial-autophagy-related proteins normalized to B-actin detected by western blot analysis is
shown. (C) The mitochondrial membrane potential of AD-modeled neurons detected by JC-1 staining is shown, with green referring to JC-1 monomer and golden color
referring to JC-1 polymer. (D) Cell ATP production is shown. (E) Total ROS production detected by DCFH-DA staining is shown. DCFH-DA without intrinsic fluorescence can
enter into cells through the membrane and then be hydrolyzed into DCFH by esterase. DCFH is incapable of crossing through the membrane so that probes can be easily
loaded into cells where active oxygen can oxidize non-fluorescent DCFH to generate DCF with green fluorescence, which indicates the ROS content. (F) ROS production in
mitochondria detected by DHR123 staining is shown. DHR123 was oxidized into rhodamine123 by ROS in the mitochondria, and rhodamine123 was excited at 488 nm while
green fluorescence was emitted at 515 nm. Measurement data were expressed in the form of mean + standard deviation. The comparison between two groups was
performed by independent sample t test. *p < 0.05. The experiment was repeated three times independently.

miR-204 targets TRPML1

To uncover the upstream regulation mechanism of TRPMLI in AD
pathology, we searched in databases for miRNAs that may potentially
target TRPMLI. Our online analysis identified that miR-204 could
bind to TRPMLI, indicating that miR-204 may be an upstream
miRNA of TRPML1 (Figure 3A). Compared with the normal neu-
rons, miR-204 expression in AD-modeled neurons was increased
(Figure 3B). Dual luciferase reporter gene assay confirmed that
miR-204 mimic treatment could reduce the luciferase activity of
TRPML1-wide type (WT) in a dose-dependent manner but had no
significant effect on the luciferase activity of TRPML1 mutant
(Mut) (Figure 3C). Western blot analysis showed that treatment
with miR-204 inhibitor increased the expression of TRPMLI in
AD-modeled neurons, and the promotion by miR-204 inhibitor
had a dose effect (0.5 uM, 5 uM, 10 uM, and 15 uM; Figure 3D). These
results suggest that TRPMLI1 expression can be specifically inhibited
by miR-204 in AD-modeled neurons.

Downregulating miR-204 reduces mitochondrial damage, ROS
production, and mitochondrial autophagy by upregulating
TRPML1 in AD-modeled neurons

To investigate the effects of miR-204 in AD neurons, we tested the con-
sequences of treatment with miR-204 inhibitor in different doses
(0.5 uM, 5 uM, 10 uM, and 15 pM) and short hairpin RNA (shRNA)
against TRPML1 (sh-TRPMLI1) on mitochondrial damage, ROS pro-
duction, and mitochondrial autophagy. According to the off-target
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efficiency results shown in Figure S2, sh-TRPML-3 was selected for
subsequent experiments. miR-204 inhibitor could reduce PINK1, Par-
kin, LC3IJ, and Beclinl expression with a dose-response relationship
(Figure 4A). Also, miR-204 inhibitor was observed to enhance the
degree of co-localization between mitochondria and lysosomes, but
these effects could be reversed by co-transfection of miR-204
inhibitor + sh-TRPMLI (Figure S1B). Furthermore, miR-204 inhibitor
increased mitochondrial membrane potential and mitochondrial ATP
production and decreased total ROS and mitochondrial ROS produc-
tion in AD-modeled neurons in a dose-effect manner, although co-
transfection of sh-TRPMLI reversed the effects of miR-204 inhibitor
(Figures 4B—4E). Thus, downregulation of miR-204 inhibits mito-
chondrial damage, ROS production, and mitochondrial autophagy
induced by AP1-42 by increasing the expression of TRPMLI.

STAT3-mediated miR-204/TRPLM1 activity mediates
mitochondrial damage, ROS production, and mitochondrial
autophagy

We observed that, compared with the normal neurons, the AD-
modeled neurons exhibited lower phosphorylation level of STAT3
(Figure 5A), suggesting the inactivation of STAT3 pathway. Next,
AD neurons were treated with STAT3 pathway activator colivelin
(CLN). qRT-PCR and western blot analysis showed that CLN treat-
ment lowered the expression of miR-204 and increased the expression
of TRPMLI in AD neurons (Figure 5B). Moreover, western blots
showed that PINK1, Parkin, LC3II, and Beclinl expression was
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Figure 3. TRPML1 is targeted by miR-204

(A) The binding sites of miR-204 on TRPML1-WT (left) and binding sites of miR-204 on TRPML1-Mut (right) predicted by online websites. (B) Expression of miR-204 in AD
neurons detected by gRT-PCR is shown. (C) The binding relationship between miR-204 and TRPML1 verified by dual luciferase reporter gene assay is shown. (D) Expression
of TRPML1 normalized to B-actin in AD neurons detected by western blot analysis is shown. Measurement data were expressed in the form of mean + standard deviation. The
comparison between two groups was performed by independent sample t test. *p < 0.05. The experiment was repeated three times independently.

downregulated after CLN treatment, which could be reversed by sh-
TRPML1 (Figure 5C). Further, immunofluorescence showed an
increased co-localization of mitochondria and lysosomes, along
with higher mitochondrial membrane potential and ATP production,
although total ROS and mitochondrial ROS production was
decreased in AD neurons treated with CLN, all of which could be
prevented by sh-TRPMLI1 (Figures 5D-5G and S1C). These results
suggest that STAT3-mediated miR-204/TRPLM1 activity regulates
mitochondrial damage, ROS production, and mitochondrial auto-
phagy induced by AB1-42.

STAT3/miR-204/TRPML1 axis mediates AD development in vivo
through mitochondrial autophagy and ROS production

To verify whether the STAT3/miR-204/TRPMLLI axis is involved in
AD in vivo, amyloid precursor protein (APP)/presenilin-1 (PS1)
transgenic AD mouse model was established. Compared with the
normal mice, STAT3 pathway and TRPMLI1 expression in AD
mice was downregulated, although miR-204 expression was upregu-
lated (Figures 6A and 6B). Next, AD mode mice were injected with
miR-204 angomir, miR-204 antagomir, or lentivirus overexpressing
TRPMLI. Western blot analysis showed that TRPMLI expression
was reduced after miR-204 angomir treatment and elevated after
miR-204 antagomir or TRPMLI overexpression treatment (Fig-
ure 6C). Further, western blot analysis showed that expression of
PINKI1, Parkin, LC3II, and Beclinl in AD mice was higher than
in the normal mice, whereas these increases could be further pro-
moted by miR-204 angomir or blocked by miR-204 antagomir or
overexpression of TRPML1 (Figure 6C). Moreover, the number of

mitochondrial autophagy in hippocampus was reduced, the ROS
level was enhanced, and hippocampal tissue damage was aggravated
in AD mice, all of which could be further aggravated by miR-204
angomir or ameliorated by miR-204 antagomir or overexpression
of TRPMLI (Figures 6D, 6E, and S3). These effects of miR-204 an-
gomir showed a significant dose-response relationship.

Cognitive function of mice was examined by Morris water maze ex-
periments. We found that the escape latency of AD-modeled mice
was higher than normal (Figure 6F), although time spent in the
maze, quadrant time of containing the hidden platform, and the num-
ber of times crossing the platform were lower in AD mice (Figures 6G
and 6H). Moreover, the escape latency was increased and time spent
in the maze quadrant time of containing the hidden platform and the
number times crossing the platform were decreased by miR-204 an-
gomir in a dose-dependent manner, although reverse tendencies were
observed by miR-204 antagomir or overexpression of TRPMLI (Fig-
ures 6G and 6H). These results suggested that the STAT3/miR-204/
TRPMLI axis can mediate development of cellular and behavioral as-
pects of AD through mitochondrial autophagy and ROS level in vivo.

DISCUSSION

Obtaining a deep understanding of the pathophysiology of AD is
essential for development of new and sensitive diagnostic methods
in the early and preclinical stages, when salvage might be possible.”
This study was designed to explore the effects of miR-204/TRPML1
on AD in cellular and mouse models. The collective results from
this study demonstrated that suppressing miR-204 upregulated
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Figure 4. Downregulation of miR-204 inhibits mitochondrial damage, ROS production, and mitochondrial autophagy induced by AB1-42 through

upregulating TRPML1

(A) Expression of mitochondrial-autophagy-related proteins normalized to B-actin in AD-modeled neurons detected by western blot analysis. (B) The mitochondrial mem-
brane potential of neurons detected by JC-1 staining is shown, where green refers to JC-1 monomer and golden color refers to JC-1 polymer. (C) Cell ATP production is
shown. (D) Total ROS production in AD neurons detected by DCFH-DA staining is shown. DCFH-DA without intrinsic fluorescence can enter into cells through the membrane

and then be hydrolyzed into DCFH by esterase. DCFH is incapable of crossing through

the membrane, so that probes can be easily loaded into cells where active oxygen can

oxidize non-fluorescent DCFH to generate DCF with green fluorescence, which indicates ROS content. (E) ROS production in mitochondria in AD-modeled neurons detected
by DHR123 staining is shown. DHR123 was oxidized into rhodamine123 by ROS in the mitochondria, and rhodamine123 was excited at 488 nm while green fluorescence
was emitted at 515 nm. Measurement data were expressed in the form of mean + standard deviation. The comparison between two groups was performed by independent

sample t test. *p < 0.05. The experiment was repeated three times independently.

TRPMLI1 expression to reduce mitochondrial damage and ROS pro-
duction and promote mitochondrial autophagy through STAT3
pathway in AD models.

TRPMLI, which belongs to the transient receptor potential protein
family, is an evolutionarily conserved cation channel located in the
late endosome and lysosomal membrane. TRPMLI has a wide distri-
bution in the brain and other tissues and plays an important role in
signal transduction, maintenance of lysosomal ion homeostasis,
membrane transport, and exocytosis.'* We found that TRPMLI
was under-expressed in AD-modeled neurons, and the forced expres-
sion of TRPMLI could reduce mitochondrial damage and ROS pro-

826 Molecular Therapy: Nucleic Acids Vol. 24 June 2021

duction in the cell model. Previous studies have found that loss-of-
function mutations of TRPMLI can induce type IV mucolipidosis,
a devastating neurodegenerative disease that causes retinal degenera-
tion and intellectual disability.* A recent study showed that TRPML1
was downregulated in APP/PS1 transgenic AD-modeled mice and
that overexpressing TRPMLI improved memory and spatial recogni-
tion deficits in the mice and reduced neuronal apoptosis in vivo,
although decreasing neuronal viability and the altered lysosomal
[Ca®"] ion concentration provoked by AB1-42 in vitro."”

miRNAs have been extensively studied and analyzed in blood, cere-
brospinal fluid, and brain tissues as potential biomarkers of AD.



www.moleculartherapy.org

A B C Em AD +veh
AD +CLN
- igntro\ < , @8 AD + CLN +sh-NC
S 15
510 5 . 5§ 20 AD + CLN + sh-TRPML1 *
-STAT3 i x * *
P - = |88 kDa @ 0.8 . T £ @ s . . . .
o = o *
tSTAT | gy @ |88 kD2 5 21 ¢ e T .
c 06 S c 1
! £ S c
pacin| @ @ 200 S | oy g g S .
a S 05 o I T T T T T
S O o 3 )
& v 2 02 - s 2 05 ; 1
O © 2 = = L
& 5 &
0.0 T T g 00 0.0
p-STAT3 t-STAT3 AD +veh AD + CLN PINK1 Parkin LC3 1l Beclin1 TRPML1  p-STAT3  t-STAT3
D B AD +veh E W AD +veh F BE AD +veh G B AD +veh
AD +CLN AD +CLN AD +CLN AD +CLN

@8 AD +CLN +sh-NC @8 AD + CLN +sh-NC

o

= AD + CLN + sh-TRPML1 AD + CLN + sh-TRPML1
2 400 * * 50 N

5 '
s T 3 40

é 3 300 g T

36 z %

T S 200 g

g £ 20 -
g b o

s 100 =31

< <

o

= o 0

@B AD + CLN +sh-NC
AD + CLN + sh-TRPML1

@8 AD +CLN +sh-NC
AD + CLN + sh-TRPML1

*

a
=]
a
S

*

=]
S
=)
S

@
=}

o
Z
DHR123 fluorescence (% )

DCFH-DA fluorescence (%)

=3
=

Figure 5. STAT3 regulates miR-204/TRPLM1 activity to mediate mitochondrial damage, ROS production, and mitochondrial autophagy

(A) Expression of STAT3/p-STAT3 normalized to B-actin in AD-modeled neurons detected by western blot analysis. (B) Expression of miR-204 detected by qRT-PCR is
shown. (C) The expression of PINK1, Parkin, LC3II, and Beclin1 normalized to B-actin in AD neurons detected by western blot analysis is shown. (D) The mitochondrial
membrane potential of AD-modeled neurons detected by JC-1 staining is shown, with green referring to JC-1 monomer and golden color referring to JC-1 polymer. (E) Cell
ATP production is shown. (F) Total ROS production in AD-modeled neurons detected by DCFH-DA staining is shown. DCFH-DA without inherent fluorescence can enter into
cells through the membrane and then be hydrolyzed into DCFH by esterase. DCFH is incapable of crossing through the membrane, so that probes can be easily loaded into
cells where active oxygen can oxidize non-fluorescent DCFH to generate DCF with green fluorescence, which indicates the ROS content. (G) ROS production in mitochondria
in AD-modeled neurons detected by DHR123 staining is shown. DHR123 was oxidized into rhodamine123 by ROS in the mitochondria, and rhodamine123 was excited at
488 nm while green fluorescence was emitted at 515 nm. *p < 0.05. Measurement data were expressed as mean + standard deviation. The comparison between two groups
was performed by independent sample t test. The experiment was repeated three times independently.

However, due to high variability of reported data, lack of standard
methods, and heterogeneity of AD, promising candidate mRNA
biomarkers for AD have eluded discovery. A previous study re-
vealed that miR-34a expression was high in affected brain regions
of patients with AD and transgenic AD mice. Moreover, AP42 treat-
ment increased the release of tumor necrosis factor-o, upregulated
miR-34a expression, and thus induced mitochondrial dysfunction.'®
Additionally, a specific set of miRNAs, including miR-9, miR-125b,
and miR-128, were upregulated in AD brain.'” In our study, aiming
to identify the upstream regulation mechanism of TRPMLI in AD
pathology, we searched for miRNAs that may target TRPMLI
through online analysis, which uncovered that miR-204 may be
an upstream miRNA of TRPMLI. We confirmed that TRPML1
was targeted by miR-204 in AD-modeled neurons and also found
that downregulation of miR-204 inhibits mitochondrial damage,
ROS production, and mitochondrial autophagy otherwise induced
by AB1-42.

Previous studies have shown that phospho-STAT?3 can bind directly
to the STAT3-binding site lying near the promoter region of
TRPM3 upstream of miR-204-5p.'® Thus, activation of STAT3 in-
hibited the expression of miR-204."" A low expression of STAT3
can to some extent promote the occurrence of neurodegenerative
% Other studies have shown that AB42 overexpression
causes memory impairment in mice by interfering with the JAK2/

diseases.

STAT3 axis in hippocampal neurons.”’ We speculated that the
STAT3 pathway may be involved in mitochondrial autophagy by in-
hibiting miR-204 expression and promoting TRPMLI1 expression. In
our study, hippocampal neurons were treated with STAT3 activator
(CLN) and analyzed by qRT-PCR, which showed that miR-204
expression was lowered and TRPMLI expression was enhanced,
suggesting that STAT3 pathway indeed regulates the miR-204/
TRPMLI axis to mediate mitochondrial damage, ROS production,
and mitochondrial autophagy.

In conclusion, by conducting assays in vitro and in vivo, we
may conclude that miR-204 targeted TRPML1, promoted ROS pro-
duction, and inhibited mitochondrial autophagy, thereby promoting
AD progression in cellular and murine models. Activation of STAT3
pathway inhibited miR-204 expression and enhanced TRPMLI
expression, thus inhibiting ROS production and promoting mito-
chondrial autophagy and ultimately inhibiting AD progression (Fig-
ure 7). Of note, assessment on the markers of stemness can mimic
certain cellular profiles, such as those undergoing autophagy, which
is a concept to be explored in future investigations.

MATERIALS AND METHODS

Culture of mice primary hippocampal neurons

Mixed cortical and hippocampal neurons were isolated from fetal rats
of 14-16 days old. The isolated hippocampal neurons were cultured

Molecular Therapy: Nucleic Acids Vol. 24 June 2021 827


http://www.moleculartherapy.org

Molecular Therapy: Nucleic Acids

A 4- @8 Normal * B 1.0 H8 Normal
0 APP/PS1 S 0 APP/PS1
-STAT3 88 kD: 2
< P - = a 2 05
2% 3
o
2. STAT3 |- @ | 5 <Da 2 061 .
21 ko)
2 = 2 0.44
4 = 0.2
) 5
B 2
0- S QQ 0.0-
TRPML1 miR-204 v p-STAT3 t-STAT3
Cc D E
= Normal = Normal = Normal
. APP/PS1 . APP/PS1 . APP/PS1

mm APP/PS1+CLN
APP/PS1 + miR-204 antagomir
W= APP/PS1/TRPML1***

mm APP/PS1+ CLN

APP/PS1 + miR-204 antagomir
APP/PS1/TRPML1***

mm APP/PS1 + CLN

APP/PS1 + miR-204 antagomir

B APP/PS1/TRPML1***

mm APP/PS1/TRPML1*** 0.5 pm miR-204 angomir APP/PS1/TRPML1*** 0.5 pm miR-204 angomir = APP/PS1/TRPML1*** 0.5 ym miR-204 angomir
B APP/PS1/TRPML1*** 5 um miR-204 angomir APP/PS1/TRPML1*** 5 ym miR-204 angomir B APP/PS1/TRPML1*** 5 ym miR-204 angomir
APP/PS1/TRPML1*** 10 um miR-204 angomir APP/PS1/TRPML1"** 10 ym miR-204 angomir APP/PS1/TRPML1*** 10 um miR-204 angomir
m APP/PS1/TRPML1*** 15 pm miR-204 angomir m APP/PS1/TRPML1*** 15 ym miR-204 angomir @ APP/PS1/TRPML1*** 15 pm miR-204 angomir
< - 800
g . . * g 40 * * ,— —
b . ® *
» . . _ 8
8 : : ! F 2 301 600} T
S . tl— hd o =
ZETINs : :
1 .
§ I 1 S 20 = 400- T
g_ 1 — F 1 g T (]
1 4 ['d
E ; & 101 200+
& i 5 -
& = 0 0-
PINK1 Parkin LC3 I Beclin1  TRPMLA1 é
F G H
-o- Normal Bl Normal mm Normal
-= APP/PS1 = APP/PS1 = APP/PS1
—+ APP/PS1+CLN EE APP/PS1+ CLN B APP/PS1+ CLN
-®- APP/PS1 + miR-204 antagomir APP/PS1 + miR-204 antagomir APP/PS1 + miR-204 antagomir
& APP/PS1/TRPML1™ BN APP/PS1/TRPML1** BN APP/PS1/TRPMLT**
- APP/PS1/TRPML1*** 0.5 um miR-204 angomir . APP/PS1/TRPML1*** 0.5 pm miR-204 angomir = APP/PS1/TRPML1*** 0.5 ym miR-204 angomir
-4~ APP/PS1/TRPML1*** 5 ym miR-204 angomir BE APP/PS1/TRPML1*** 5 pm miR-204 angomir Bm APP/PS1/TRPML1*** 5 ym miR-204 angomir
-¥ APP/PS1/TRPML1*** 10 um miR-204 angomir APP/PS1/TRPML1*** 10 ym miR-204 angomir APP/PS1/TRPML1*** 10 um miR-204 angomir
- APP/PS1/TRPML1***15 ym miR-204 angomir . APP/PS1/TRPML1***15 ym miR-204 angomir 8 APP/PS1/TRPML1*** 15 pm miR-204 angomir
100 & 60+ . ,—* 15 N
§ o *
) ] 5 * @ *
@ 80 5 2
S e & 404 S £ 104
—— 2 -
©  40- 8 T 5 @
=3 £ 204 5 8 54 - —
2 g £
A 204 2 . E}
2] z T
(o]
04— T T T T £
1d 2d 3d 4d 5d =

Figure 6. STAT3/miR-204/TRPML1 axis mediates the development of AD by mediating mitochondrial autophagy and ROS production in vivo

(A) Expression of TRPML1 and miR-204 in hippocampus of normal and APP/PS1 mice detected by gRT-PCR. (B) Expression of STAT3/p-STAT3 normalized to B-actin in
hippocampus of mice in normal and APP/PS1 mice detected by western blot analysis is shown. (C) Expression of mitochondrial-autophagy-related proteins normalized to
B-actin in hippocampus of normal and APP/PS1 mice detected by western blot analysis is shown. (D) Frequency of mitochondrial autophagy in hippocampus of mice in each
group observed by electron microscopy is shown. (E) ROS production in hippocampus mitochondria of mice in each group detected by MitoSOX fluorescence is shown.
MitoSOX was oxidized to generate red fluorescence, and the nucleus was stained in blue by DAPI. (F) Escape latency in the Morris water maze test is shown. (G) The time spent
in the quadrant containing the hidden platform in the Morris water maze test is shown. (H) The times of crossing the maze platform detected by water maze test are shown. *p <
0.05. Measurement data were expressed in the form of mean + standard deviation. The comparison between multiple groups was conducted by one-way ANOVA, followed by
Tukey’s post-test, and the comparison between multiple groups at different time points was conducted by repeated-measurement ANOVA, with Bonferroni’s post-test. n = 5.
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Figure 7. STAT3/miR-204/TRPML1 mediates mitochondrial autophagy and
ROS production in AD-modeled cells and mice

In AD models, high expression of miR-204 targets TRPML1, thus promoting ROS
production and inhibiting mitochondrial autophagy, thereby promoting AD pro-
gression. Activation of STAT3 pathway can inhibit expression of miR-204 and
advance expression of TRPML1, thus inhibiting ROS production and promoting
mitochondrial autophagy and ultimately inhibiting the progression of AD.

in Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum and 1% penicillin-streptomycin (Gibco, Grand
Island, NY, USA) at 37°C with 5% CO,.

Cell treatment

A cell model of AD was established by treating hippocampal neurons
with AB1-42 (5 pM) as described previously. ' Cells were divided into
the following groups: control (normal hippocampal neurons); AD
(AD neurons without treatment); control + GFP-RFP-LC3 (HanBio,
Shanghai, P.R. China; normal hippocampal neurons infected with
mRFP-GFP-LC3 autophagic double-labeled adenovirus); AD +
GFP-RFP-LC3 (AD neurons infected with mRFP-GFP-LC3 autopha-
gic double-labeled adenovirus); AD + oe-negative control (NC) (AD
neurons infected with lentivirus harboring NC for overexpression
plasmids); AD + oe-TRPMLI (AD neurons infected with lentivirus

harboring overexpressed TRPML1); AD + inhibitor-NC (AD neurons
treated with NC for miR-204 inhibitor); AD + miR-204 inhibitor (AD
neurons treated with miR-204 inhibitor); AD + miR-204 inhibitor +
sh-TRPML1 (AD neurons treated with miR-204 inhibitor + sh-
TRPML1); AD + miR-204 inhibitor + sh-NC (AD neurons treated
with miR-204 inhibitor + NC for sh-TRPML1); AD + veh (AD neu-
rons treated with sterile deionized water containing 5% sefsol and
20% isopropanol); AD + CLN (AD neurons treated with CLN, a
STAT3 activator); AD + CLN + sh-NC (AD neurons treated with
CLN + NC for sh-TRPMLI1); and AD + CLN + sh-TRPMLI1 (AD
neurons treated with CLN + sh-TRPMLI1). Lentiviruses were used
to infect neurons, forcing them to overexpress or silence gene
expression.

Co-localization of mitochondria and lysosomes

MitoTracker < Green FM (Thermo Fisher Scientific, Waltham, MA,
USA) and Lyso Tracker Red DND-99 (Thermo Fisher Scientific)
were used to label mitochondria and lysosomes, respectively. In short,
the isolated hippocampal neurons were collected and stained for
30 min with 200 nM Mitotracker or 75 nM Lysotracker dissolved
in anhydrous dimethyl sulfoxide. The neurons were then observed
and photographed under a confocal laser microscope.

ROS generation

Hippocampal neurons were collected and inoculated in a 96-well
plate at a density of 3 x 10* cells/well. Dichloro-dihydro-fluorescein
diacetate (DCFH-DA) (STA-342, Cell Biolabs, San Diego, CA, USA)
was used to measure the level of ROS according to the manufacturer’s
instructions. Fluorescence microscopy (BX60, Olympus, Tokyo,
Japan) was used for observation and photographing.

To measure the level of mitochondrial ROS in vivo, the hippocampus
slices from the mice were incubated with MitoSOX (5 um, Invitrogen,
Carlsbad, CA, USA) for 30 min. Laser confocal microscopy (TCS-
SP2) was used to detect the signal with the excitation and emission
wavelengths at 498 and 522 nm, respectively. The ROS fluorescence
value was analyzed by Leica SP2 software.

Detection of mitochondrial membrane potential

The mitochondrial membrane potential (AW m) was detected by JC-1
staining (Beyotime Institute of Biotechnology, Jiangsu, P.R. China).
In short, the cells were stained with 2.5 g/mL JC-1 for 30 min at
37°C. After washing with buffer solution, the cells were analyzed by
fluorescence microscopy.

Detection of mitochondrial ATP production
As described previously,”* neuronal ATP levels were detected with a
fluorescein ATP detection kit (Beyotime).

Dual luciferase reporter gene assay

TRPML1 3’ UTR fragment was introduced into the pGL3-reporter
(Promega, Madison, WI, USA). The mutant form bearing mutation
of the potential miR-204 binding sites was also constructed. The
pGL3-TRPML1-WT and pGL3-TRPMLI-Mut were co-transfected
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with miR-204 mimic or mimic-NC to HEK293 cells, respectively.
Then, 48 h after transfection, the cells were collected and lysed. Lucif-
erase activity was detected on Luminometer TD-20/20 (model:
E5311, Promega) using Dual-Luciferase Reporter Assay System kit
(Promega).

RNA isolation and quantitation

Total RNA was extracted by TRIzol reagents (Invitrogen). TagMan
MicroRNA Reverse Transcription Kit (4366596; Thermo Fisher
Scientific) and High-Capacity ¢cDNA Reverse Transcription Kit
(4368813; Thermo Fisher Scientific) were used to reversely transcribe
the extracted total RNA into cDNA. qRT-PCR was performed on ABI
7500 qPCR (Thermo Fisher Scientific) using SYBR Premix Ex TaqgTM
(Tli RNaseH Plus) kit (RR820A, TaKaRa, Dalian, Liaoning, P.R.
China). With glyceraldehyde-3-phosphate dehydrogenase and U6
as internal references, the relative expression of target genes was
analyzed by 27*2“" method. The primers (Table S1) were synthesized
by TaKaRa.

Western blot analysis

Total protein was isolated using radio immunoprecipitation assay
lysis buffer. The protein was dissolved in 2x sodium dodecyl sulfate
sample buffer and boiled for 5 min. The protein samples were trans-
ferred to polyvinylidene fluoride membranes after separation by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The
membrane was then blocked with 5% skimmed milk and incubated
overnight with diluted primary antibodies of rabbit antibodies to
PINKI1 (ab23707; 1:2,000), Parkin (ab77924; 1:200), LC3 (ab51520;
1:3,000), Beclinl (ab62557; 1:1,000), TRPML1 (ab28508; 1:2,000),
and B-actin (ab8226; 1:1,000). The membrane was washed with
Tris-buffered saline Tween and then incubated with horseradish-
peroxidase-labeled secondary antibody (ab205718; 1:2,000; Abcam,
Cambridge, USA) for 1 h. The membrane was developed with an
enhanced chemiluminescence fluorescence test kit (BB-3501; Amer-
sham, Little Chalfont, UK), imaged using Bio-Rad image analysis sys-
tem (Bio-Rad, Hercules, CA, USA), and finally analyzed by Quantity
One v4.6.2 software. The relative expression was expressed by the ra-
tio of the gray value of corresponding protein bands to the gray value
of B-actin protein bands.

Animal treatment

Twenty-five male APP/PS1 transgenic AD mice (aged 3 months;
28 + 2 g) and 5 WT C57BL/6] mice of the same age (Animal Model
Center of Nanjing University, Nanjing, Jiangsu, P.R. China) with an
average body weight of 26 + 4 g were used for the study. The mice
were assigned randomly into the following groups:*"*’ normal
(C57BL/6] WT mice); APP/PS1 (APP/PS1 mice without treatment);
APP/PS1 + CLN (APP/PS1 mice treated with intranasal injection of
CLN); APP/PS1 + miR-204 antagomir (APP/PS1 mice treated with
stereotactic injection of miR-204 antagomir in brain); APP/PS1/
TRPML1*"* (APP/PS1 mice treated with overexpressing TRPML1);
and APP/PS1/TRPMLI** + miR-204 antagomir (APP/PS1 mice
treated with overexpressing TRPML1 and stereotactic injection of
miR-204 antagomir in brain). miR-204 antagomir was purchased
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from Shanghai GenePharma (Shanghai, P.R. China). At the end of
the behavioral testing, the mice were euthanized by anesthesia over-
dose, blood samples were collected, and the brain tissues were isolated
for histopathological analysis. The animal experiment was approved
by the Animal Ethics Committee of the First Affiliated Hospital of
Zhengzhou University. All experimental procedures were approved
by the Committee on Laboratory Animals and implemented in accor-
dance with the guidelines of the International Association for Pain
Research.

The ultrastructure of mitochondria was visualized and imaged with
transmission electron microscopy by a US-certified electron micros-
copist (J. Bernbaum). The images for neurons, astrocytes, and
microglia were acquired independently. The percentages of damaged
mitochondria as well as mitophagy-like events were calculated by cell
type. All quantifications were performed in a double-bind fashion.

Morris water maze
Morris water maze was used to analyze the behavior of the mice in
each group, following procedures described in detail previously.*

Statistical analysis

All data were processed by SPSS 21.0 statistical software (IBM, Ar-
monk, NY, USA). Measurement data obeying normal distribution
and homogeneity of variance were expressed in the form of mean +
standard deviation. The comparison between two groups was
performed by independent sample t test. The comparison between
multiple groups was conducted by one-way analysis of variance
(ANOVA), followed by Tukey’s post hoc test, and the comparison be-
tween multiple groups at different time points was conducted by
repeated-measures ANOVA, with Bonferroni’s post-test. p <0.05
showed significant difference.
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