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miR-351-5p/Miro2 axis contributes
to hippocampal neural progenitor cell death
via unbalanced mitochondrial fission
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Adult hippocampal neurogenesis supports the structural and
functional plasticity of the brain, while its decline is associated
with neurodegeneration common in Alzheimer’s disease (AD).
Although the dysregulation of certain microRNAs (miRNAs)
in AD have been observed, the effects of miRNAs on hippocam-
pal neurogenesis are largely unknown.
In this study, we demonstrated miR-351-5p as a causative fac-
tor in hippocampal neural progenitor cell death through mod-
ulation of the mitochondrial guanosine triphosphatase
(GTPase), Miro2. Downregulation of Miro2 by siMiro2
induced cell death, similar to miR-351-5p, whereas ectopic
Miro2 expression using an adenovirus abolished these effects.
Excessively fragmented mitochondria and dysfunctional mito-
chondria were indexed by decreased mitochondrial potential,
and increased reactive oxygen species were identified in miR-
351-5p-induced cell death. Moreover, subsequent induction
of mitophagy via Pink1 and Parkin was observed in the pres-
ence of miR-351-5p and siMiro2. The suppression of mito-
chondrial fission by Mdivi-1 completely inhibited cell death
by miR-351-5p. miR-351-5p expression increased whereas the
level of Miro2 decreased in the hippocampus of AD model
mice, emulating expression in AD patients. Collectively, the
data indicate the mitochondrial fission and accompanying mi-
tophagy by miR-351-5p/Miro2 axis as critical in hippocampal
neural progenitor cell death, and a potential therapeutic target
in AD.
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INTRODUCTION
Alzheimer’s disease (AD) is a progressive neurodegenerative disease
characterized by the loss of neurons and synapses, synaptic dysfunc-
tion, mitochondrial dysfunction, and inflammatory responses, along
with extracellular amyloid plaques and intracellular neurofibrillary
tangles.1 Various factors are involved in the reduction of cognitive re-
silience linked with chronic neurodegenerative disease, including AD.
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New neurons are generated from multipotent neural progenitor cells
in the dentate gyrus (DG) of the hippocampus throughout life,
although neuroplasticity may be somewhat affected with age.2 The
hippocampus is one of the most affected areas in AD. Decreased neu-
rogenesis in the hippocampus is a critical factor contributing to
neurodegenerative defects owing to a declined neural progenitor
pool caused by excessive cell death in the hippocampal neurogenic
niche.3 Recent reports strongly suggest that impaired adult neurogen-
esis in the hippocampus is a potentially relevant mechanism underly-
ing memory deficits in AD.4

Adult hippocampal neural progenitor (HCN) cells have previously
been isolated from the adult rat brain by Gage group5 and differenti-
ated into neurons, astrocytes, or oligodendrocytes in vitro and in vivo.
HCN cells have also been proven to functionally integrate into exist-
ing neuronal networks in vivo.6 Their proliferation and differentiation
can be regulated by various exogenous and endogenous factors.7

Among these, insulin is known as a critical regulator of HCN cell
death. Previously we reported that HCN cells undergo cell death
accompanied with excessive autophagy in the absence of insulin.8 Ac-
cording to a recent report, conditional knockout of autophagy regu-
lators in neural stem cells prevented the death of hippocampal neural
stem cells induced by chronic stress.9 These data indicate that HCN
cells can be considered a genuine model for the study of adult neuro-
genesis and autophagy-dependent cell death (ADCD).10 However, the
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molecular mechanisms that regulate autophagy-dependent HCN cell
death remain largely unknown.

Alterations in mitochondrial homeostasis caused by the abnormal
regulation of dynamics, morphology, and movement are known to
be associated with AD.11 Mitochondria play a pivotal role in all eu-
karyotic cells for cellular energy production, calcium buffering, and
regulation of cell death, including apoptosis, necrosis, and autophagy.
Therefore, mitochondrial homeostasis is delicately regulated by mito-
chondrial quality control systems such as mitochondrial biogenesis,
mitophagy, fission, and fusion.12 Mitochondrial fission and fusion
modulate mitochondrial morphology, network formation, and indi-
vidual mitochondrial size. Mitochondrial fission is mediated by the
guanosine triphosphatase (GTPase) dynamin-related protein 1
(Drp1), whereas fusion involves three GTPases: mitofusin 1 and 2
(Mfn1 and Mfn2) and optic atrophy 1 (OPA1).13,14 Mitochondrial
biogenesis and mitophagy, two opposing processes, coordinately
regulate mitochondrial contents in response to cellular stresses.
Recent research has suggested a functional association between mito-
chondrial dynamics and mitophagy. Excessive mitochondrial fission
promotes mitophagy, which selectively targets mitochondria to auto-
phagosomes through Pink1/Parkin-mediated ubiquitination.15,16

Recently, we usedmicroarray-based analysis and reported that several
microRNAs (miRNAs), including miR-351-5p, exhibited signifi-
cantly altered expression levels upon autophagic death of HCN
cells.17 We further identified that increased levels of miR-351-5p
could induce HCN cell death but the detailed mechanisms underlying
HCN cell death needed more investigation. miRNAs are highly
conserved endogenous small non-coding RNAs, about 18–24 nt in
length. They repress protein expression at the post-transcriptional
level through binding to the 30 untranslated region (UTR) of a specific
messenger RNA (mRNA) with a seed sequence match. These highly
conserved miRNAs are deeply involved in diverse biological pro-
cesses, including cell proliferation, differentiation, and cell death.
Interestingly, the human nervous system expresses approximately
70% of all miRNAs. Therefore, it is very likely that miRNAs serve
as critical regulators of neurogenesis, neuronal differentiation, and
synaptic plasticity in the brain.18

In addition to the relevance of miR-351-5p to HCN cell death, we
acknowledged that Miro2 could be the target protein of miR-351-
5p. Miro is an atypical Rho-like GTPase localized on the outer mito-
chondrial membrane (OMM). Two genes encoding Miro GTPases
exist in humans: Miro1 and Miro2. Several studies have suggested
that Miro proteins are deeply involved in mitochondrial dynamics,
including trafficking, fission, and fusion.19 Miro proteins are involved
in mitophagy through phosphorylation, ubiquitination, and degrada-
tion by Pink1/Parkin.20 It is also known that some mutations of
Miro1 found in Parkinson’s disease are related to mitochondrial qual-
ity control.21

In the present study, we focused on miR-351-5p and its target Miro2
to investigate their function in HCN cell death related to the mainte-
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nance of mitochondrial homeostasis and examined the relevance of
these mechanisms to AD.

RESULTS
Mitochondrial GTPase Miro2 is the target of miR-351-5p

We previously reported that miR-351-5p is upregulated during cell
death along with autophagy induction in HCN cells.17 Through
cross-analysis of miRNA target prediction tools, including TargetS-
can, DIANA, and miRanda, we predicted mitochondrial GTPase
Miro2 as a potential target of miR-351-5p. The 30 UTR of Miro2 har-
bors onematching sequence to the seed sequence of miR-351-5p (Fig-
ure 1A). psiCHECK-2 vectors containing the 30 UTR of wild-type
(WT) or mutant (MT) Miro2 with 5-nt mismatches within the
miR-351-5p target sequence were constructed. Actual binding activity
was quantitatively determined through a luciferase assay after co-
transfecting psiCHECK-2 with miR-351-5p mimics in 293T cells
(Figure 1B). Compared with the miRNA control (miR-Con), miR-
351-5p preferentially inhibited Miro2’s 30 UTR activity by 37% (p <
0.001). As expected, miR-351-5p treatment significantly reduced
the amount of Miro2 mRNA and protein by 71% ± 0.07% (p <
0.0001; Figure 1C) and 41% ± 0.10% (p < 0.01; Figures 1D and 1E),
respectively. These results indicate that miR-351-5p directly targets
Miro2 in HCN cells.

miR-351-5p and its target Miro2 regulate cell death in HCN cells

To verify the specificity of cell death-inducing activity of miR-351-
5p on HCN cells, cells with miR-351-5p mimic and anti-mimetic
were treated with antisense sequences against miR-351-5p and the
extent of cell death was quantified with propidium iodide (PI) stain-
ing (Figures 2A and 2B). miR-351-5p treatment sharply induced
HCN cell death, which was specifically inhibited through combina-
torial treatment with anti-miR-351-5p in a dose-dependent manner
(Figure 2B). To examine the influence of decrease of Miro2 by miR-
351-5p, HCN cells were treated with siMiro2 and control small
interfering RNA (siRNA) (siCon). When compared with the siCon
group, siMiro2 exhibited increased cell death by 32.8% (p < 0.005)
in HCN cells (Figures 2C and 2D). The data indicate that miR-351-
5p and its downstream target Miro2 potentially regulate HCN cell
death.

Suppression of Miro2 bymiR-351-5p induces ADCD in HCN cells

siMiro2- and miR-351-5p-treated HCN cells experienced an increase
in levels of autophagic vacuoles, as clearly identified and quantitated
using transmission electron microscopy (TEM; data not shown). The
number of autophagic vesicles was 8% ± 0.95% (p < 0.0001) in the
miR-351-5p group, 8.0% ± 2.16% in the siMiro2 group (p <
0.0001), and 3.2% ± 0.75% in the control group (Figure 3A). The con-
version and association of ATG8/LC3 protein with autophagosomes
and degradation of representative substrate, such as p62, are estab-
lished autophagy indicators. During autophagy, LC3-I is associated
with phosphatidylethanolamine (PE) and forms an LC3-PE conjugate
(LC3-II) that is localized at the autophagosome membrane. miR-351-
5p increased LC3-II levels (2.54- ± 0.55-fold), and combinatorial
treatment with miR-351-5p and anti-miR-351-5p completely



Figure 1. Miro2 is a direct target of miR-351-5p

(A) Sequence alignment of miR-351-5p with the 30 UTR of

Miro2. Luciferase assay constructs with either WT or MT 30

UTR of Miro2 were prepared. (B) 293T cells were trans-

fected with miR-351-5p, miR-Con, or anti-miR-351-5p with

luciferase assay constructs. miR-351-5p inhibited lucif-

erase expression by directly targeting the 30 UTR of Miro2.

(C) HCN cells were transfected with miR-351-5p or miR-

Con. RT-qPCR analysis indicated that miR-351-5p down-

regulated Miro2 mRNA. (D and E) After transfection of HCN

cells with miR-Con or miR-351-5p, western blot analysis

showed downregulation of Miro2. miR-351-5p specifically

downregulated Miro2 at both the mRNA and protein levels.

The data represent the mean ± SD values (n > 3). **p < 0.01,

***p < 0.001.
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restored LC3-II conversion (Figures 3B, 3C, and S1). The level of p62
was regulated by miR-351-5p and bafilomycin A1 (Baf-A), a lyso-
somal-targeting autophagy inhibitor (Figures 3B and 3C).

Tomonitor autophagic flux, we used amonomeric red fluorescent pro-
tein (mRFP)-green fluorescent protein (GFP) tandem fluorescent-
tagged LC3 (tfLC3) plasmid.21 Because of the reduced stability of
GFP under acidic conditions, mRFP signals without GFP indicate au-
tophagosomes fused with a lysosome (mature autolysosome) and auto-
phagic flux in the final stage of autophagy. An increased number of
mRFP-LC3 puncta was observed in miR-351-5p-treated HCN cells
(Figures 3D and 3E). Additionally, Baf-A treatment increased mRFP-
LC3 puncta and LC3-II levels (Figures 3B and 3D). These data repre-
sent autophagy flux activation by miR-351-5p. We previously reported
that HCN cell death induced by miR-351-5p was an ADCD, with the
autophagy inhibitor being 3-methyl adenine (3-MA).17 Therefore,
Molecular T
the effects of late-phase autophagy inhibitors on
HCN cell death were investigated. Chloroquine
(CQ) and Baf-A inhibited the formation of autoly-
sosomes and lysosomal acidification, respec-
tively.23 Cell death induced by miR-351-5p was
effectively suppressed in the presence of CQ and
Baf-A (Figures 3F and 3G). These indicate that
increased levels of miR-351-5p and decreased
levels of Miro2 specifically induce ADCD.

Suppression of Miro2 andmiR-351-5p induce

PINK1-Parkin-dependent mitophagy and

mitochondrial dysfunction

Accumulating evidence has supported the impor-
tant role of Miro in mitochondrial dynamics such
as mitochondrial fission, fusion, and mitoph-
agy.19 In the present study, the number of auto-
phagosomes containing mitochondria increased
in miR-351-5p- and siMiro2-treated HCN cells
(Figures 4A, 4B, and S2). miR-351-5p or siM-
iro2-treated HCN cells were examined for mi-
tophagy using MitoTracker and LysoTracker. In
the miR-351-5p- or siMiro2-treated cells, MitoTracker and Lyso-
Tracker were significantly overlapped (Figures 4C). Mitochondria
and lysosomes in miR-351-5p- or siMiro2-treated cells were quite
co-localized, confirming the occurrence of mitophagy. To determine
the degree of mitophagy, we used a mitophagy dye that increased the
incidence of pH-sensitive fluorescence when the autophagosome con-
taining mitochondria fused with acidic lysosomes.23 The fluorescence
intensity of the mitophagy dye in the miR-351-5p-treated group was
markedly higher than that in the control group, which was treated
with anti-miR-351-5p. siMiro2 treatment also induced mitophagy
(Figure 4D). The Pink1 and Parkin status during mitophagy, deter-
mined through western blotting, indicated that Pink1 and Parkin spe-
cifically accumulated in miR-351-5p- and siMiro2-treated groups
(Figures 4E and 4F). These results suggest that Miro2 suppression
by miR-351-5p effectively induces mitophagy via Pink1 Parkin
activity.
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Figure 2. Overexpression of miR-351-5p or

suppression of its target candidate Miro2 induced

cell death in HCN cells

(A and B) HCN cells were transfected with miR-Con, miR-

351-5p, anti-miR-Con, or anti-miR-351-5p. After staining

with Hoechst 33342 and PI at 24 h after transfection, cell

death was quantified by counting PI-positive cells. Anti-

miR-351-5p specifically inhibited miR-351-5p-induced cell

death in a dose-dependent manner. (C and D) HCN cells

were transfected with siCon or siMiro2. After 24 h, cell

death was determined using the method described herein.

Suppression of Miro2 significantly induced cell death in

HCN cells. Data in the graphs represent the mean ± SD

values (n > 3). **p < 0.01.
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Along with inducing mitophagy, both miR-351-5p- and siMiro2-
treated HCN cells displayed drastically increased mitochondrial
fragmentation (Figures 5A and 5B; Video S1). Mitochondrial func-
tion was assessed by quantifying the mitochondrial membrane po-
tential (MMP) and ATP content. Due to the reduction in the
MMP, JC-1 cannot aggregate in the matrix of reduced MMP,
causing the emitted fluorescence to change from red to green.
miR-351-5p- and siMiro2-treated HCN cells displayed a high ratio
of green/red fluorescence, indicating a reduction in MMP (Fig-
ure 5C). Mitochondrial ATP synthesis, assessed via the ToxGlo
assay, indicated that miR-351-5p or siMiro2 decreased ATP synthe-
sis (Figure 5D). Mitochondrial dysfunction by miR-351-5p was
readily restored by anti-miR-351-5p (Figures 5C and 5D). The
expression level of Drp1 was increased and Mfn2 was decreased
upon treatment with miR-351-5p and siMiro2 (Figures 5E and
646 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
5F). Thus, the inhibition of Miro2 expression
by miR-351-5p induces mitochondrial fission,
accompanied by mitochondrial dysfunction.
Inhibition of mitochondrial fission abolished

ADCD induced by miR-351-5p via Miro2 by

reestablishing mitochondrial function

To investigate whether miR-351-5p- or siM-
iro2-induced mitochondrial fission abnormal-
ities play a crucial role in ADCD in HCN
cells, we treated cells with the mitochondrial
fission inhibitor Mdivi-1, which specifically
targets Drp1.24 Pretreatment of Mdivi-1
restored mitochondrial morphology in the
elongated form (Figures 6A and 6B), and it
significantly restored MMP reduced by miR-
351-5p or siMiro2 (Figure 6C). Inhibiting
mitochondrial fission completely prevented
miR-351-5p-induced cell death (Figures 6D
and S4). The critical role of Miro2 in miR-
351-5p-induced HCN cell death was further
confirmed through measuring Miro2 overex-
pression using recombinant adenovirus
(rAD-Miro2) in combination with miR-351-5p. Nearly all HCN
cells expressed green fluorescence upon treatment with rAD-
GFP, and Miro2 proteins were upregulated by rAD-Miro2 in a
dose-dependent manner (Figures S5A and S5B). rAD-Miro2 effec-
tively inhibited miR-351-5p-induced cell death down to 7.6% ±

2.6%, whereas rAD-GFP resulted in a 35.8% ± 3.3% increase in
cell death (Figures 7A and S5C). rAD-Miro2 treatment sup-
pressed excessive mitochondrial fission induced by miR-351-5p
and siMiro2, and mitochondrial morphology recovered as a
tubular network (Figures 7B and 7C). Overexpression of Miro2
completely inhibited cell death and mitochondrial fission induced
by insulin withdrawal (Figures 7D and 7E). These data indicate
that Miro2 is the target of miR-351-5p and regulates HCN cell
death through mitochondrial fission, consequently inducing
mitophagy.



(legend on next page)
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miR-351-5p and Miro2 were deregulated in AD

Recent studies have reported that a diminished neural progenitor pop-
ulation within the hippocampus resulting from excessive cell death
may be closely associated with neuronal deficiencies observed among
AD patients.3 We thus speculated that dysregulation of miR-351-5p
and its target Miro2 may affect the survival of HCN cells. Therefore,
we analyzed RNA sequencing data from the Allen Brain Institute Ag-
ing, Dementia, and Traumatic Brain Injury (TBI) study to investigate
the association between Miro2 and AD. Based on the metadata
regarding the hippocampus, an ADgroup (n = 24) withADneuropath-
ological features and a control group (n = 29) were distinguished.
Miro2 levels were lower in the AD group than in the control group
(Figure 8A). Similarly, Miro2 was downregulated in the dementia
group (n = 36) when compared to the non-dementia group (n = 38)
(Figure 8B). To further investigate, Miro2 expression specifically in
the hippocampal progenitor cells of the ADmodel mice was examined.
Hippocampal specimens from WT and the triple-transgenic model
(3xTG) at 15 weeks were examined for Miro2 expression in Nestin+

cells, representing progenitor cells in the hippocampus during adult
neurogenesis.4 Immunohistochemical analysis revealed that Miro2
was significantly decreased in the Nestin+ cells (Figures 8C and 8D).
Similarly, Miro2 was decreased in the proliferating hippocampal cells,
doublecortin (DCX)+ cells (Figure S6). The expression levels of miR-
351-5p and Miro2 were further examined by quantitative RT-PCR
analysis in the hippocampus of 3xTG and other AD model 5xFAD
mice. In the AD model, miR-351-5p was upregulated and Miro2 was
downregulated relative to WT mice (Figure S6), suggesting the poten-
tial involvement of dysregulated miR-351-5p and its target Miro2
expression in the survival of HCN cells in AD.

Figure 9 illustrates the schematic mechanism of the miR-351-5p/
Miro2 axis during HCN cell death derived from the above experi-
ments. Upon abnormal stimuli, increased levels of miR-351-5p down-
regulate Miro2 in HCN cells. Abnormally low Miro2 levels readily
induce mitochondrial fission, causing excessive mitophagy and even-
tual HCN cell death, possibly leading to AD.

DISCUSSION
Since the discovery and subsequent affirmation of hippocampal
adult neurogenesis, accumulating evidence indicates that the decline
in neural progenitor cell populations may contribute to the patho-
genesis of neurological disorders, including AD.3 Indeed, smaller
stem cell pools in aged AD patients or a sharp reduction in adult hip-
pocampal neurogenesis in AD patients further supports this
Figure 3. Suppression of Miro2 by miR-351-5p induces ADCD in HCN cells

(A) Quantification was carried out by enumerating the autophagosomes per cell (n > 4). m

vesicles relative to the control group. (B) After treatment with miR-351-5p or miR-Con, c

Cell lysates were prepared and analyzed by western blotting using anti-LC3 and anti-p62

ratio of LC3-II/LC3-I was analyzed using ImageJ software. (D) Autophagy flux was monito

transfection with miR-351-5p or miR-Con, cells were observed under a confocal microsc

red LC3 puncta from (D) (n = 39 cells for miR-Con, 32 cells for miR-351-5p, and 84 cell

treated with autophagy inhibitors chloroquine (CQ) and Baf-A 1 h before miR-351-5p or

method described herein. Cell death induced by siMiro2 and miR-351-5p was effectiv

mean ± SD values (n > 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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finding.4 RNA sequencing data from the Allen Brain Institute Aging,
Dementia, and Traumatic Brain Injury study revealed a significant
reduction in Miro2 in the hippocampus of the AD and dementia
group (Figures 8A and 8B). Considering that AD is a chronic disease
progressing during a long period, even a slight reduction in Miro2
expression can significantly influence the maintenance of hippo-
campal neurogenesis. Also, a reduction of Miro2 levels specifically
in the proliferating cells in the hippocampus of ADmodel mice sup-
ports that Miro2 has important functions during adult neurogenesis.
Furthermore, the present results indicate the upregulation of miR-
351-5p and the downregulation of its target Miro2, probably
implying that the miR-351-5p/Miro2 axis helps maintain the
HCN cell pool. Several reports suggested that an increase in adult
hippocampal neurogenesis is sufficient to improve cognition and
mood, thus showing its potential as a therapeutic target for neuro-
logical diseases.25,26 Thus, the miR-351-5p/Miro2 axis may be a
promising target for the maintenance of neural progenitor pools
for neurodegenerative diseases.

Dysregulation of mitochondrial dynamics is related to the patho-
genesis of various human diseases, including neuronal diseases.11

As a major site of energy production, mitochondria are essential or-
ganelles with high plasticity for cell survival, death, and metabolic
homeostasis. Mitochondria delicately regulate their homeostasis
through several dynamic phenomena, including fission, fusion,
and mitophagy.12 The present results indicate that suppression of
Miro2 by miR-351-5p readily induced massive mitochondrial
fission (Figure 5). Under normal physiological conditions, mito-
chondrial fission is a necessary phenomenon for mitochondrial
quality control in driving mitophagy by segregating severely
damaged mitochondria.15 Furthermore, the present results suggest
that excessive mitochondrial fission can lead to undesirable mito-
phagic events, resulting in massive loss of normal mitochondria
and eventual HCN cell death. This finding is further supported by
the fact that such cell death was significantly suppressed by the mito-
chondrial fission inhibitor Mdivi-1 inhibiting a primary regulator of
mitochondrial fission, Drp-1 (Figures 6C and 6D). Through ectopic
expression of Miro2, miR-351-5p-induced cell death was signifi-
cantly suppressed (Figure 7A), and mitochondrial morphology
was also reinstated (Figures 7B and 7C). Expression of Miro2 also
suppressed cell death induced by insulin withdrawal in HCN cells
(Figures 7D and 7E). These results indicate the crucial role of
Miro2 in ADCD in HCN cells through unexpected massive mito-
chondrial fission.
iR-351-5p and siMiro2 treatment significantly increased the number of autophagic

ells were treated with bafilomycin A1 (Baf-A) (10 or 20 nM) for 1 h before harvesting.

. b-Actin was used as a loading control. (C) Quantitation of the LC3 conversion. The

red using mRFP-GFP tandem fluorescent-tagged LC3 (tfLC3) plasmid. At 24 h after

ope. Baf-A (20 nM) treatment was applied 1 h before observation. (E) Quantitation of

s for miR-351-5p+Baf-A from three independent experiments). (F and G) Cells were

miR-Con transfection. At 24 h after transfection, cell death was assessed using the

ely suppressed in the presence of CQ and Baf-A. Data in the graphs represent the



Figure 4. Suppression of Miro2 and miR-351-5p

induces mitophagy in HCN cells

(A and B) Cells were transfected with miR-351-5p, miR-

Con, or siMiro2 and observed by TEM. Autophagosomes

containing mitochondria (white arrows) were quantitated

by enumeratingmitophagosomes per cell (n > 4). miR-351-

5p and siMiro2 significantly increased the number of au-

tophagic vesicles relative to the control group. (C) To

assess mitophagy induction, HCN cells transfected with

miR-Con, miR-351-5p, or siMiro2 were treated with Mito-

Tracker (green) and LysoTracker (red). Under the confocal

microscope, colocalized regions were observed as yellow

puncta. (D) HCN cells transfected with miR-Con, miR-351-

5p, or siMiro2 were treated with mitophagy dye whose

fluorescence was altered through mitophagy progression.

(E and F) Western blot analysis revealed that Pink1 and

Parkin accumulated in miR-351-5p- and siMiro2-induced

mitophagy. Anti-miR-351-5p suppressed the accumula-

tion of Pink1 and Parkin by miR-351-5p. Data in the graphs

represent the mean ± SD values (n > 3). **p < 0.01, ***p <

0.001.
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Miro protein, known to have a subset of Miro1 and Miro2, is intri-
cately involved in mitochondrial dynamics by regulating
mitochondrial mitophagy, fusion, and fission.27 Under normal
conditions, Miro GTPase and its guanine nucleotide exchange fac-
tor VIMAR/RAP1GDS1 complex regulate mitochondrial fission
through Drp-1.28 Our study suggests that increased miR-351-5p
levels by unidentified abnormal factors in HCN cells can trigger
the cell death owing to a shift toward mitochondrial fission and
mitophagy in accordance with the loss of normal levels of Miro2
protein. Interestingly, Miro1 and Miro2 were considered to have
functional redundancy despite the slight phenotypic differences
in knockout mice.29 Some studies have recently revealed functional
differences between Miro1 and Miro2.30,31 Our results suggest that
Molecular T
miR-351-5p preferentially downregulates
Miro2, not Miro1. In fact, Miro1 does not har-
bor the target sequence for miR-351-5p in its
30 UTR (data not shown). Furthermore, we
confirmed that cell death-inducing activity
was observed only for siMiro2, not for siM-
iro1, in HCN cells (data not shown). Further-
more, Miro1 expression levels did not differ
in the RNA sequencing data in Allen Brain
Institute Aging, Dementia, and Traumatic
Brain Injury study (data not shown). Although
many questions regarding functional differ-
ences between Miro1 and Miro2 remain un-
solved, our results indicate that Miro2 poten-
tially plays different roles with Miro1 in
mitochondrial fission and fusion maintenance
in HCN cells.

Cell death in HCN cells is known to be ADCD,
which fulfilled the criteria proposed by Shen and
Codogno.8,32 miR-351-5p-induced cell death occurred independent
of apoptosis, increased autophagic flux, and was suppressed by auto-
phagy inhibitors (Figures 3F and 3G). In particular, the miR-351-5p/
Miro2 axis induced Pink1-Parkin-mediated mitophagy (Figures 4E
and 4F). A correlation between Miro proteins and Pink-Parkin-medi-
ated mitophagy has been previously reported wherein Miro1 is phos-
phorylated by Pink1 at Ser65, then ubiquitinated by Parkin and
degraded by the proteasome.33 Furthermore, knockdown of Miro1
suppresses mitophagy through reduction of mitochondrial Parkin
translocation.34 HCN cell death mediated by the miR-351-5p/Miro2
axis was characterized by ADCD in the present study; however, the
molecular basis of HCN-mediated cell death remains largely unknown,
warranting further investigation.
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Figure 5. Suppression of Miro2 caused mitochondrial fission and dysfunction

(A and B) HCN cells transfected with miR-351-5p and siMiro2 were stained with MitoTracker green. High-resolution images of HCN cells revealed excessive mitochondrial

fission in miR-351-5p- and siMiro2-treated cells. The observed mitochondrial fission was quantitated. (C) Mitochondrial membrane potential was measured via JC-1.

Decreased mitochondrial potential in miR-351-5p- and siMiro2-treated HCN cells revealed a high ratio of green/red fluorescence of JC-1. (D) Mitochondrial ATP production

was analyzed via a ToxGlo assay. miR-351-5p- and siMiro2-transfected cells were incubated in galactose-containing media, and ATPwas quantified. miR-351-5p or siMiro2

decreased mitochondrial ATP synthesis. Relative quantification was carried out on the basis of miR-Con-treated cells. Mitochondrial uncoupler CCCP was used as an

inducer of mitochondrial dysfunction. (E and F) Mitochondrial fission factor Drp1 and mitochondrial fusion factor Mfn2 were analyzed by western blotting after treatment miR-

351-5p and siMiro2. b-Actin was used as a loading control. Mitochondrial dysfunction was restored by anti-miR-351-5p. Data in the graphs represent the mean ± SD values

(n > 3). *p < 0.05, **p < 0.01, ***p < 0.001
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Figure 6. Inhibition of mitochondrial fission inhibited ADCD induced by miR-351-5p via Miro2 by reestablishing mitochondrial function

(A and B) Mdivi-1 is a mitochondrial fission inhibitor that inhibits mitochondrial fission factor Drp-1. The inhibitory effects of Mdivi-1 on mitochondrial fission induced by miR-

351-5p or siMiro2 were observed and quantitated. (C) After treatment of Mdivi-1, mitochondrial membrane potential was measured via JC-1. CCCP was used to induce

mitochondrial damage. (D) Mdivi-1 inhibited ADCD induced through miR-351-5p and siMiro2 in a dose-dependent manner. Cell death was analyzed as described above.

Data in the graphs represent the mean ± SD values (n > 3). **p < 0.01, ***p < 0.001.
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Several miRNAs are reportedly implicated in neurogenesis such as
miR-9, miR-19, miR-124, andmiR-137.35–39 However, these miRNAs
are involved in embryonic neurogenesis or neural fate determination,
maturation, and migration. The present results indicate that miR-
351-5p is a new specific miRNA that directly determines cell survival
and death among HCN cells. Thus far, most of our knowledge on the
survival and death of HCN cells has been obtained from rodent
models, and limited information is available regarding physiological
regulation in adult neurogenesis. The physiological or pathological
stimuli upregulating miR-351-5p in HCN cells still remain unclear,
and their regulatory mechanisms warrant further investigation.

Collectively, our study indicates the aberrant expression of miR-351-5p
andmitochondrialGTPaseMiro2 in thehippocampus of humanADpa-
tients and ADmodel mice. These results thus suggest that the miR-351-
5p/Miro2 axis may play significant roles in the hippocampus, contrib-
uting to the pathogenesis or progression of AD. miR-351-5p causes un-
controlled mitochondrial fission through Miro2 inhibition, which is a
critical determinant of mitophagy-dependent cell death in rat adult
HCN cells. Collectively, these findings indicate that miR-351-5p and
Miro2 are important regulators of cell death of HCNs, suggesting the
involvement of dysregulation of hippocampal neurogenesis in AD.
MATERIALS AND METHODS
Adult HCN cell culture, transfection, and chemical treatment

HCN cells were cultured in serum-free Dulbecco’s modified Eagle’s
medium nutrient mixture F-12 (Invitrogen, Carlsbad, CA, USA) sup-
plemented with 1.27 g/L sodium bicarbonate (Invitrogen), 100 mg/L
transferrin (Sigma, St. Louis, MO, USA), 30 nM sodium selenite
(Sigma), 16 mg/L putrescine dihydrochloride (Sigma), 20 nM
progesterone, 100 mg/mL streptomycin, and 100 U/mL penicillin (In-
vitrogen). Furthermore, 20 ng/mL fibroblast growth factor b (FGF-b)
(Invitrogen) and 5 mg/mL insulin (Sigma) were added to the media
before use. All plates for HCN cells were coated with 10 mg/L poly-
L-ornithine and 1 mg/L laminin.

miRNA mimics and anti-miRNAs were purchased from Genolution
(Korea), whereas siRNA duplexes were from Bioneer (Korea). Tran-
sient transfection was carried out using Lipofectamine 2000 according
to the manufacturer’s instructions, and cells were harvested at the
designated time for the following experimental step. To depolarize
mitochondria, HCN cells were treated with 10 mM CCCP (carbonyl
cyanide 3-chlorophenylhydrazone) (Sigma; C2759) for 2 h. Addition-
ally, CQ diphosphate salt (Merck; C6628) and bafilomycin A (Merck;
B1793) were added to cultures at 1 h before observation (10/20 nM)
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Figure 7. Overexpression of Miro2 adequately recovered cell death and mitochondrial fission induced by miR-351-5p or insulin withdrawal on HCN cells

(A) Adenovirus expressing Miro2 was generated. Infection efficiency was confirmed using rAD-GFP virus used as a control (>90%, Figures S4A and S4B). rAD-Miro2

completely suppressedmiR-351-5p-induced cell death. (B and C) Mitochondrial morphology was monitored and quantitated using MitoTracker after co-treatment with rAD-

Miro2 and miR-351-5p. (D and E) HCN cells were cultured in an insulin (�) medium in the presence of rAD-GFP or rAD-Miro2 for 24 h. Cell death was measured by counting

PI-positive cells. Mitochondrial morphology was monitored using MitoTracker under a confocal microscope. Data in the graphs represent the mean ± SD values (n > 3). *p <

0.05, **p < 0.01, ***p < 0.001.
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for autophagy inhibition. Mdivi-1 (Merck; M0199) treatment
was also performed 1 h before transfection to block mitochondrial
fission.

Cell viability assays

Viability of HCN cells was measured by staining with Hoechst 33342
and PI. Hoechst 33342 (5 mg/mL) and PI were added to the culture
media, and cells were maintained at 37�C. After 5 min, the observed
652 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
fields were randomly selected (>5 fields, >200 cells) and imaged under
a fluorescence microscope. Using ImageJ, the cell death rate was
calculated as: cell death rate (%) = [PI-positive cell number (red)/
Hoechst 33342-positive cell number (blue)] � 100.

Western blot analysis and immunohistochemistry

HCN cells were harvested and lysed in M-per buffer (Thermo
Fisher Scientific, Wilmington, DE, USA; 78501) containing



Figure 8. Expression of miR-351-5p and its target

candidate Miro2 in the hippocampus is associated

with adult neurogenesis and AD pathophysiology

(A and B) RNA sequencing data from the Allen Brain Insti-

tute Aging, Dementia, and Traumatic Brain Injury (TBI)

study were analyzed for Miro2 expression. The AD group

(n = 24) (neuropathological features of AD, including amy-

loid-b secretion and the presence of amyloid plaques),

control group (n = 29), dementia group (n = 36), and non-

dementia group (n = 38) were formed. (C and D) To analyze

the expression of Miro2 in proliferating cells in the hippo-

campus of mouse brain, 15-week-old WT and 3xTG AD

model mice were examined by immunohistochemistry us-

ing anti-Miro2 and anti-Nestin antibody. Images were

observed using a confocal microscope, and levels of Miro2

were quantified specifically in Nestin+ cells using ImageJ

software. ML, molecular layer; GCL granule cell layer in

dentate gyrus. Data in the graphs represent the mean ± SD

values (n = 16 cells for WT, 18 cells for 3xTG from three

independent experiments). *p < 0.05; ***p < 0.001.
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protease cocktail inhibitors (Merck; P8340) and phosphatase in-
hibitors (Merck; P5726). After lysis, cell lysates were measured us-
ing the Pierce bicinchoninic acid (BCA) protein assay kit (Thermo
Fisher Scientific; #23225) and loaded with 15–20 mg of proteins for
western blotting analysis. The primary antibodies used were as fol-
lows: anti-Miro2 (1:1,000, Proteintech, Rosemont, IL, USA; 11237-
1-AP), anti-Pink1 (1:1,000, Novus Biologicals, Centennial, CO,
USA; BC100-494,), anti-Parkin (1:2,000, Santa Cruz Biotech-
nology, Dallas, TX, USA; SC32282), anti-Drp1 (1:1,000, Cell
Signaling Technology, Beverly, MA, USA; 8570S), anti-Mfn2
(1:3,000, Abcam; ab56889), anti-p62 (1:2,000, Abnova, Taipei,
Taiwan; H00008878-M01), anti-Nestin (1:1,000, Millipore, Biller-
ica, MA, USA; MAB353), and anti-b-actin (1:100,000, Sigma;
A5441). The primary antibodies were then bound to peroxidase-
conjugated secondary antibodies diluted in blocking solution,
and their binding on the membrane was detected using an
enhanced chemiluminescence (ECL) system (Thermo Fisher Sci-
entific; 32106).
Molecular T
TEM

Cells were fixed with 2% paraformaldehyde and
2.5% glutaraldehyde in sodium cacodylate buffer
(pH 7.2) at 4�C. The fixed samples were then de-
hydrated using an ethanol gradient (50%, 60%,
70%, 80%, 90%, and 100%) for 30 min each. Ul-
tra-thin sections were cut on uncoated copper
grids and were stained with lead nitrate and 2%
uranyl acetate. The samples were then examined
with TEM.

Animals

AD model 5xFAD mice (APP KM670/671NL
[Swedish], APP I716V [Florida], APP V717I
[London], PSEN1 M146L [A>C], PSEN1
L286V) and 3xTg-AD mice (APP Swedish, tauP301L, PSEN1
M146V) were purchased from Jackson Laboratory. All animal exper-
iments and procedures were approved by the Institutional Animal
Care and Use Committee of Sungkyunkwan University (2018-01-
01-1).

Autophagic flux assay

For confocal microscopy live cell imaging, HCN cells were prepared
on m-Dish (ibidi, Germany; 81156) and mRFP-GFP tfLC322 con-
structs were co-transfected with miR-351-5p. At 24 h images were ob-
tained with a confocal microscope (LSM 780; Carl Zeiss, Germany).

Mitophagy assay

HCN cells treated with miR-Con, miR-351-5p, or siMiro2 were
stained with MitoTracker (Invitrogen; M7514) and LysoTracker
(Thermo Fisher Scientific, Carlsbad, CA, USA; L7528) and observed
under a confocal microscope. Co-localizations of MitoTracker and
LysoTracker were observed by confocal fluorescence microscopy.
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Figure 9. Schematic mechanism of the miR-351-5p/Miro2 axis in adult neurogenesis

By an unknown mechanism, abnormal stimuli increase the amount of miR-351-5p, which sequentially downregulates Miro2 in HCN cells. Aberrant low Miro2 levels readily

induced mitochondrial fission, resulting in excessive mitophagy and cell death in the HCN population, which can contribute to the pathological condition in AD.
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To examine the degree of mitophagy, HCN cells transfected with
miRNAs and siMiro2 were stained with a mitophagy dye (Dojindo,
Japan; MD01-10) according to the manufacturer’s instructions. To
induce mitophagy, HCN cells were treated with a final concentration
of 10 mM CCCP. At 24 h, the HCN cells were washed twice with
serum-free medium. The intensity of the mitophagy dye was
measured using ZEN software (Carl Zeiss).
Mitochondrial function analysis

To determine the MMP, cells were seeded in six-well plates and
transfected with miRNAs and siRNA for 24 h. Cells were then
stained using JC-1 fluorescent dye (Abcam; ab113850) for 1 h at
37�C. After treatment as indicated, the cells were harvested and
analyzed with a flow cytometer using FACSCanto Plus software
(BD Biosciences, San Jose, CA, USA). Fluorescent signals for J-ag-
gregates and J-monomers were read at excitation and emission
wavelengths of 535 and 595 nm and 485 and 535 nm, respectively.
The J-aggregates/J-monomers ratio was then calculated. ATP levels
of mitochondria were measured using the mitochondrial ToxGlo
assay (Promega, Madison, WI, USA; G8000). To assay the mito-
chondrial activity, HCN cells transfected with each condition were
incubated in a white 96-well plate in glucose- or galactose-contain-
ing medium for 90 min. Then, 100 mL of Promega mitochondrial
ToxGlo assay medium was added to each well. The HCN cells
were then incubated at 37�C for 30 min, and their luminescence
was measured for detection of ATP production. To quantify mito-
chondrial fission, cells were treated with MitoTracker and imaged
with a confocal microscope. A minimum of 100 randomly selected
cell regions in each treatment group were analyzed for mitochon-
drial length using ImageJ software.
miRNA quantification

TRIzol reagent (Invitrogen; 15596026) was used to isolate the total
RNA of each tissue sample. For quantitation of miR-351-5p expres-
sion, reverse transcription was performed with the Mir-X miRNA
first-strand synthesis kit (Clontech Laboratories, Mountain View,
654 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
CA, USA; 638313), followed by PCR amplification using the iQ
SYBR Green I mix (Bio-Rad, Hercules, CA, USA; 170-8885) on the
CFX96 real-time system (Bio-Rad). GAPDH was used as the refer-
ence gene for relative quantification. The primer used for miR-351-
5p was 50-TCCCTGAGGAGCCCTTTGAGCCTG-30. For quantita-
tion of Miro2, reverse transcription was performed with oligo(dT)
primers. GAPDH was used as the reference gene for relative quanti-
fication. The primers used for Miro2 and GAPDH were as follows:
Miro2, forward, 50-GAGAAGATCCGAACCAAGTGG-30, reverse,
50-ACACAGCCTCTATGGTACTCC-30; GAPDH, forward, 50-TGC
ACCACCAACTGCTTAGC-30, reverse, 50-GCATGGACTGTGGT-
CATGAG-30.
30 UTR luciferase reporter assay

TheWT 30 UTR ofMiro2 (WT-Miro2) and the mutant-type 30 UTR of
Miro2 (MT-Miro2) were inserted into psiCHECK-2 at the 30 end of the
coding sequence of Renilla luciferase by the manufacturer. For lucif-
erase reporter analysis, two types of DNAs were transfected using Lip-
ofectamine 2000 along with the miR-351-5p mimics or miR-Con
mimics into HCN cells, respectively. The activities of firefly and Renilla
luciferases weremeasured at 24 h after transfection. The dual-luciferase
assay was performed using the Dual-Luciferase reporter assay system
(Promega; E1960) using the manufacturer-qualified instruments.
Statistical analysis

All experiments were performed independently in triplicate, and all
quantitative results are represented as means ± standard deviation
(SD). Statistical analysis was performed with Prism 5 software
(GraphPad, San Diego, CA, USA). Differences between means were
considered statistically significant at the following values: *p < 0.05,
**p < 0.01, ***p < 0.001.
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