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Abstract
Aging-related cognitive ability impairments are one of the main threats to public health, and impaired hippocampal
neurogenesis is a major cause of cognitive decline during aging. However, the regulation of adult neurogenesis in the
hippocampus requires further study. Here, we investigated the role of microRNA-153 (miR-153), a highly conserved
microRNA in mice and humans, in adult neurogenesis. During the passaging of neural stem cells (NSCs) in vitro,
endogenous miR-153 expression was downregulated, with a decrease in neuronal differentiation ability. In addition, miR-
153 overexpression increased the neurogenesis of NSCs. Further studies showed that miR-153 regulated neurogenesis by
precisely targeting the Notch signaling pathway through inhibition of Jagged1 and Hey2 translation. In vivo analysis
demonstrated that miR-153 expression was decreased in the hippocampi of aged mice with impaired cognitive ability, and
that miR-153 overexpression in the hippocampus promoted neurogenesis and markedly increased the cognitive abilities of
the aged mice. Overall, our findings revealed that miR-153 affected neurogenesis by regulating the Notch signaling pathway
and elucidated the function of miR-153 in aging-related, hippocampus-dependent cognitive ability impairments, and
neurodegenerative diseases.

Introduction

With aging, the brain gradually loses its ability to respond to
external stimuli, and decreased brain plasticity is accom-
panied by individual cognitive dysfunctions [1, 2]. The

hippocampus is closely associated with cognitive function
and is considered a key area affected by aging [3–6]. Within
the hippocampus, adult neurogenesis mainly occurs in the
subgranular zone (SGZ) of the dentate gyrus (DG), which
contains adult neural stem cells (NSCs) [7–9]. Adult NSCs
maintain the ability to differentiate into neurons, and aging is
associated with a decreased number of newborn neurons
in the DG, as well as an increased number of astrocytes
[10–12]. Moreover, the decrease in neurogenesis is closely
associated with a decline in hippocampus-dependent cog-
nition [2, 13, 14], suggesting that aging-related neurogenesis
impairments may contribute to hippocampal functional loss.
Therefore, understanding the molecular mechanisms under-
lying NSC neurogenesis in the adult hippocampus is of
crucial importance for ameliorating hippocampus-dependent
cognitive impairment.

NSCs specifically express a series of microRNAs
(miRNAs) that are involved in the maintenance of self-
renewal and differentiation. Let-7b targets Hmga2, TLX,
and cyclin D1 to precipitate the cell cycle exit of NSCs and
promote their differentiation [15–20]. Furthermore, several
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miRNAs are considered to be closely associated with brain
aging [21], such as miR-219, which increases the myelin
plasticity of aging mouse brains and delays aging-induced
cognitive impairment [22]. Although these studies have
shown that miRNAs can regulate NSC differentiation and
are closely associated with the cognitive impairment caused
by aging, whether miRNAs can directly regulate neuro-
genesis in the adult hippocampus to affect age-related
cognitive decline remains unclear.

MiR-153 regulates neurobehavioral development in
zebrafish and inhibits gliogenesis during mouse embryonic
development [23, 24]; however, few studies have focused
on the function of miR-153 in adult neurogenesis. Here, we
found that miR-153 promotes NSC neurogenesis in vitro
and in vivo and that miR-153 functions by specifically
modifying the Notch signaling pathway, which is con-
sidered a master controller of NSC differentiation by pro-
moting gliogenesis and inhibiting neurogenesis [25–27],
though targeting Jag1 and Hey2. Moreover, miR-153
mediated the aging-related, hippocampus-dependent
impairment of learning and memory abilities, while exo-
genous miR-153 overexpression in the aged mouse hippo-
campus enhanced neurogenesis and rescued cognitive
decline.

Results

miR-153 is abundantly expressed in neural tissues
and downregulated with neurogenesis decrease

To understand the function of miR-153, we measured miR-
153 expression in different mouse tissues and found
abundant expression in neural tissues, especially in the
hippocampus (Fig. 1a). Therefore, we next isolated NSCs
for culture and differentiation in vitro and found sig-
nificantly high miR-153 expression in neurons (Fig. 1b),
indicating a possible linkage between miR-153 and neuro-
nal differentiation. Previous studies have shown that the
neurogenesis capacity decreases as NSCs are cultured
in vitro [28]. In our study, we also found this phenomenon
and divided NSCs into early NSCs (E-NSCs) and late NSCs
(L-NSCs) according to their neuronal differentiation ability
(Fig. 1c). Two days after differentiation, L-NSCs differ-
entiated less into neurons and more often into glial cells, as
indicated by immunofluorescence staining (Fig. 1d, e).
Quantitative RT-PCR (qRT-PCR) showed downregulation
of the neuron-related genes Tubb3, Map2, and NeuN and
upregulation of the glial cell-related genes Gfap and S100β
in the L-NSC group (Fig. 1f). Interestingly, we found sig-
nificantly lower miR-153 expression in L-NSCs compared
with that in E-NSCs (Fig. 1g). Therefore, we speculated that
miR-153 plays an important role in neuronal differentiation.

miR-153 promotes neurogenesis and inhibits
gliogenesis

To determine the function of miR-153 in neuronal differ-
entiation, we overexpressed miR-153 in L-NSCs through
transfection with miR-153 mimics (m153). Flow-cytometry
analysis showed that more than 94% of cells were cy5-
positive after transfection with fluorescently labeled
miRNA mimics or inhibitors, indicating that the mimics and
inhibitors could be efficiently transfected into NSCs
(Fig. S1a–e). To determine the function of miR-153 in
neuronal differentiation, we overexpressed miR-153 in
L-NSCs through transfection with m153. Two days after
differentiation, in the m153 group, the mRNA levels of
neuron-related genes were significantly increased, while
those of glial cell-related genes were decreased (Fig. 2a;
Fig. S1f), and a higher percentage of MAP2-positive neu-
rons and a lower percentage of GFAP-positive glial cells
were observed (Fig. 2b, c). In contrast, when miR-153 was
inhibited in E-NSCs with a miR-153 inhibitor (i153), the
mRNA levels of neuron-related genes were downregulated,
and those of glial cell-related genes were upregulated
(Fig. 2d). The percentage of MAP2-positive neurons was
decreased, while the percentage of GFAP-positive glial cells
was increased in the i153 group (Fig. 2e, f). To further
investigate the function of miR-153 in neurogenesis, we
also used a lentivirus, lenti-sponge-153-wpre (lenti-sp-153-
wpre), to inhibit miR-153 function by sponging miR-153 in
NSCs [29, 30]. The sponge-153 was effectively expressed
in NSCs as the wpre level was significantly increased
(Fig. S1g). The NSCs infected with lenti-sp-153-wpre were
subjected to qRT-PCR and immunofluorescence analyses,
and the results were similar to those obtained for the i153
group (Fig. S1h–j). These data suggest that miR-153 criti-
cally regulates neurogenesis and gliogenesis.

Neurogenesis is regulated by miR-153 through the
Notch signaling pathway

The Wnt and Notch signaling pathways play important roles
in the neural differentiation of NSCs [27, 31]. To explore
whether miR-153 regulates the Wnt and Notch signaling
pathways, luciferase reporter activity in 293FT cells was
analyzed with the TOP/FOP-FLASH reporter (Wnt repor-
ter) [32] and Notch reporter. No difference in the activation
of the TOP-Flash reporter was observed between the m153
and control groups, but the Notch reporter-dependent luci-
ferase activity was decreased in the m153 group (Fig. 3a),
suggesting that miR-153 regulates the Notch signaling
pathway, but not the Wnt signaling pathway. To confirm the
function of miR-153 in the Notch signaling pathway,
293FT cells were transfected with m153 and the Notch
reporter, and the Notch intracellular domain (NICD) was
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used to activate the Notch signaling pathway. miR-153
could observably inhibit the luciferase activity of the Notch
reporter, and this effect could be offset by the miR-153

inhibitor (Fig. 3b). DAPT, a specific inhibitor of Notch
signaling [33], served as a positive control for the
Notch reporter assay (Fig. 3c). The above data indicate that
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miR-153 could downregulate the activity of the Notch
signaling pathway.

To confirm the effect of miR-153 on the Notch signaling
pathway in terms of neural differentiation, we used Dll4, a
recombinant Notch ligand protein that can activate Notch
signaling [34], to rescue the function of miR-153 in NSCs.
Western blot assays showed that the protein level of NICD
was upregulated in the Dll4 group (NSC+Dll4) and
downregulated in the m153 group, and Dll4 could offset the
effect of miR-153 on NICD expression (Fig. 3d; Fig. S2).
In the Dll4 group, the mRNA levels of neuron-related genes
and the percentage of MAP2-positive neurons were
decreased, while the mRNA levels of glial cell-related genes
and the percentage of GFAP-positive glial cells were
increased. Moreover, Dll4 could offset the changes by
m153 in the mRNA levels of neuron- and glial cell-related
genes and the percentages of MAP2-positive neurons and
GFAP-positive glial cells (Fig. 3e–g). In addition, when
miR-153 was inhibited in NSCs, the NICD protein
level was increased, and DAPT treatment rescued NICD
expression (Fig. 3h). DAPT treatment was sufficient for
rescuing the neuronal differentiation impaired by miR-153
inhibition, as shown by the upregulation of neuron-related
genes, downregulation of glial cell-related genes, increased
percentage of MAP2-positive neurons and decreased per-
centage of GFAP-positive glial cells (Fig. 3i–k). Taken
together, these results suggest that miR-153 promotes NSC
neurogenesis and inhibits gliogenesis by downregulating
the Notch signaling pathway.

Dual regulatory effects of miR-153 on Jag1 and
Hey2 in neurogenesis

Because miR-153 regulated the activity of the Notch sig-
naling pathway, we used TargetScan to search for potential

miR-153 target genes that are key molecules in the Notch
signaling pathway and found that miR-153 might bind to
the 3′UTRs of Hey2 and Jag1 (Fig. 4a). We also found that
the seed sequence of miR-153 is highly conserved among
different species, and that the miR-153-binding sites in the
3′UTRs of Hey2 and Jag1 are also conserved (Fig. S3a).
Jag1 is a ligand of the Notch signaling pathway [35], and
Hey2 is a downstream target gene of the Notch signaling
pathway [36]. To confirm the binding of miR-153 to Jag1
and Hey2, we performed luciferase assays in 293FT cells.
We generated wild-type (WT) and mutant 3′UTR (MT)
reporters of Hey2 or Jag1 and found that miR-153 inhibited
the luciferase activity of the Hey2 and Jag1 WT reporters,
but not that of the MT reporters, and the effect of miR-153
could be offset by miR-153 inhibitor (Fig. 4b). Furthermore,
the protein levels, but not the mRNA levels, of both Hey2
and Jag1 were significantly decreased by overexpressing
miR-153 in NSCs (Fig. 4c, d). Moreover, inhibition of miR-
153 in NSCs upregulated the protein levels of Hey2 and
Jag1 (Fig. 4e, f). These results support the idea that Hey2
and Jag1 are targets of miR-153. To elucidate the roles
of Hey2 and Jag1 in neural differentiation, we knocked
down Hey2 and Jag1 in NSCs. qRT-PCR analysis showed
that Hey2 or Jag1 knockdown increased the expression of
neuron-related genes and decreased that of glial cell-related
genes (Fig. S3b–e). Knockdown of Jag1 in NSCs resulted in
decreased protein levels of Hes1 and Hey1, downstream
genes of the Notch signaling pathway (Fig. S3d). These data
suggest that the effect of knocking down Hey2 or Jag1 on
neural differentiation was similar to that of overexpressing
miR-153.

To further confirm that miR-153 regulates neural dif-
ferentiation by targeting Hey2 and Jag1, we next used Hey2
and Jag1 to rescue the effects of miR-153 in NSCs
(Fig. S3f; Fig. 4g). Western blot assays showed that HES1
and HEY1 expression was downregulated with miR-153
overexpression, and Jag1 overexpression restored HES1
and HEY1 expression, but not that of HEY2 (Fig. 4g). The
overexpression of Jag1 and Hey2 alone or together could
rescue the mRNA levels of neuron-related genes and glial
cell-related genes (Fig. 4h), as well as the percentages of
MAP2-positive neurons and GFAP-positive glial cells
(Fig. 4i, j). These results demonstrate that miR-153 simul-
taneously targets Jag1 and Hey2 for dual regulation of
the Notch signaling pathway, thereby promoting NSC
neurogenesis.

MiR-153 expression is decreased in the hippocampi
of aged mice with impaired cognitive ability

Previous studies have shown that aging leads to decreased
neurogenesis and cognitive decline in adult mammals
[37, 38]. Novel object recognition experiments showed that

Fig. 1 miR-153 is abundantly expressed in neural tissues and down-
regulated with neurogenesis decreased. a Quantitative RT-PCR
detection of miR-153 in different mouse tissues, n= 6. b Quantita-
tive RT-PCR detection of miR-153 in neural stem cells (NSCs),
neurons, and glial cells; immunostaining images of SOX2 (red),
NESTIN (green), and Ho.33342 (blue) in NSCs and of the neuron
marker MAP2 (red), the glial cell marker GFAP (green), and
Ho.33342 (blue) in neurons and glial cells are shown. Scale bar: 50
μm. c Model of neural differentiation: early NSCs (E-NSCs) exhibited
a high level of differentiation into neurons, while late NSCs (L-NSCs)
differentiated into fewer neurons. d Representative images showing
staining for MAP2 (red), GFAP (green), and Ho.33342 (blue) to
evaluate neuron differentiation. Scale bar: 50 μm. e Percentage of
MAP2-positive and GFAP-positive cells in neural differentiation.
f Quantitative RT-PCR detection of neuron-related genes (Tubb3,
Map2, NeuN) and glial cell-related genes (Gfap, S100β) in the neural
differentiation of E-NSCs and L-NSCs. g Quantitative RT-PCR
detection of miR-153 in E-NSCs and L-NSCs. Data information: the
data shown are the mean ± SEM, n= 3; ANOVA; ***p < 0.001,
**p < 0.01, *p < 0.05. Gapdh or U6 was used as an internal control for
normalization in quantitative RT-PCR
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differentiation of L-NSCs+mc or L-NSCs+m153 (L-NSCs trans-
fected with control or miR-153 mimics). b Immunofluorescence ana-
lysis of neural differentiation with L-NSCs+mc or L-NSCs+m153
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Scale bar: 50 μm. c Percentages of MAP2-positive and GFAP-positive
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related genes and glial cell-related genes in the neural differentiation of
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the discrimination index and recognition of novel objects by
aged (16–18 months old) mice were significantly lower than
those of young (8–10 weeks old) mice (Fig. 5a), and there

was no difference in the preferences for the two objects
between the two groups of mice (Fig. S4a). In the water
maze experiment, the young mice crossed the platform
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more times and took less time to arrive at the platform
during testing, while all mice showed similar swim speeds
(Fig. 5b; Fig. S4b, c). Then, we examined the neuron- and
glial cell-related genes in the hippocampi of young and aged
mice. Consistent with previous reports [12, 39], in aged
mice, the mRNA levels of a newborn neuronal marker
(Doublecortin, Dcx) and a mature neuronal marker (NeuN)
were downregulated (Fig. 5c), while those of glial cell-
related genes (Gfap, S100β) were upregulated (Fig. 5d) in
aged mice. To further examine neurogenesis in the hippo-
campus, we injected BrdU (50 mg/kg) intraperitoneally into
the mice for 7 days. After 3 weeks, immunofluorescence
staining results showed that in aged mice, the percentages of
DCX+/BrdU+ newborn neurons and NEUN+/BrdU+ neu-
rons were significantly decreased (Fig. 5e; Fig. S4d), while
the percentages of GFAP+/BrdU+ and S100β+ /BrdU+ glial
cells were significantly increased (Fig. 5f; Fig. S4e).

Furthermore, we observed a decrease in miR-153
expression in the hippocampal tissues of aged mice

(Fig. 5g). Consistently, western blot analysis showed that
HEY2 and JAG1 were clearly upregulated in the aged mice
(Fig. 5h, i). Collectively, these observations suggest that
decreased miR-153 expression in the hippocampi of aged
mice leads to decreased hippocampal neurogenesis and
hippocampus-dependent cognitive dysfunction.

Inhibiting miR-153 decreases the hippocampal
neurogenesis and impairs the cognitive function of
young mice

Because miR-153 exhibited a higher expression in the
hippocampi of young mice than that in aged mice, we
explored whether miR-153 is necessary for neurogenesis
and the cognitive functions of young mice. We injected an
adeno-associated virus, AAV-sponge-153 (AAV-sp-153),
to inhibit miR-153 in the hippocampi of young mice, and
AAV-GFP was used as a control (AAV-ctrl) (Fig. 6a).
More than 70% of the cells were GFP-positive (Fig. S5a),
and both HEY2 and JAG1 were upregulated in the
mouse hippocampus after miR-153 inhibition (Fig. 6b, c).
Regarding cognitive function, the novel object test
showed that the discrimination indices and recognition of
novel objects were significantly deteriorated in mice of
the AAV-sp-153 group (Fig. 6d; Fig. S5b). The water
maze experiment showed that the number of platform
crossings made by mice in the AAV-sp-153 group was
significantly decreased, and the time required for mice in
the AAV-sp-153 group to first reach the platform area
was increased (Fig. 6e; Fig. S5c). These experiments
collectively show that miR-153 inhibition in the hippo-
campi of young mice impaired their hippocampus-
dependent cognitive ability.

Subsequently, we examined changes in neurogenesis in
young mice injected with AAV-sp-153. In AAV-sp-153
mice, the mRNA levels of Dcx and NeuN were down-
regulated (Fig. 6f), while those of Gfap and S100β wer-
e upregulated (Fig. 6g). Furthermore, the percentages of
DCX+ /BrdU+ /GFP+ newborn neurons and NEUN+ /
BrdU+ /GFP+ neurons were decreased (Fig. 6h; Fig. S5d),
and those of GFAP+ /BrdU+ /GFP+ and S100β+ /
BrdU+ /GFP+ glial cells were significantly increased
(Fig. 6i; Fig. S5e). In addition, we also injected a retrovirus,
Retro-sponge-153 (Retro-sp-153), inhibiting miR-153,
which infected only proliferating cells [40], into the hippo-
campi of young mice (Fig. S6a). More than 13% of cells
were GFP-positive 5 weeks after injection (Fig. S6b). The
mice injected with Retro-sp-153 showed phenotypes similar
to those of AAV-sp-153 mice in terms of neurogenesis
and cognitive ability (Fig. S6c–i). The above results indicate
that inhibition of miR-153 decreases adult hippocampal
neurogenesis and impairs the cognitive abilities of
young mice.

Fig. 3 Neurogenesis is regulated by miR-153 through the Notch sig-
naling pathway. a Relative luciferase activities of the Wnt reporter
TOP-FLASH and the Notch reporter in the mc and m153 groups;
FOP-FLASH was used as the negative ctrl of the Wnt reporter.
b Relative luciferase activities of the Notch reporter in the mc and
m153 groups; NICD is the active form of the Notch reporter. The data
shown are the mean ± SEM, n= 3; ANOVA; ***p < 0.001, ##p < 0.01,
“*” means compared with the mock group, “#” means compared with
the NICD group. c Experiment to positively detect Notch signaling
pathway activity. The data shown are the mean ± SEM, n= 3;
ANOVA; ****p < 0.0001, ###p < 0.001, ##p < 0.01, “*” means com-
pared with the mc group, “#” means compared with the NICD group.
d Western blot analysis of NICD expression in the L-NSCs+mc,
L-NSCs+m153, L-NSCs+Dll4 (treated with Dll4, 5 ng/µl), and
L-NSCs+m153+Dll4 groups. e Quantitative RT-PCR detection of
neuron-related genes (Tubb3, Map2, NeuN) and glial cell-related genes
(Gfap, S100β) involved in neural differentiation in the L-NSCs+mc,
L-NSCs+m153, L-NSCs+Dll4, and L-NSCs+m153+Dll4
groups. f Immunofluorescence analysis of the neural differentiation in
the L-NSCs+mc, L-NSCs+m153, L-NSCs+Dll4, and L-NSCs+
m153+Dll4 groups as evaluated with MAP2 (red), GFAP (green) and
Ho.33342 (blue). Scale bar: 50 μm. g Percentages of MAP2+ and
GFAP+ cells in neural differentiation. h Western blot analysis of
NICD expression in the E-NSCs+ ic, E-NSCs+ i153, E-NSCs+
DAPT (treated with DAPT, 50 nM) and E-NSCs+ i153+DAPT
groups. i Quantitative RT-PCR detection of neuron-related genes and
glial cell-related genes in the neural differentiation of the E-NSCs+ ic,
E-NSCs+ i153, E-NSCs+DAPT, and E-NSCs+ i153+DAPT
groups. j Immunofluorescence analysis of the neural differentiation of
E-NSCs+ ic, E-NSCs+ i153, E-NSCs+DAPT, and E-NSCs+ i153
+DAPT as evaluated with MAP2 (red), GFAP (green), and Ho.33342
(blue). Scale bar: 50 μm. k Percentages of MAP2-positive and GFAP-
positive cells in neural differentiation. Data information: the data
shown are the mean ± SEM, n= 3; ANOVA; ***/###p < 0.001,
**/##p < 0.01, */#p < 0.05; “*” means compared with the mc or ic
group, “#” means compared with the m153 or i153 group in e, g, i, k.
Gapdh was used as an internal control for the normalization in
quantitative RT-PCR. L-NSCs late NSCs, E-NSCs early NSCs, mc
control mimics, m153 miR-153 mimics, ic control inhibitor, i153 miR-
153 inhibitor

814 J. Qiao et al.



MicroRNA-153 improves the neurogenesis of neural stem cells and enhances the cognitive ability of aged. . . 815



miR-153 increases adult neurogenesis in the
hippocampus and improves the cognitive abilities
of aged mice

To investigate the potential benefit of increasing miR-153
expression on aging-related cognitive decline, an adeno-
associated virus overexpressing miR-153 (AAV-153) was
injected into the hippocampi of aged mice (Fig. 7a); more
than 75% of the cells were GFP positive (Fig. S7a). qRT-
PCR confirmed miR-153 overexpression in the mouse
hippocampus (Fig. 7b). Western blot assays showed that
HEY2 and JAG1 were both downregulated by miR-153
overexpression (Fig. 7c, d). Regarding cognitive function,
the novel object test showed that the discrimination indices
and recognition of novel objects were significantly
improved in the AAV-153 group (Fig. 7e; Fig. S7b). The
water maze experiment showed that the number of platform
crossings made by mice in the AAV-153 group was sig-
nificantly increased, and the time required for mice in the
AAV-153 group to first reach the platform area was shor-
tened (Fig. 7f, g; Fig. S7c, d). These experiments collec-
tively show that miR-153 overexpression in the hippocampi
of aged mice could improve the hippocampus-dependent
cognitive ability of aged mice.

Subsequently, we investigated whether the application of
exogenous miR-153 counteracted aging-related declines in
neurogenesis. In the AAV-153 mice, the mRNA levels of
Dcx and NeuN were upregulated (Fig. 7h), while those of

Gfap and S100β were downregulated (Fig. 7i). Furthermore,
the percentages of DCX+ /BrdU+ /GFP+ newborn neu-
rons and NEUN+ /BrdU+ /GFP+ neurons were increased
(Fig. 7j; Fig. S7e), while those of GFAP+ /BrdU+ /GFP+
and S100β+ /BrdU+ /GFP+ glial cells were decreased
(Fig. 7k; Fig. S7f). We also detected NSC markers in the
hippocampus, and immunofluorescence staining and qRT-
PCR showed no significant difference between AAV-ctrl
and AAV-153 mice (Fig. S7g–i). These results indicated that
miR-153 overexpression did not deplete the NSC pool.

Furthermore, we injected a retrovirus overexpressing
miR-153 (Retro-153) into the hippocampi of aged mice
(Fig. S8a), and more than 10% of the cells were GFP
positive (Fig. S8b). qRT-PCR indicated that miR-153 was
overexpressed in the mouse hippocampus (Fig. S8c). In
addition, the mice injected with Retro-153 showed pheno-
types similar to those of AAV-153 mice in regards to their
cognitive abilities and neurogenesis (Fig. S8d–j). These
results indicate that miR-153 could promote adult hippo-
campal neurogenesis and improve the cognitive abilities of
aged mice by inhibiting two important Notch pathway
molecules, Jag1 and Hey2.

To investigate whether miR-153 converts glial cells into
neurons, we overexpressed miR-153 in astrocytes
(Fig. S9a). Immunofluorescence staining indicated that no
astrocytes transdifferentiated into neurons after miR-153
overexpression (Fig. S9b, c). In addition, to further deter-
mine whether miR-153 overexpression in astrocytes affects
the neural differentiation of NSCs or whether miR-153
overexpression in NSCs affects neuronal transdifferentia-
tion of astrocytes, we co-cultured NSCs with astrocytes
[41]. miR-153 overexpression in astrocytes did not improve
the rate of NSC neuronal differentiation (Fig. S9d–g), and
miR-153 overexpression in NSCs did not promote the
transdifferentiation of astrocytes into neurons (Fig. S9h–j).
The above results indicate that miR-153 enhances the
learning and memory abilities of aged mice by promoting
NSC neurogenesis in the hippocampus.

Discussion

Neurological diseases are often caused by impairment of
hippocampal neurogenesis [37, 42]. Recent studies have
shown that endogenous adult NSCs could restore brain cap-
abilities by undergoing neurogenesis [14]; hence, under-
standing the mechanisms of NSC differentiation into neuronal
lineages is necessary to improve neurogenesis in neurological
disease states. Many studies have found critical roles of
miRNAs in neuronal differentiation [15, 21]. However, the
mechanism of adult hippocampal neurogenesis is still unclear.
In our study, during the culture of NSCs in vitro, their neu-
rogenesis decreased, while gliogenesis increased. At the same

Fig. 4 Dual regulatory effects of miR-153 on Jag1 and Hey2 in neu-
rogenesis. a Summary of the miR-153 target sites in the 3′UTRs of Jag1
and Hey2. In the double strands of the sequence, the upper strand is
miR-153, and the lower strand is the binding site of the 3′UTR mRNA.
b MiR-153 specifically represses its targets in the luciferase assay. WT-
UTR indicates the WT 3’UTR. MT-UTR indicates the 3′UTR con-
taining the mutant binding site of miR-153. c Quantitative RT-PCR
detection of Jag1 and Hey2 in the L-NSCs+mc and L-NSCs+m153
groups. d Western blot analysis of the protein levels of JAG1 and
HEY2 in the L-NSCs+mc and L-NSCs+m153 groups normalized to
β-TUBULIN. e Quantitative RT-PCR detection of Jag1 and Hey2 in the
E-NSCs+ ic and E-NSCs+ i153 groups. f Western blot analysis of the
protein levels of JAG1 and HEY2 in the E-NSCs+ ic and E-NSCs+
i153 groups normalized to β-TUBULIN. g Western blot analysis of the
protein levels of HEY2, JAG1, HEY1, and HES1 in rescue experiments
normalized to β-TUBULIN. h Quantitative RT-PCR detection of
neuron-related genes and glial cell-related genes in the neural differ-
entiation of the L-NSCs+mc, L-NSCs+m153, L-NSCs+m153+H,
L-NSCs+m153+ J and L-NSCs+m153+H+ J groups. i Immuno-
fluorescence analysis of neural differentiation by means of MAP2 (red),
GFAP (green), and Ho.33342 (blue). Scale bar: 50 μm. j Percentages of
MAP2-positive and GFAP-positive cells in neural differentiation. Data
information: the data shown are the mean ± SEM, n= 3; ANOVA;
***/###p < 0.001, **/##p < 0.01, */#p < 0.05; “*” means compared with
the mc group, and “#” means compared with the m153 group. Gapdh
was used as an internal control for the normalization in quantitative RT-
PCR. L-NSCs late NSCs, E-NSCs early NSCs, mc control mimics,
m153 miR-153 mimics, ic control inhibitor, i153 miR-153 inhibitor, H
Hey2, J Jag1
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time, miR-153 expression was also downregulated. Moreover,
miR-153 overexpression promoted neuronal differentiation
and inhibited the glial differentiation of NSCs, suggesting that
miR-153 vivifies NSC neurogenesis.

In further studies, we found that miR-153 regulates
neurogenesis through the Notch signaling pathway. Exces-
sive activation of the Notch signaling pathway leads to
decreased neurogenesis and increased gliogenesis [33, 43].
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Previous studies have shown that miRNAs can target the
Notch signaling pathway to regulate neural differentiation
[44]. Our study found that miR-153 simultaneously targets
two key molecules at different stages of the Notch signaling
pathway to precisely regulate the pathway. miR-153 was
able to decrease the protein level of Jag1 and regulate the
activity of the Notch signaling pathway, thereby inhibiting
the expression of certain downstream transcription factors,
such as Hes1 and Hey1 [45]. MiR-153 was also able to
target Hey2, a downstream transcription factor of the Notch
signaling pathway. Astrocytes can reportedly negatively
regulate nerve regeneration by regulating the Notch sig-
naling pathway through Jag1 [43], while Hey2 can help
maintain neural progenitors at the embryonic development
stage and inhibit neuronal differentiation by promoting
differentiation into glial cells at the postnatal stage [36]. In
our study, miR-153 inhibited the protein levels of JAG1 and
HEY2 but not their mRNA levels, indicating that miR-153
functions by inhibiting protein translation and not by
degrading the mRNAs of Jag1 and Hey2. Usually, if the
binding between an miRNA and its target gene is complete,
the miRNA will destabilize the target gene’s mRNA,
whereas if the binding is incomplete, the miRNA will
inhibit the protein translation of the target gene [46, 47].
The mode of action between miR-153 and Jag1 or Hey2
may be due to incomplete binding between miR-153 and
Jag1 or Hey2, which is consistent with a previous study.
Collectively, our results clearly demonstrated that miR-153
targets not only Jag1 but also Hey2, thus exerting combined
effects that promote neurogenesis in vitro and in vivo.

In adults, aging leads to decreased hippocampal NSC
neurogenesis, which impairs hippocampus-dependent
cognition, as well as learning and memory abilities [2].
Studies have found that miRNAs are involved in aging and
neurogenesis [48]. However, the mechanisms by which
miRNAs regulate aging-related adult hippocampal neuro-
genesis as well as decreased cognitive, learning, and
memory abilities require further study. Previous studies
have shown that miR-153 can regulate the differentiation of
glial cells during mouse embryonic development by acting
on Nfia (nuclear factor-1A) and Nfib (nuclear factor-1B)
[23]. However, no studies are currently available on the
function of miR-153 in adult neurogenesis. Here, we found
that miR-153 plays an important role in adult hippocampal
neurogenesis. Upon reduced neurogenesis caused by adult
brain aging, miR-153 expression is dramatically decreased.
Overexpression of miR-153 in the hippocampus sig-
nificantly increased the neurogenesis, and learning and
memory abilities of aged mice. The above studies have
shown that miR-153 tends to promote the neurogenesis of
adult NSCs and can rescue the cognitive impairment of
aged mice. Considering the convenience of using miRNAs
as therapeutic agents, miR-153 may provide the basis for a
class of drugs used to treat aging-related cognitive decline
and learning and memory impairment.

Patients with Alzheimer’s disease (AD) exhibit pro-
gressive cognitive impairment due to critical neuron loss
[49, 50]. Studies have reported that the Notch pathway
influences the AD disease process [51], and amyloid pre-
cursor protein (APP) can induce the glial differentiation of
neural progenitor cells (NPCs) through Notch signaling
[52]. Our studies demonstrated that miR-153 improves
neurogenesis, inhibits the gliogenesis of NSCs and relieves
cognitive dysfunction in mice by inhibiting the Notch sig-
naling pathway. These results suggest that miR-153 has
great potential to increase neurogenesis in patients with AD
and thus improve their learning, memory and cognitive
abilities.

Materials and methods

Cell culture and differentiation

NSCs were isolated from the forebrain of C57 mice at E13.5
as described previously [53]. NSCs were cultured in the
DMEM/F12 (Gibco) supplemented with 2% B27 (Invitro-
gen), 1% GlutaMAX (Invitrogen), 1% NEAA (Invitrogen),
20 ng/ml fibroblast growth factor (bFGF, Sino_Biological),
and 20 ng/ml epidermal growth factor (EGF, Sino_Biolo-
gical), with passaging every 4 days. For differentiation,
embryonic NSCs were dissociated into single cells using
Accutase (Gibco) and plated on polyornithine (Gibco)- and

Fig. 5 miR-153 expression is decreased in the hippocampi of aged
mice with impaired cognitive ability. a Discrimination index and
discrimination ratio of the novel object recognition task; young, n= 9;
aged, n= 9; **p < 0.01. b Platform crossings and the amounts of time
required for the mice to first reach the platform area during the water
maze test; young, n= 10; aged, n= 10. c, d Quantitative RT-PCR
detection of the newborn neuronal marker Dcx (young, n= 7; aged,
n= 11), the mature neuronal marker NeuN (young, n= 7; aged, n=
10), and the glial cell markers Gfap (young, n= 8; aged, n= 8) and
S100β (young, n= 7; aged, n= 11) in the hippocampi of young and
aged mice. e Immunofluorescence analysis of neurons in the hippo-
campi of young and aged mice as evaluated by BrdU (green), DCX
(red), NEUN (red), and Ho.33342 (blue). Scale bar: 50 μm. f Immu-
nofluorescence analysis of astrocytes in the hippocampi of young and
aged mice as evaluated by BrdU (green), GFAP (red), S100β (red), and
Ho.33342 (blue). Scale bar: 50 μm. g Quantitative RT-PCR detection
of miR-153 in the hippocampi of young and aged mice; young, n= 7;
aged, n= 9. h Western blot analysis of the protein levels of JAG1 and
HEY2 in the hippocampi of young and aged mice normalized to
β-TUBULIN. i Statistical analysis of the grayscale levels of JAG1 and
HEY2 by ImageJ; young, n= 6; aged, n= 6. Data information: the
data shown are the mean ± SEM; Student’s t test; ****p < 0.0001,
***p < 0.001, **p < 0.01, *p < 0.05. young mice 8–10 weeks old, aged
mice 16–18 months old, NOR novel object recognition, MWM Morris
water maze
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laminin (Sigma, 10 ng/ml)-coated plates in the NSC med-
ium, without bFGF or EGF. The cells were allowed to
differentiate for 48 h and then immunostained for neuronal
and glial markers. To directly differentiate NSCs into pure

neurons, neurospheres were dissociated, plated on poly-
ornithine- and laminin-coated plates in the neurobasal
medium (Gibco) supplemented with 2% B27 (Invitrogen)
and 1% GlutaMAX (Invitrogen) and treated with 2.5 ng/ml
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cytosine arabinoside (Sigma, c1768) after 2 days. The
neuron purity was verified with anti-MAP2 staining (> 98%
of cells were Map2-positive after 6 days of culture). To
directly differentiate NSCs into pure astrocytes, neuro-
spheres were dissociated and plated on poly-D-lysine-
coated (100 µg/ml, Sigma) plates in DMEM/F12 medium
supplemented with 2% B27 and 10% FBS (Gibco).
The glial cell purity was verified with anti-GFAP staining
(> 95% of cells were GFAP-positive after 4 days of culture).

microRNA mimic

miRNA mimics and inhibitors are synthesized small,
double-stranded RNA molecules that are used to mimic or
inhibit endogenous mature miRNA molecules when trans-
fected into cells. The control/miR-153-cy5 mimics and
control/miR-153-cy5 inhibitor were labeled with cy5
fluorescein. The miR-153 mimics, control mimics, miR-153
inhibitor, control inhibitor, control/miR-153-cy5 mimics,
and control/miR-153-cy5 inhibitor were obtained from
RiboBio.

Transfection

For miR-153 treatment-coupled differentiation, NSCs (6 ×
105) were first transfected with 5 µl of an miR-153 mimic
(20 µM) or 10 µl of inhibitor (20 µM) with FuGENE HD
reagent. The medium was changed to the neural differ-
entiation medium after 8 h of transfection, and the NSCs

were kept in this medium for 48 h. For astrocytes, astrocytes
(6 × 104) were plated in poly-D-lysine-coated 24-well plates
and transfected with 5 µl of control or miR-153 mimics
(20 µM) with FuGENE HD reagent; the medium was
changed to neural differentiation medium after 8 h of
transfection, and detection was performed after 3 days.

FACS analysis

FACS analysis was performed as described previously [54].
Fluorescently labeled mimic (control/miR-153-cy5 mimics)
or inhibitor (control/miR-153-cy5 inhibitor) was used to
determine the transfection efficiency in vitro by flow cyto-
metry. To determine the percentage of cy5-positive NSCs
after transfection, day 4 NSCs were dissociated into single
cells with trypsin-EDTA (Gibco, 0.05%) and neutralized
with serum. Then, the cells were resuspended in PBS and
subjected to FACS analysis, which was performed on a
FACSCalibur instrument (BD Biosciences) at a 625-nm
excitation wavelength with standard emission filters. A
fluorescence control was established with NSCs that were
not transfected with the cy5 mimics or inhibitor. The data
were analyzed by FlowJo 7.6 software, and more than 94%
of the cells were transfected with the mimics or inhibitors.

Co-culture experiments

For the NSC-astrocyte co-culture experiments, astrocytes
were isolated from the cortices of C57 mice at 1–2 days
after birth and cultured in the DMEM/F12 medium sup-
plemented with 2% B27, 10% FBS, bFGF (10 ng/ml), and
EGF (10 ng/ml) as described previously [55]. NSCs were
plated on polyornithine- and laminin-coated glass coverslips
in 24-well plates and allowed to attach at 37 °C in a 5% CO2

incubator for 2 days. Then, transwell inserts (0.4 μm,
Corning, 3470-Clear) containing astrocytes transfected with
miR-153 or control mimics were transferred into 24-well
plates containing NSCs. The medium was then changed
to allow for differentiation; after 48 h of incubation, the
neuron morphology was analyzed. For the astrocyte-NSC
co-culture experiments, astrocytes were plated on poly-D-
lysine-coated glass coverslips and cultured at 37 °C in a 5%
CO2 incubator for 2 days. After washing, transwell inserts
containing NSCs transfected with miR-153 or control
mimics were transferred into 24-well plates containing
astrocytes. After 48 h of incubation, the neuron morphology
was analyzed.

Western blot analysis

Western blot was performed as described previously [56].
The cells were collected, washed with PBS (Gibco, China),
and then lysed with sodium dodecyl sulfate (SDS,

Fig. 6 Inhibition of miR-153 decreases hippocampal neurogenesis and
impairs the cognitive functions of young mice. a Schematic of virus
injection into the hippocampi of young mice and diagram of the
detection process. MWM Morris water maze, NOR novel object
recognition. b Western blot analysis of the protein levels of JAG1 and
HEY2 in the hippocampi of AAV-ctrl and AAV-sp-153 young mice
normalized to β-TUBULIN. c Statistical analysis of the grayscale
levels of JAG1 and HEY2 by ImageJ; AAV-ctrl, n= 6; AAV-sp-153,
n= 6. d Discrimination index and discrimination ratio of novel
objects; AAV-ctrl, n= 10; AAV-sp-153, n= 9. e Platform crossings
and amounts of time required for the mice to first reach the platform
area during the water maze test; AAV-ctrl, n= 10; AAV-sp-153, n=
10. f, g Quantitative RT-PCR detection of the newborn neuronal
marker Dcx (AAV-ctrl, n= 9; AAV-sp-153, n= 10), the mature
neuronal marker NeuN (AAV-ctrl, n= 12; AAV-sp-153, n= 12), and
the glial cell markers Gfap (AAV-ctrl, n= 11; AAV-sp-153, n= 11)
and S100β (AAV-ctrl, n= 12; AAV-sp-153, n= 12) in the hippo-
campi of AAV-ctrl and AAV-sp-153 young mice. h Immuno-
fluorescence analysis of neurons in the hippocampi of AAV-ctrl and
AAV-sp-153 young mice as evaluated by GFP (green), BrdU (red),
DCX (white), NEUN (white), and Ho.33342 (blue). Scale bar: 50μm.
i Immunofluorescence analysis of astrocytes in the hippocampi of
AAV-ctrl and AAV-sp-153 mice as evaluated by GFP (green), BrdU
(red), GFAP (white), S100β (white), and Ho.33342 (blue). Scale bar:
50 μm. Data information: the data shown are the mean ± SEM; Stu-
dent’s t test; ***p < 0.001, **p < 0.01, *p < 0.05. AAV-sp-153 AAV-
sponge-153, young mice 8–10 weeks old
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Amersco). For mouse hippocampal protein extraction, tis-
sues were incubated on ice for 30 min with RIPA lysis
buffer (Beyotime), and the protein concentrations were

measured using the Pierce BCA Protein Assay Kit
(Thermo). The protein samples were separated on
SDS-polyacrylamide gels and transferred onto PVDF
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membranes. The membranes were incubated with primary
antibodies overnight at 4 °C and with secondary antibodies
for 2 h. The antibodies used for western blotting are listed in
Supplementary Table 1.

qRT-PCR analysis

qRT-PCR was performed as described previously [57].
The total RNA was extracted from cells or the mouse
hippocampus using TRIzol (TaKaRa) according to the
manufacturer’s instructions. The quality of the total RNAs
was determined based on the OD260/OD280 ratio with
the NanoDrop spectrophotometer (MALCOM), and the
OD260/OD280 ratio for each sample was controlled
between 1.9 and 2.1. The total RNA (500 ng) was reverse
transcribed into cDNA using the PrimeScript RT reagent
kit (TaKaRa). qRT-PCR analysis was performed using
SYBR Green qRT-PCR Master Mix (Bio-Rad) on the
Agilent Stratagene Mx3000P machine. The primers used
for qRT-PCR are listed in Supplementary Table 2. The
efficacy of each primer and the scope of the Ct value for
each detected gene are listed in Supplementary Table 2.
miRNA levels were measured using the Bulge-Loop TM
miRNA qRT-PCR Primer Set (RiboBio) according to the
manufacturer’s instructions. Relative expression was cal-
culated using the 2−ΔΔct method by normalizing with
Gapdh or U6 expression and presented as the fold change
relative to the control.

Immunofluorescence staining

For cell immunofluorescence staining, cells cultured on
coverslips were washed with PBS, fixed with 4% paraf-
ormaldehyde (Amersco) for 20 min, and then permeabilized
with 0.2% Triton X-100 (Amersco) for 8 min. The cells
were then washed with PBS three times and blocked in 10%
FBS for 1 h. For immunofluorescence staining of brain
sections, the mouse brains were prepared as frozen sections
using a freezing microtome (Leica CM3050 S) and stored in
freezing medium. The sites of stereotaxic injections are
listed in the Supplementary Material. Brain slices were
removed from the freezing medium, washed three times
with PBS, permeabilized and blocked in a solution con-
taining 10% FBS and 0.1% Triton X-100 for 1 h. For BrdU
immunofluorescence staining, BrdU (Sigma, B5002) was
intraperitoneally injected into mice (50 mg/kg) seven times
on 7 sequential days, and brain slices were obtained after
3 weeks. The brain slices were incubated with 2 N HCl
(Sinopharm) for 45 min before permeabilization and
blocking. Both cell and brain tissue immunofluorescence
staining involved overnight incubation with primary anti-
bodies at 4 °C. Next, the cells and brain slices were stained
with fluorescent secondary antibodies and Hoechst 33342
dye for 2 h. Images were acquired using a fluorescence
microscope (Nikon). The antibodies used for western blot
analysis are listed in Supplementary Table 1.

Dual luciferase assay

For the dual luciferase assay of Hey2 and Jag1, 293FT cells
(3 × 104) were plated in 24-well plates, and cells in each well
were transfected with luciferase reporters (100 ng), Renilla
(10 ng), and 1 µl of mimics (20 µM); the luciferase assay was
performed after 48 h. Luciferase reporters were generated by
cloning the 3′UTR of WT or mutant target genes into pGL3-
based vectors. The WT miR-153 target site 5′-CTATGC
A-3′ was mutated to 5′-GATACGT-3′. Mutant vectors
were obtained using the QuikChange Lightning Multi Site-
Directed Mutagenesis Kit (Agilent Technologies). The
luciferase activity was measured as described previously
[58]. For the dual luciferase assay of the signaling pathway,
Wnt signaling pathway activity was detected by the TOP-
FLASH and FOP-FLASH vectors [32]. The activity of the
Notch signaling pathway was detected using a Notch path-
way reporter kit (Bioscience), and DAPT (Selleck, S2215)
was used to inhibit the Notch signaling pathway.

Animal studies

The mice used in this study were obtained from Shanghai
SLAC laboratory Animal Co., Ltd. (SLAC, http://www.sla
c.com.cn) and maintained in a pathogen-free environment

Fig. 7 miR-153 increases adult neurogenesis in the hippocampus and
enhances the cognitive abilities of aged mice. a Schematic of virus
injection into the hippocampi of aged mice and diagram of the
detection process. b Quantitative RT-PCR detection of miR-153 in the
hippocampi of AAV-ctrl and AAV-153 aged mice; AAV-ctrl, n= 15;
AAV-153, n= 15. c Western blot analysis of the protein levels of
JAG1 and HEY2 in the hippocampi of AAV-ctrl and AAV-153 aged
mice normalized to β-TUBULIN. d Statistical analysis of the grayscale
levels of JAG1 and HEY2 by ImageJ; AAV-ctrl, n= 6; AAV-153,
n= 6. e Discrimination index and discrimination ratio of novel
objects; AAV-ctrl, n= 7; AAV-153, n= 11. f, g Platform crossings
and amounts of time required for the mice to first reach the platform
area during the water maze test; AAV-ctrl, n= 7; AAV-153, n= 8.
h, i Quantitative RT-PCR detection of the newborn neuronal marker
Dcx (AAV-ctrl, n= 9; AAV-153, n= 12), the mature neuronal marker
NeuN (AAV-ctrl, n= 12; AAV-153, n= 12), and the glial cell mar-
kers Gfap (AAV-ctrl, n= 15; AAV-153, n= 15) and S100β (AAV-
ctrl, n= 14; AAV-153, n= 14) in the hippocampi of AAV-ctrl and
AAV-153 aged mice. j Immunofluorescence analysis of neurons in the
hippocampi of AAV-ctrl and AAV-153 aged mice as evaluated by
GFP (green), BrdU (red), DCX (white), NEUN (white), and Ho.33342
(blue). Scale bar: 50 μm. k Immunofluorescence analysis of astrocytes
in the hippocampi of AAV-ctrl and AAV-153 mice as evaluated by
GFP (green), BrdU (red), GFAP (white), S100β (white), and Ho.33342
(blue). Scale bar: 50 μm. Data information: the data shown are the
mean ± SEM; Student’s t test; ***p < 0.001, **p < 0.01, *p < 0.05.
aged mice 16–18 months old, NOR novel object recognition, MWM
Morris water maze
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throughout the experiments. All procedures involving ani-
mals were approved by the Laboratory Animal Care Com-
mittee of Tongji University in accordance with the Guide
for the Care and Use of Laboratory Animals (NIH) [54]. In
this study, all efforts were made to minimize the number of
animals used and their suffering.

Vector construction and virus

For the lenti-sponge-153-wpre vector, six repeats of the
sponge-153 sequence and wpre were cloned into the lenti-
virus background vector (sponge-153 sequence is listed in
Supplementary Table 3). For the generation of shHey2 and
shJag1, 21-base pair Hey2- and Jag1-specific regions
(shRNA sequences are listed in Supplementary Table 3) for
RNA interference were designed and cloned into the
pLKO.1-TRC cloning vector. In the AAV-153, Retro-153,
AAV-sponge-153, and Retro-sponge-153 constructs, pre-
153 and six repeats of the sponge-153 sequence were driven
by the CMV promoter, and the vector contained a GFP
sequence also driven by the CMV promoter. In total, 75%
of the cells in the hippocampal DG were positive after
injection with AAV-153. Lenti-and retroviral packaging
was performed as described previously [59, 60]. The len-
tivirus and retrovirus were concentrated by ultra-
centrifugation at 3000g for 30 min at 4 °C, postprecipitated
with virus precipitation solution (ExCell Bio, EMB810A-1,
EMB100A-1) for 24 h and resuspended in 30 μl of PBS.
The adeno-associated virus AAV-9 contained AAV-GFP,
AAV-153, and AAV-sp-153, which were provided by
Hanbio Company.

Virus and stereotaxic injections

For stereotaxic injections, 8–10 weeks old (young) or
16–18 months old (aged) C57 mice were used, and the site
of stereotaxic injections can be found in the Supplementary
Methods. The behavioral evaluations were performed
3 weeks after injection.

Mouse behavior evaluation

Novel object recognition and water maze tasks were used to
measure spatial memory retention. The experimental details
of the novel object recognition and water maze tasks can be
found in the Supplementary Methods.

Statistical analysis

The data are expressed as the mean ± error (SEM), and
significance was set at p < 0.05 (see each figure for
details). ANOVA and Student’s t test statistical analyses
were performed unless otherwise specified using

GraphPad software, and the data in the figures reflect at
least three independent experiments performed on differ-
ent days. To quantify the immunofluorescence staining of
cells expressing type-specific markers, at least 15 sections
from at least three independent experiments were col-
lected, and at least 1000 cells were collected. Quantifi-
cation of GFP-positive cells and phenotypic quantification
of GFP-positive cells in the granule layer were performed
using a Nikon-A1R microscope with NIS-Elements soft-
ware in at least three sections containing the DG from at
least three different animals. The exact n values are listed
in the figure legends.

Softwares

GraphPad Prism6 was used for data calculations and sta-
tistics. Targetscan (http://www.targetscan.org/vert_72/) was
used to search for potential miR-153 target genes. ImageJ
(https://imagej.en.softonic.com) was used for western blot
grayscale analysis, and FlowJo 7.6 was used to analyze the
FACS data.

Data availability

The additional data or reagents are available from the cor-
responding author upon reasonable request.
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