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Adult hippocampal neurogenesis plays a pivotal role in main-
taining cognitive brain function. However, this process diminishes
with age, particularly in patients with neurodegenerative dis-
orders. While small, non-coding microRNAs (miRNAs) are
crucial for hippocampal neural stem (HCN) cell maintenance,
their involvement in neurodegenerative disorders remains un-
clear. This study aimed to elucidate the mechanisms through
which miRNAs regulate HCN cell death and their potential
involvement in neurodegenerative disorders. We performed a
comprehensive microarray-based analysis to investigate changes
in miRNA expression in insulin-deprived HCN cells as an in
vitro model for cognitive impairment. miR-150-3p, miR-323-5p,
and miR-370-3p, which increased significantly over time fol-
lowing insulin withdrawal, induced pronounced mitochondrial
fission and dysfunction, ultimately leading to HCN cell death.
These miRNAs collectively targeted the mitochondrial fusion
protein OPA1, with miR-150-3p also targeting MFN2. Data-driven
analyses of the hippocampi and brains of human subjects re-
vealed significant reductions in OPA1 and MFN2 in patients with
Alzheimer’s disease (AD). Our results indicate that miR-150-3p,
miR-323-5p, and miR-370-3p contribute to deficits in hippo-
campal neurogenesis by modulating mitochondrial dynamics.
Our findings provide novel insight into the intricate connec-
tions between miRNA and mitochondrial dynamics, shedding
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light on their potential involvement in conditions characterized
by deficits in hippocampal neurogenesis, such as AD. [BMB
Reports 2024; 57(6): 281-286]

INTRODUCTION

Neurogenesis, defined as the formation of neurons de novo, per-
sist during the embryonic developmental period and through-
out the entire life of mammals (1). Hippocampal neural stem
(HCN) cells proliferate, maintaining the stem cell population
and differentiating into new neurons, astrocytes, and oligoden-
drocytes, which are continuously incorporated into dentate gyrus
to replace dead or damaged ones. This process maintains hippo-
campus-related functions, including learning, memory, and emo-
tional regulation (2). However, the process is gradually impaired
over the course of aging, and Kroemer et al. proposed stem
cell exhaustion as one of the hallmarks of aging (3). The im-
pairment of HCN cells is even more pronounced in patients
with neurodegenerative diseases (4). The hippocampus is mainly
associated with cognitive function and is one of the regions
most affected in patients with Alzheimer’s disease (AD). Moreno-
Jiménez et al. revealed that the number of stem cells markedly
declined in AD patients and further reduced as the disease
advanced (5). Thus, current research is actively exploring the
regulation of adult neurogenesis to prevent its impairment (6).
MicroRNAs (miRNAs), a type of short non-coding RNAs, re-
press gene expression by inhibiting translation and/or promoting
the degradation of target mRNAs (7). miRNAs function as fine-
tuners in the regulation of cellular physiology. They have been
found to be related to various neuropathological processes,
such as oxidative stress, interneuron connectivity, and synaptic
plasticity (8). The dysregulation of miRNAs is known to affect
hippocampal interneuron function and memory in mice (9),
and altered levels of miRNAs have been reported in many
neurodegenerative disorders in human and animal models (10).
These findings suggest that miRNA-regulated pathways might
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play an important role in neurological disorders. While miRNAs
are also reported to play crucial roles in neurogenesis (11),
their relevance to the mechanisms underlying neurodegene-
rative disorders remains unclear. Further studies are needed to
elucidate this aspect.

We previously investigated the expression levels of miRNAs
in adult rat HCN cells induced for autophagic cell death after
insulin withdrawal (12). These cells were isolated from the
adult rat hippocampus by Gage et al. and were demonstrated
to proliferate and differentiate into mature neurons or glial
cells, serving as an in vitro model for investigating neuronal
stem cell biology (13). Exogenous factors, such as fibroblast
growth factor and insulin, regulate their differentiation and
proliferation. Previous studies showed that insulin withdrawal
led them to increase autophagy-dependent cell death (14, 15).
Seong-Woon Yu et al. demonstrated that triggering autophagy-
dependent cell death in mice HCN cells not only repressed
hippocampal neurogenesis but also resulted in cognitive and
mood impairments (16). Based on these results, we propose
that inducing autophagic death in HCN cells through insulin
withdrawal could potentially serve as an in vitro model for
cognitive deficits like neurodegenerative disorders. Expanding
upon our previous study, which was limited to a small set of
miRNA arrays (12), we conducted a comprehensive microarray
analysis to investigate alterations in miRNA expression at multi-
ple time points during HCN cell death triggered by insulin with-
drawal. Our study results demonstrate the pathological mecha-
nism of miRNAs in inducing HCN autophagic cell death and
provide insight into their potential roles as biomarkers of AD.

RESULTS AND DISCUSSION

Microarray analysis reveals significant changes in miRNA
expression in HCN cells following insulin withdrawal

We conducted a comprehensive miRNA array analysis using
Genechip, which interrogates 728 mature rat miRNAs and 490
pre-miRNAs annotated from miRBase Release 20 to investigate
the sequential changes in miRNA expression during HCN cell
death. In our previous study, we observed cytotoxic effects in
HCN cells within 24 hours of insulin withdrawal, leading to
cell death around 48 hours (12). This promoted us to subsequent-
ly assess miRNA expression at intervals of 0, 12, 24, and 48
hours after insulin withdrawal. The quality of the miRNA array
was assessed by analyzing density and box plots and measuring
the correlation matrix between samples (Supplementary Fig.
1). The heatmap shown in Fig. 1A displays the mean fold-
increase or decrease in miRNA expression at 12, 24, and 48
hours after insulin withdrawal compared to controls. Principal
component analysis (PCA) of miRNAs differentially expressed
during HCN cell death revealed distinct differences in certain
miRNAs at each time point (Fig. 1B). The miRNAs were sorted
according to their high variance value, and the top 10 miRNAs
with the highest variance over time were selected (Supple-
mentary Fig. 2). We performed integrated target prediction
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analysis using miRWalk and validated the target genes of these
10 miRNAs (selected based on a miRWalk score = 1.00) to
gain further insight. Subsequently, these target genes were
used as input for ontology analysis using the Enrichr metadata
searching tool. As shown, their shared functional roles included
GTPase regulator activity, protein serine/threonine kinase
activity, L-amino acid transmembrane transporter activity, and
more (Fig. 10). The findings suggest that miRNAs whose ex-
pression is elevated in HCN cell damage may be involved in
regulating intracellular signaling, particularly in cellular events
including GTPases.

Upregulated miRNAs lead to the induction of mitochondrial
dysfunction, mitochondrial fission, and cell death

Among the 10 miRNAs, we focused on miR-150-3p, miR-323-5p,
and miR-370-3p, as their targets are associated with mito-
chondrial fission, a mechanism we previously linked to HCN
cell death without insulin (17). To identify the direct causal
relationship between increases in miRNAs and HCN cell death,
we transfected HCN cells with miR-150-3p, miR-323-5p, and
miR-370-3p. Propidium iodide (Pl) staining demonstrated a
decrease in the viability of cells treated with these miRNAs,
whereas the control group showed no significant change in
cell viability (Fig. 2A, B). The cells transfected with miR-150-3p,
miR-323-5p, or miR-370-3p all exhibited substantial cell death
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Fig. 1. Profiling of miRNAs differentially regulated in damaged
HCN cells. (A) Heatmap of miRNA array data with hierarchical
clustering. Color scale illustrates relative expression levels of each
miRNA: red represents increased miRNA expression, blue represents
decreased miRNA expression. (B) Principal component analysis
(PCA) showing the variability between the control group and the
insulin-deficient sample at different times of treatment (n = 3,
each group). (C) Gene ontology (GO) analysis using the top 10
miRNA target genes obtained from the miRWalk algorithm.
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Fig. 2. Effects following overexpression of up-regulated miRNAs.
(A) Assessment of cell death in HCN cells treated with miR-150-3p,
miR-323-5p and miR-370-3p, measured by Pl staining (n > 3). (B)
Representative images of Pl stained cells after miRNAs transfection.
(C) Oxygen consumption rate (OCR), maximal respiration and ATP
production indices derived from Seahorse Mito Stress analysis. Analy-
sis of mitochondrial morphology (D) and mitochondrial length (E)
affected by miRNAs (n > 15). Data represented as mean + SD
and statistical significance was analyzed by Student’s t-test, *P <
0.05, **P < 0.01, ***P < 0.001.

rates exceeding 18% (Fig. 2A, B, Supplementary Fig. 3).

We analyzed mitochondrial function to elucidate the mecha-
nism of miRNA-induced HCN death. The oxygen consumption
rate (OCR) test results in both the basal and overall mitochon-
drial function of the miRNA-transfected groups were significant-
ly reduced compared to the control group (Fig. 2C). When
treated with FCCP, the miRNA-transfected groups exhibited
significantly lower OCR increments compared to the control
group, indicating reduced maximal respiration. Following oligo-
mycin treatment, the miRNA-transfected groups showed pro-
nounced decreases from basal levels, indicating reduced ATP
production. We also examined mitochondrial integrity using
mitotracker and found that mitochondrial fission was signifi-
cantly more prominent in the miRNA-transfected groups than
in the control group (Fig. 2D). The average mitochondrial
length in the miR-150-3p, miR-323-5p, and miR-370-3p groups
was 0.6 um in each, significantly shorter than the control
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group’s average of 3.2 um (Fig. 2E).

Consistent with these results, our previous study demonstrated
that miRNA-351-5p induced mitophagic cell death in HCN
cells (17). Additionally, Ash et al. demonstrated that miRNA-137,
which we also observed to be elevated (data not shown),
enhanced mitochondrial fusion and fission in human neural
stem cells (18). These findings support that miRNAs regulate
stem cell fate by modulating mitochondrial homeostasis. How-
ever, our understanding of the mechanisms of miRNAs regula-
ting hippocampal neurogenesis is very limited. Here, we demon-
strated that the dysregulation of mitochondrial dynamics and
function is an important process contributing to defects in hi-
ppocampal integrity.

miRNAs upregulated after insulin withdrawal commonly
target OPA1 and MFN2
We refined our focus on their ability to induce mitochondrial
fission (Fig. 2D, E) and their potential association with GTPase
regulator activity from gene ontology (GO) pathway analysis of
the miRNA array results in Fig. 1C to identify the target pro-
teins of upregulated miR-150-3p, miR-323-5p, and miR-370-3p.
We identified a total of 117 integrated target genes of these 3
miRNAs through miRWalk analysis by selecting genes with a
miRWalk score = 1.00 (Fig. 3A). Among these shared genes,
we observed a notable mitochondrial fusion-related gene,
OPAT1 (optic atrophy protein 1) (Fig. 3A). miR-150-3p was also
found to target another mitochondrial fusion-related gene, MFN2
(mitofusin2). The 3’UTR of MFN2 contains one matching
sequence to the seed sequence of miR-150-3p (Fig. 3B). The
3’UTR of wild-type (WT) or mutant-type (MT) MFN2 with 7-nt
mismatches was inserted into psiCHECK2 downstream of the
luciferase coding sequence. The actual binding activity was
quantitatively determined through a luciferase assay. miR-150-3p
suppressed luciferase expression, resulting in a 30% reduction
compared to the miR-Con group, revealing its direct binding to
the 3’UTR of MFN2 (Fig. 3C). Reverse transcription-quantita-
tive polymerase chain reaction (qQRT-PCR) was performed to
quantify the expression of the target gene in each miRNA-
transfected cell and verify the authenticity of the above mi-
croarray analysis (Fig. 3D, E). Consistent with the miRWalk
analysis results, all miR-150-3p, miR-323-5p, and miR-370-3p-
transfected cells exhibited a low expression of OPA1, and
miR-150-3p-transfected cells also showed decreases in the expres-
sion of MFN2. The 3’UTR of OPA1 harbors multiple and remote-
ly separated matching sequences for miR-150-3p, miR-323-5p,
and miR-370-3p. Thus, direct evidence of miR-150-3p, miR-323-5p,
and miR-370-3p binding to the 3’"UTR of OPAT has not been
established. However, as depicted in Fig. 3E, the mRNA ex-
pression of OPA1 was substantially decreased in response to
miR-150-3p, miR-323-5p, and miR-370-3p, indicating the poten-
tial for these miRNAs to bind to OPAT.

Mitochondria are highly dynamic structures that continuous-
ly undergo fusion and fission (19). The significant role of these
miRNAs in regulating mitochondrial dynamics becomes appa-
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Fig. 3. Target prediction and validation of miRNA-target axis. (A)
Venn diagram of common targets for miR-150-3p, miR-323-5p and
miR-370-3p. (B) Sequence alignment of miR-150-3p in 3'UTR of
MFN2 and (O) direct targeting activity of miR-150-3p by lucife-
rase reporter assay. RT-gPCR analysis of target mRNA MFN2 (D)
and OPA1 (E) after transfection with each miRNA. ***P < 0.001.

rent through their substantial involvement in promoting exces-
sive mitochondrial fission, which ultimately leads to HCN cell
death. We identified that these miRNAs can target OPA1 and
MFN2, which both have a highly conserved dynamin GTPase
domain and are essential mediators of mitochondrial membrane
fusion (20). Although the underlying mechanisms remain to be
elucidated, it is noteworthy that both OPA1 and MFN2 are
involved in regulating mitochondrial respiratory chain coupling
and oxidative phosphorylation (21, 22), consistent with the
results in Fig. 2C. OPA1 and MFN2 have been implicated in
families with autosomal dominant optic atrophy and axonal
Charcot-Marie-Tooth disease type 2A, respectively, both cha-
racterized by neurological deficits (20). Missense mutations in
OPA1 exhibit neurodegenerative features, such as parkinsonism
and dementia (23), reinforcing the possibility of miR-150-3p,
miR-323-5p, and miR-370-3p involvement in neurodegenera-
tive disorders. These findings support the hypothesis that OPA1
and MFN2 could be the integrated target proteins of miR-150-3p,
miR-323-5p, and miR-370-3p, leading to HCN cell death.
However, it is reasonable to anticipate that other miRNAs
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Fig. 4. In vivo validation of expression level of miRNAs and their
target proteins and genes in the Alzheimer models. (A) Western
blot image demonstrates protein expression levels of OPA1 and
MFN2 in 3xTg and WT mice. (B) RT-gPCR of miR-323-5p and
miR-370-3p in 3xTg and WT mice. (C) Expression level of OPA1
and MFN2 in GSE173955, which contains RNA-seq data from the
hippocampus of AD patients (n = 8) and controls (n = 10). The
P-value for OPA1 expression is 0.031, while that for MFN2 is
0.058. (D) Expression level of OPA1 and MFN2 in GSE183260, which
includes microarray data from the brain of AD patients (n = 19)
and healthy controls (n = 21). The P-value for OPA1 expression
is 0.029, while that for MFN2 is 0.00042. (E) Correlation matrix
of OPAT and MFN2 from the hippocampus of human brain RNA-seq
data in the Allen brain Atlas (n = 94) using Pearson’s method.
The Pearson’s correlation coefficient, denoted by R. *P < 0.05,
#%p < 0,01, ***P < 0.001.

might similarly impact HCN cell death by modulating intracel-
lular signaling pathways through phosphorylation, as shown in
the second line in Fig. 1C. This assertion gains support from
studies demonstrating that the phosphorylation of p62 by AMP-
activated protein kinase and the phosphorylation of ULK1 by
GSK3B led to HCN autophagic cell death (24). However, a
comprehensive investigation is needed to thoroughly explore
this aspect.

OPAT1 and MFN32 are significantly reduced in patients with
Alzheimer’s disease

We then examined whether miR-150-3p, miR-323-5p, and
miR-370-3p and their target proteins we identified were up- or
downregulated in AD disease models in which hippocampal
neurogenesis was notably defective (5, 6). Thus, we investigated
the expression of miRNAs and proteins in the brain tissue of
triple-transgenic AD (3xTg-AD) model mice, a widely used
model of AD (25), compared to WT mice. Both OPA1 and
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MFN2 were downregulated in 3xTg-AD mice (Fig. 4A), whereas
miR-323-5p and miR-370-3p showed more than 2-fold in-
creases in 3xTg-AD mice compared to WT (Fig. 4B). These
findings are consistent with our in vitro results. We also
investigated the gene expression levels of OPAT and MFN2 in
human samples by analyzing an available open-source database.
Through bioinformatic analysis of the GEO dataset (GSE173955),
which included RNA sequencing (RNA-seq) data extracted
from hippocampal tissues, we found a significant downregu-
lation of OPA1 and MFN2 expression in the AD group com-
pared to the non-AD group (Fig. 4C). Similarly, our investi-
gation of the GSE183260 dataset, which included a microarray
of whole brain tissues, demonstrated a significant reduction in
both OPA1 and MFN2 gene expression in the AD group (Fig.
4D). A significant positive correlation was found between the
expression levels of OPA1 and MFN2 in RNA-seq data from
the hippocampi of human brains donated to the Allen Brain
Atlas (Fig. 4E). Taken together, these findings imply a strong
functional proximity between OPA1 and MFN2 within the
hippocampus, reinforcing our findings that the upregulation of
miRNAs targeting OPA1 and MFN2 could potentially contribute
to the impairment of hippocampal neurogenesis, particularly
in relation to AD.

Given the limitations in studying hippocampal neurogenesis
in vivo, we further extended our analysis to a human brain
database to support our findings. However, data-based studies
also have limitations, not only focused on hippocampal neural
progenitor cells but also included whole brain or hippocampal
neurons. More investigations are required to show a direct
causal relationship between elevated miR-150-3p, miR-323-5p,
and miR-370-3p and defects in hippocampal stem cells, lead-
ing to AD aggravation.

MATERIALS AND METHODS

Materials and methods are available in supplementary material.
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