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Tissue stem cell senescence leads to stem cell exhaustion, which
results in tissue homeostasis imbalance and a decline in regeneration capacity. However, whether neural stem cell (NSC)
senescence occurs and causes neurogenesis reduction during
aging is unknown. In this study, mice at different ages were
used to detect age-related hippocampal NSC (H-NSC) senescence, as well as the function and mechanism of embryonic
stem cell-derived small extracellular vesicles (ESC-sEVs) in
rejuvenating H-NSC senescence. We found a progressive cognitive impairment, as well as age-related H-NSC senescence, in
mice. ESC-sEV treatment signiﬁcantly alleviated H-NSC senescence, recovered compromised self-renewal and neurogenesis
capacities, and reversed cognitive impairment. Transcriptome
analysis revealed that myelin transcription factor 1 (MYT1) is
downregulated in senescent H-NSCs but upregulated by ESCsEV treatment. In addition, knockdown of MYT1 in young
H-NSCs accelerated age-related phenotypes and impaired proliferation and differentiation capacities. Mechanistically, ESCsEVs rejuvenated senescent H-NSCs partly by transferring
SMAD family members 4 (SMAD4) and 5 (SMAD5) to activate
MYT1, which downregulated egl-9 family hypoxia inducible
factor 3 (Egln3), followed by activation of hypoxia inducible
factor 2 subunit a (HIF-2a), nicotinamide phosphoribosyl
transferase (NAMPT), and sirtuin 1 (Sirt1) successively. Taken
together, our results indicated that H-NSC senescence caused
cellular exhaustion, neurogenesis reduction, and cognitive
impairment during aging, which can be reversed by ESCsEVs. Thus, ESC-sEVs may be promising therapeutic candidates for age-related diseases.

INTRODUCTION
With the increase of lifespan, aging populations are progressively
growing, which is also accompanied by an increased risk of agerelated neurodegenerative diseases, including Alzheimer’s disease
(AD) and Parkinson’s disease (PD), causing severe social and economic burdens.1 Adult neurogenesis mainly occurs in the subventricular zone (SVZ) of the lateral ventricle and dentate gyrus (DG) of the

hippocampus and declines gradually with age,2,3 primarily due to the
loss of the proliferative capability of neural stem cells (NSCs),4 consequently giving rise to age-related memory loss and cognitive dysfunction. Cellular senescence, which is deﬁned as an essentially irreversible cell cycle arrest caused by various biological and pathological
conditions, has been demonstrated to account for tissue homeostasis
impairment.5 Age-associated stem cell senescence has been
conﬁrmed as an important part of the pathogenesis of multiple disorders.6 For example, hematopoietic stem cells became senescent gradually with aging, lost their self-renewal and regenerative potential,
and weakened the adaptive immune system.7 Multiple studies have
demonstrated that NSC senescence was associated with the loss of
stem cell markers,8 as well as self-renewal and neurogenic capacity
impairment.9–11 However, whether NSCs undergo the senescence
process with natural aging, the potential underlying mechanism,
and the relationship with neurogenesis are not well elucidated.
Rejuvenation of stem cell senescence can enhance their self-renewal
and regenerative capacities, which has been proposed as a promising
therapeutic approach to restore tissue structure and function.6 For
example, rejuvenation of senescent oligodendrocyte progenitor cells
by fasting or metformin can restore the differentiation potential as
well as remyelination ability.12 Small extracellular vesicles (sEVs)
are natural nanosized particles that participate in intracellular
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communication and inﬂuence the behavior of recipient cells via the
delivery of functional biomolecules.13 Stem cell-derived sEVs are regarded as an attractive therapeutic strategy in regenerative medicine
due to their promising pro-regenerative effects, no risk of aneuploidy,
and low possibility of immune rejection.14–16 Embryonic stem cellderived sEVs (ESC-sEVs) contain bioactive factors from their
parental cells that possess unique capacities, including inﬁnite proliferation ability, pluripotency, and an intrinsic youthful barrier to aging,17 suggesting they may be beneﬁcial for treating aging-associated
disease. Recent studies from our group and others have demonstrated
that ESC-sEVs can rejuvenate somatic cell senescence and promote
regeneration,18,19 suggesting they may be beneﬁcial to aging-associated disease.
In this study, we reported that hippocampal NSC (H-NSC) senescence is accompanied by the progression of aging. Myelin transcription factor 1 (MYT1) is downregulated in senescent H-NSCs, and
knockdown of MYT1 in young H-NSCs promotes age-related phenotypes and impairs proliferation as well as differentiation capacities.
We also found that ESC-sEVs can rejuvenate senescent H-NSCs
partly by transferring SMAD family members 4 (SMAD4) and 5
(SMAD5) to activate MYT1, inhibiting egl-9 family hypoxia inducible
factor 3 (Egln3) expression, improving hypoxia inducible factor 2
subunit a (HIF-2a) levels, promoting nicotinamide phosphoribosyl
transferase (NAMPT) expression, and upregulating sirtuin 1 (Sirt1).
In this study, for the ﬁrst time, we identify a MYT1-dependent transcriptional program involved in H-NSC senescence that contributed
to cognitive impairment with aging. We also demonstrate that ESCsEVs have the potential to reverse cognitive dysfunction by rejuvenating H-NSC senescence.

RESULTS
Hippocampal NSCs Exhibited a Senescent Phenotype with
Aging

In this study, senescence-accelerated mouse prone 8 (SAMP8) mice
were used to evaluate H-NSC senescence with aging. As cognitive aging is a lifelong process of ongoing and progressive cognitive functional decline in the senior,20 we ﬁrst evaluated the spatial learning
and memory abilities of SAMP8 mice of different ages (2 months,
young; 6 months, middle-aged; 12 months, aged) using a Morris water maze (MWM). As shown in Figure 1A, the escape latency on day 4
was markedly increased from the 2 month group to the 12 month
group. The time spent in the target quadrant on day 5 was gradually

decreased from the 2 month group to the 12 month group. As synaptic plasticity is the neurobiological basis of cognitive function,21 we
then detected the expression of hippocampal synapse-related proteins, including synaptophysin (Syp), postsynaptic density protein95 (PSD-95), growth-associated protein-43 (Gap-43), and synapsin
IIa (Syn-IIa). As shown in Figure 1B, among the three groups, the
expression level of Syp, PSD-95, Gap-43, and Syn-IIa decreased
signiﬁcantly with the increase in age. These data conﬁrmed an agerelated reduction of cognitive function in mice.
As H-NSCs play a crucial role in maintaining and restoring cognition,
their loss directly leads to the decline of neuroplasticity and cognitive
function.22,23 We calculated the number of H-NSCs in the subgranular zone (SGZ) among the three groups. Antibodies against Sox2 and
Nestin as well as Sox2 and glial ﬁbrillary acidic protein (GFAP) were
used to label H-NSCs. As shown in Figures 1C and 1D, Sox2 and Nestin coexpressing cells as well as Sox2 and GFAP coexpressing cells
were found to be densely present in the SGZ of 2 month mice, and
the gradually diminished with an increase of age. The number of
Sox2+/Nestin+ and Sox2+/GFAP+ NSCs in the 6 month group was
signiﬁcantly lower than that in the 2 month group, and these cells
almost disappeared in 12 month mice. We further isolated H-NSCs
from different ages of mice, and we found that the neurosphere size
(Figure S1A) and b-tubulin III+ cells (Figure S1B) decreased with
the increase of age in mice, meaning that the proliferation and
neuronal differentiation abilities of H-NSCs decreased with aging.
In addition, the correlation analysis showed that the numbers of
Sox2+/Nestin+ cells and Sox2+/GFAP+ cells in the SGZ were negatively correlated with escape latency on day 4, and positively correlated with the time spent in the target quadrant on day 5, with the
expression level of hippocampal synapse-related proteins (Syp,
PSD-95, Gap-43, Syn-IIa) (Figure S2). Overall, the age-dependent
loss of H-NSCs correlated well with age-related cognitive function
decline, which led us to investigate the internal change of H-NSCs
with aging.
Since stem cells could become senescent with aging, which impairs
their intrinsic functions,6 we further detected the senescent status of
H-NSCs in mice of different ages. As shown in Figure 1E, compared
to the 2 month group, the activity of senescence-associated b-galactosidase (SA-b-gal) gradually increased in the hippocampus in the
6 month and 12 month group. These results indicated an aggravation
of hippocampal senescence with aging in mice. Then, we performed

Figure 1. Cognitive Impairment, H-NSC Depletion, and Senescence in SAMP8 Mice during Aging
(A) Spatial learning and memory abilities in mice at an age of 2, 6, and 12 months were tested by the MWM. n = 10 per group. ***p < 0.001. (B) Western blot analysis and
quantification of Syp, Gap-43, PSD-95, and Syn-IIa (relative to b-actin) in the hippocampus of mice at an age of 2, 6, and 12 months. n = 6 per group. ***p < 0.001. (C) IF
images for Sox2+ (green) and Nestin+ (red) cells and the number of Sox2+/Nestin+ double-stained cells in the SGZ of mice at an age of 2, 6, and 12 months. Scale bars, 50 mm.
n = 6 per group. ***p < 0.001. (D) IF images for Sox2+ (green) and GFAP+ (red) cells and the number of Sox2+/GFAP+ double-stained cells in the SGZ of mice at an age of 2, 6,
and 12 months. Scale bars, 50 mm. n = 6 per group. ***p < 0.001. (E) SA-b-gal staining of the hippocampus and quantification of hippocampal SA-b-gal activity in mice at an
age of 2, 6, and 12 months. Scale bars, 250 mm. n = 6 per group. ***p < 0.001. (F) IF images of p16INK4a+ (red)/Sox2+ (green) senescent H-NSCs and the quantification of
Sox2+/p16INK4a+ double-stained cells of all Sox2+ cells in the SGZ of mice at an age of 2, 6, and 12 months. Scale bars, 50 mm. n = 6 per group. ***p < 0.001. (G)
Representative images of SA-b-gal staining and quantification of SA-b-gal+ cells from isolated H-NSCs from SAMP8 mice at an age of 2, 6, and 12 months. Scale bars,
100 mm. n = 6 per group. ***p < 0.001. (H) Western blot analysis and quantification of p16INK4a, g-H2AX, p21, and p53 in isolated neurospheres in SAMP8 mice at an age of 2,
6, and 12 months. n = 6 per group. ***p < 0.001.

Molecular Therapy Vol. 29 No 1 January 2021

3

Please cite this article in press as: Hu et al., ESC-sEVs Rejuvenate Aging Hippocampal NSCs by Transferring SMADs to Regulate the MYT1-Egln3-Sirt1 Axis,
Molecular Therapy (2020), https://doi.org/10.1016/j.ymthe.2020.09.037

Molecular Therapy

Figure 2. ESC-sEVs Reverse Cognitive Aging and Rejuvenate H-NSC Senescence in SAMP8 Mice
(A) Spatial learning and memory abilities were tested by an MWM test in 6 month, 12 month-PBS, and 12 month-sEV mice. n = 10 per group. ***p < 0.01. (B) Western blot
analysis and quantification of Syp, Gap-43, PSD-95, and Syn-IIa in hippocampus of 6 month, 12 month-PBS, and 12 month-sEV mice. n = 6 per group. ***p < 0.001. (C) SA(legend continued on next page)
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p16INK4a (senescence marker) and Sox2 (NSC marker) double staining to identify senescent NSCs in the hippocampus. As shown in Figure 1F, among the three groups, the percentage of Sox2 and p16INK4a
coexpressing cells of the total Sox2+ cells in the SGZ was the lowest in
the 2 month group, and gradually increased with age. Additionally,
we isolated H-NSCs from the hippocampus of mice at different
ages, and we found that the percentage of SA-b-gal+ cells gradually
increased from 2 months to 12 months (Figure 1G). Moreover, the
expression level of senescence-related proteins (p16INK4a, g-H2AX,
p21, and p53) in isolated hippocampal neurospheres also gradually
increased with age (Figure 1H). Taken together, these ﬁndings indicated an age-related H-NSC senescence in mice and suggested that
H-NSC senescence during aging may result in loss of H-NSCs and
subsequently cognitive dysfunction.
ESC-sEVs Ameliorate Hippocampal NSC Senescence and
Enhanced NSC Activity in SAMP8 Mice during Aging

As described above, H-NSC senescence could be an important
reason for the loss of H-NSCs during aging. Thus, amelioration of
H-NSC senescence may reverse hippocampal neurogenesis reduction and cognitive impairment. In our previous study, we demonstrated that ESC-sEVs possessed an excellent ability to rejuvenate
endothelial senescence.19 Therefore, we explored whether ESCsEVs could rejuvenate H-NSC senescence during aging. As shown
in Figures S3A and S3B, ESC colonies were identiﬁed by the expression of alkaline phosphatase (ALP) and pluripotency-related
markers, including OCT4, Nanog, TRA-1-81, TRA-1-60, and
SSEA4. Then, ESC-sEVs were puriﬁed from the conditioned medium (CM). ESC-sEVs exhibited a size distribution of approximately 100 nm with a characteristic cup-shaped morphology under
transmission electron microscopy (TEM) (Figure S3C). Flow nanoanalyzer analysis indicated particles with a mean diameter of 70.3 ±
17.7 nm and a concentration of 1.82  1011 ± 0.17  1011 particles/
mL (Figure S3D). Western blot showed that ESC-sEVs express exosomal markers CD9, CD63, and TSG101, but not the Golgi matrix
protein GM130, b-actin, and Lamin A/C (Figure S3E), which means
there was no contamination of cellular components in the isolated
ESC-sEVs. We further evaluated the yield of ESC-sEVs by particle
concentration and protein concentration. As shown in Figures
S3F–S3I, the mean particle concentration was 7.06  108 ± 0.93 
108 particles/mL in CM and 817.92 ± 94.13 particles/cell. The
mean protein concentration was 1,127.49 ± 81.47 ng/mL in CM
and 11.43  107 ± 1.57  107 ng/particle. All relevant data of
our experiments have been submitted to the EV-TRACK knowledgebase (EV-TRACK ID: EV200069).24
Next, ESC-sEVs were injected intravenously into 6-month-old male
SAMP8 mice for 6 months. To track the biodistribution of ESC-

sEVs in mice, DiR-labeled ESC-sEVs (1  1010 particles/mL,
100 mL) were injected into SAMP8 mice via tail vein injection, followed by euthanasia and ex vivo imaging of dissected organs 24 h after
injection. As shown in Figure S4A, high intensity of ﬂuorescent signals could be observed in the brain, heart, lung, liver, spleen, and kidneys. Meanwhile, no DiR signal was detected in naive SAMP8 mice.
These results demonstrated the ability of ESC-sEVs to migrate into
the brain and other organs in mice. We then investigated the anti-aging effects of ESC-sEVs in SAMP8 mice. As shown in Figure 2A, the
escape latency was shorter while the duration in the target quadrant
was much longer in the 12 month mice treated with ESC-sEVs
than in the 12 month mice treated with PBS. Moreover, the decreased
expression of hippocampal Syp, PSD-95, Gap-43, and Syn-IIa in
12 month mice was rescued by ESC-sEV treatment (Figure 2B). These
data indicated that the application of ESC-sEVs could reverse cognitive deﬁcits in aged mice. To investigate whether reversion of cognitive dysfunction in aging mice by ESC-sEVs was through ameliorating H-NSC senescence, we tested senescence-associated
hallmarks in the hippocampus. As shown in Figure 2C, hippocampal
SA-b-gal activity in 12 month mice treated with ESC-sEVs was much
lower than in 12 month mice treated with PBS. The percentage of
Sox2+/p16INK4a+ cells of total Sox2+ cells in the SGZ also decreased
in ESC-sEV-treated aged mice (Figure 2D). Subsequently, H-NSCs
were isolated from the hippocampus and tested for senescence phenotypes. As shown in Figure 2E, the percentage of SA-b-gal+ H-NSCs
from ESC-sEV-treated aged mice was much lower than from PBStreated aged mice. In addition, the expression levels of p16INK4a, gH2AX, p21, and p53 proteins in the ESC-sEVs group were also
reduced compared to the PBS group (Figure 2F). These results indicated that ESC-sEV treatment could decelerate the process of HNSC senescence in mice during aging.
Furthermore, we detected the number of H-NSCs and immature neurons (DCX+ cells) in the SGZ. As shown in Figures 3A and 3B, the
number of Sox2+/Nestin+ cells and Sox2+/GFAP+ cells was much
higher in ESC-sEV-treated mice than in PBS-treated mice. The number of proliferating H-NSCs (Sox2+/PCNA+ cells) was also increased
in ESC-sEV-treated aged mice compared to PBS-treated aged mice
(Figure 3C). Moreover, the number of DCX+ cells and DCX+/
PCNA+ cells was also markedly higher in ESC-sEV-treated mice
than in PBS-treated mice (Figure 3D), which indicated that ESCsEVs can promote hippocampal neurogenesis in aged mice. In addition, compared to H-NSCs isolated from PBS-treated mice, H-NSCs
isolated from ESC-sEV-treated mice exhibited higher proliferation
(Figures 3E and 3F) and neuronal differentiation (Figure 3G) abilities.
Altogether, these results revealed that ESC-sEVs can restore the
cognitive function of aged mice, and this effect may be mediated by
rejuvenating the senescence of H-NSCs.

b-gal staining of the hippocampus and quantification of hippocampal SA-b-gal activity in 6 month, 12 month-PBS, and 12 month-sEV mice. Scale bars, 250 mm. n = 6 per
group. ***p < 0.001. (D) IF images of senescent H-NSCs (p16INK4a+, red; Sox2+, green) and the percentage of Sox2+/p16INK4a+ double-stained cells in whole Sox2+ cells in
the SGZ of 6 month, 12 month-PBS, and 12 month-sEV mice. Scale bars, 50 mm. n = 6 per group. ***p < 0.001. (E) SA-b-gal staining of isolated H-NSCs and the percentage
of SA-b-gal+ cells in 6 month, 12 month-PBS, and 12 month-sEV mice. Scale bars, 100 mm. n = 6 per group. ***p < 0.001. (F) Western blot analysis and quantification of
p16INK4a, g-H2AX, p21, and p53 in isolated neurospheres of 6 month, 12 month-PBS, and 12 month-sEV mice. n = 6 per group. ***p < 0.001.
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ESC-sEVs Rejuvenate Hippocampal NSC Senescence and
Enhance NSC Activity In Vitro

The potential for self-renewal and differentiation in stem cells gradually decreases with continuous passaging, namely replicative senescence, which is regarded as an important in vitro model to explore
stem cell function during aging.25,26 In our study, we isolated HNSCs from 2-week-old male C57BL/6 mice and applied the continuous passaging model to investigate the function and mechanism of
ESC-sEVs in rejuvenating H-NSC senescence. Under culture conditions, primary H-NSCs can be passaged at most to passage 15,
when the cells can hardly form neurospheres (Figure S5A). The neurospheres gradually decreased starting at passage 6 (Figures S5A and
S5B). The Cell Counting Kit-8 (CCK8) assay also showed that the
viability of H-NSCs before passage 6 is very high, gradually decreasing
with passage number (Figure S5C). The SA-b-gal activity of H-NSCs
from passage 2 to passage 6 is low and sharply increased with continuous passaging, reaching a plateau at passage 10 (Figure S5D). The
expression level of p16INK4a in H-NSCs also reached the highest level
at passage 10 (Figure S5E). Therefore, H-NSCs at passage 10 were
used to test the effects of ESC-sEVs on senescence.
First, ESC-sEVs were labeled with DiO and cocultured with H-NSCs.
We found that DiO-labeled ESC-sEVs can be internalized by H-NSCs
(Figure S4B). Next, we applied ESC-sEVs to treat H-NSCs from passage 2 until passage 10. As shown in Figure 4A, ESC-sEV treatment
reversed the increase of SA-b-gal activity in H-NSCs after continuous
passaging. The expression level of p16INK4a, g-H2AX, p21, and p53 in
H-NSCs was also decreased by the treatment with ESC-sEVs (Figure 4B). The application of ESC-sEVs also enhanced the proliferation
and neuronal differentiation abilities of H-NSCs in passage 10 (Figures 4C–4E). These data further conﬁrmed that H-NSC senescent
phenotypes can be reversed by ESC-sEVs.
To elucidate the underlying mechanism involved in rejuvenating HNSC senescence by ESC-sEVs, we performed RNA sequencing
(RNA-seq) analysis to explore the change of gene expression in HNSCs among passage 2 (NSCs-P2), passage 10 treated with ESCsEVs (1  1010 particles/mL ESC-sEVs treated from passage 2 to passage 10 [NSCs-P10-sEVs]), and passage 10 treated with PBS (the
same amount of PBS treated from passage 2 to passage 10 [NSCsP10-PBS]), and the results were listed in Data S1. We applied the
“Calculate and draw custom Venn diagrams” online tool (http://
bioinformatics.psb.ugent.be/webtools/Venn/) to identify the signiﬁ-

cantly upregulated or downregulated genes across NSCs-P2 against
NSCs-P10-PBS, as well as NSCs-P10-sEVs against NSCs-P10-PBS,
and selected the co-upregulated or co-downregulated genes between
NSCs-P2 against NSCs-P10-PBS and NSCs-P10-sEVs against NSCsP10-PBS. As shown in Figure 4F, we identiﬁed 232 co-upregulated
genes (>1.5-fold, p < 0.05) and 415 co-downregulated genes (<
0.75-fold, p < 0.05). Among them, 23 genes (10 genes were co-upregulated and 13 genes were co-downregulated) were involved in the
nervous system and were selected as candidate genes that may function in regulating NSC senescence (Figures S6A and S6B). qRT-PCR
was used to verify the expression level of these genes (Figures S6C and
S6D). MYT1 is expressed in differentiating progenitors and postmitotic neuronal precursors of the central nervous system and peripheral nervous system, and it has been demonstrated to regulate neurogenesis in mice.27,28 Our RNA-seq analysis as well as later qRT-PCR
and western blot showed that MYT1 is highly expressed in H-NSCs at
passage 2 and signiﬁcantly downregulated at passage 10, while coculture with ESC-sEVs upregulated MYT1 expression in H-NSCs at passage 10 (Figures 4G and 4H). The expression level of MYT1 in HNSCs isolated from 2 month, 6 month, and 12 month SAMP8 mice
was also gradually decreased, while the application of ESC-sEVs
signiﬁcantly increased MYT1 expression in the H-NSCs of 12 month
mice when compared to PBS-treated 12 month mice (Figure 4I).
Therefore, we supposed that MYT1 may possess a potential role in
regulating H-NSC senescence to inﬂuence neurogenesis, and ESCsEVs rejuvenated H-NSC senescence in aged mice likely via upregulation of MYT1.

ESC-sEVs Rejuvenate Senescent Hippocampal NSCs by
Upregulating MYT1

To address whether MYT1 is involved in regulating H-NSC senescence, we generated young H-NSCs (passage 2 from 2-week-old
male C57BL/6 mice) with constitutive knockdown of either a
MYT1 transgene (short hairpin RNA [shRNA] [sh]-MYT1) or a
GFP control transgene (sh-negative control [sh-NC]) and identiﬁed
their senescent phenotype. qRT-PCR and western blot showed the
downregulation of MYT1 at both the RNA and protein level, and
sh-MYT1 showed the highest efﬁciency and was chosen for the
following experiments (Figures 5A and 5B). SA-b-gal staining (Figure S7A) and western blot for p16INK4a and g-H2AX (Figure S7B)
showed an increase of the senescent phenotype in H-NSCs after
MYT1 knockdown. The diameter of sh-NC neurospheres was larger

Figure 3. ESC-sEVs Reverse H-NSC Depletion and Promote Neurogenesis in the SGZ of SAMP8 Mice
(A) IF images for hippocampal Sox2+ (green) and Nestin+ (red) cells and the number of Sox2+/Nestin+ double-stained cells in the SGZ of 6 month, 12 month-PBS, and
12 month-sEV mice. Scale bars, 50 mm. n = 6 per group. ***p < 0.001. (B) IF images for hippocampal Sox2+ (green) and GFAP+ (red) cells and the number of Sox2+/GFAP+
double-stained cells in the SGZ of 6 month, 12 month-PBS, and 12 month-sEV mice. Scale bars, 50 mm. n = 6 per group. ***p < 0.001. (C) IF images for proliferated H-NSCs
(Sox2+, green; PCNA+, red) and the number of Sox2+/PCNA+ double-stained cells in the SGZ of 6 month, 12 month-PBS, and 12 month-sEV mice. Scale bars, 50 mm. n = 6
per group. ***p < 0.001. (D) IF images for hippocampal DCX+ (green) and PCNA+ (red) cells and the number of DCX+/PCNA+ double-stained cells in the SGZ of 6 month,
12 month-PBS, and 12 month-sEV mice. Scale bars, 50 mm. n = 6 per group. ***p < 0.001. (E) Neurosphere formation and quantification of neurosphere diameters in
6 month, 12 month-PBS, and 12 month-sEV mice. Scale bars, 300 mm. n = 6 per group. *p < 0.05. (F) IF images for EdU incorporation in isolated neurospheres and the
percentage of EdU+/DAPI+ double-stained cells from total DAPI+ cells in 6 month, 12 month-PBS, and 12 month-sEV mice. Scale bars, 100 mm. n = 6 per group. ***p < 0.001.
(G) IF images for b-tubulin III+ (green) and GFAP+ cells and the percentage of b-tubulin III+ cells in whole cells in 6 month, 12 month-PBS, 12 month-ESC-sEV mice. Scale bars,
100 mm. n = 6 per group. ***p < 0.001.
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(Figure S7C), and the percentage of differentiated neurons was higher
(Figure S7D) than that of the sh-MYT1 group. These results suggested
that downregulation of MYT1 levels may induce senescence and
reduce the proliferation and neuronal differentiation capacity of HNSCs.
To further determine whether MYT1 is a crucial factor for the antisenescence effect of ESC-sEVs on H-NSCs, we applied ESC-sEVs or
PBS to treat sh-MYT1 NSCs and sh-NC NSCs for three passages (passage 3 to passage 5). As shown in Figures 5C and 5D, ESC-sEV treatment reduced SA-b-gal activity and the expression of p16INK4a, gH2AX, p21, and p53 in H-NSCs after passaging, while knockdown
of MYT1 abolished the downregulation effects of ESC-sEVs on the
activity of SA-b-gal and the expression of p16INK4a, g-H2AX, p21,
and p53. In addition, knockdown of MYT1 also resulted in the functional impairment of ESC-sEVs in promoting H-NSC self-renewal
and neurogenesis (Figures 5E–5G). Taken together, these results
conﬁrmed that MYT1 was involved in the regulation of H-NSC senescence, and ESC-sEVs rejuvenated senescent H-NSCs and promoted
their proliferation as well as neuronal differentiation partly by the upregulation of MYT1.

ESC-sEVs Rejuvenate Senescent Hippocampal NSCs by
Regulating the MYT1-Egln3-Sirt1 Axis

We further investigated the mechanism of how MYT1 regulates HNSC senescence. Vasconcelos et al.28 performed transcriptome
sequencing for neural stem cell line NS5 with MYT1 overexpression,
and they identiﬁed 1,002 downregulated genes and 761 upregulated
genes. By analyzing these data with our RNA-seq results, we selected
four upregulated genes (Pou5f2, Pcdhga11, Pde5a, and Tspan2) and
nine downregulated genes (Dusp6, Wls, Il33, Kif21a, Pcdhb5,
S100b, Frk, Egln3, and Abca9) (Figure S8A). qRT-PCR showed that
Egln3 was signiﬁcantly upregulated in sh-MYT1 NSCs compared
with that in sh-NC NSCs (Figure S8B). Western blot also conﬁrmed
the results at the protein level (Figure S8C). These results indicated
that MYT1 can inhibit Egln3 in H-NSCs.
Egln3 (also known as PHD3) encodes an intracellular prolyl hydroxylase that is involved in the cellular response to oxygen availability by
stabilizing HIF-2a.29 Moreover, it has been demonstrated that HIF2a can directly target NAMPT (also known as visfatin) and positively

regulate the expression of NAMPT,30 which is involved in the amelioration of senescence via upregulation of Sirt1.31,32 In our study, we
found that the expression levels of HIF-2a, NAMPT, and Sirt1 were
decreased signiﬁcantly in sh-MYT1 NSCs compared with sh-NC
NSCs (Figure S8D). These results conﬁrmed that MYT1 may inhibit
Egln3 and promote the expression of its downstream molecules,
including HIF-2a, NAMPT, and Sirt1 in H-NSCs. Furthermore, we
showed that ESC-sEV treatment reduced the expression of Egln3
and increased the expression of HIF-2a, NAMPT, and Sirt1, while
knockdown of MYT1 impaired these effects of ESC-sEVs (Figure 6A).
These results indicated that MYT1 mediated the effects of ESC-sEVs on
the expression of Egln3 and its downstream molecules in H-NSCs.

ESC-sEVs Ameliorate Hippocampal NSC Senescence by
Transferring SMADs to Regulate the MYT1-Egln3-Sirt1 Axis

Encapsulated proteins are one of the key molecules in sEVs that
modulate recipient cell function.33 From our previous liquid chromatography-tandem mass spectrometry (LC-MS/MS) data identifying
the protein content in ESC-sEVs (ProteomeXchange Consortium dataset identiﬁer PXD018655),34 we found 4,122 proteins in ESC-sEVs,
and 3,686 proteins can be aligned to the EV proteome database Vesiclepedia (Figure 6B). Cellular component analysis by Gene Ontology
(GO) analysis also showed that most of the proteins belonged to the
EVs (Figure 6C). Sherry-Lynes et al.35 had suggested that bone
morphogenetic proteins (BMPs) can activate the SMAD signaling
cascade to upregulate the expression of Myt1. As LC-MS/MS analysis
had identiﬁed that SMAD4 and SMAD5 were encapsulated in ESCsEVs, western blot also conﬁrmed the enrichment of SMAD4 and
SMAD5 in ESC-sEVs (Figure 6D), and the expression of SMAD4,
SMAD5, and phosphorylated SMAD5 (p-SMAD5) were enhanced
in H-NSCs when treated by ESC-sEVs (Figure 6E). Thus, we supposed that ESC-sEVs may transfer SMAD4 and SMAD5 to upregulate MYT1 in H-NSCs.
As shown in Figure 6F, compared with the control group, H-NSCs
treated with recombinant BMP4 (25 ng/mL, PeproTech) for 6 h exhibited higher expression of p-SMAD5, SMAD4, and MYT1, while
treatment with LDN-193189 (LDN, 200 nM, Selleck Chemicals) for
30 min signiﬁcantly inhibited the expression of p-SMAD5, SMAD4,
and MYT1, which were hardly reversed by treatment with BMP4
for 6 h. These results indicated that MYT1 activation was associated

Figure 4. ESC-sEVs Upregulate MYT1 in H-NSCs and Ameliorate H-NSC Senescence
(A) Representative images of SA-b-gal staining and the percentage of SA-b-gal+ cells in passage 2 (P2) H-NSCs, passage 10 H-NSCs treated with PBS (P10-PBS), and
passage 10 H-NSCs treated with ESC-sEVs (P10-sEVs). Scale bars, 100 mm. n = 6 per group. ***p < 0.001. (B) Western blot analysis and quantification of p16INK4a, g-H2AX,
p21, and p53 in H-NSCs of P2, P10-PBS, and P10-sEVs. n = 6 per group. ***p < 0.001. (C) Neurosphere formation and quantification of neurosphere diameters in H-NSCs of
P2, P10-PBS, and P10-sEVs. Scale bars, 300 mm. n = 6 per group. *p < 0.05. (D) IF images for EdU incorporation in neurospheres and the percentage of EdU+/DAPI+ doublestained cells in whole DAPI+ cells in H-NSCs of P2, P10-PBS, and P10-sEVs. Scale bars, 100 mm. n = 6 per group. ***p < 0.001. (E) IF images for b-tubulin III+ (green) and
GFAP+ cells and the percentage of b-tubulin III+ cells in whole cells in H-NSCs of P2, P10-PBS, and P10-sEVs. Scale bars, 100 mm. n = 6 per group. ***p < 0.001. (F) RNA-seq
data from H-NSCs of P2, P10-PBS, and P10-sEVs were analyzed by the “Calculate and draw custom Venn diagrams” online tool; 232 genes were co-upregulated and 415
genes were co-downregulated in P2 versus P10-PBS and P10-sEVs versus P10-PBS. n = 4 per group. (G) The relative expression level of MYT1 in H-NSCs of P2, P10-PBS,
and P10-sEVs was detected by qRT-PCR. n = 6 per group. ***p < 0.001. (H) Western blot analysis and quantification of MYT1 in H-NSCs of P2, P10-PBS, and P10-sEVs. n =
6 per group. ***p < 0.001. (I) Western blot analysis and quantification of MYT1 in isolated neurospheres of 2 month, 6 month, and 12 month-PBS and 12 month-sEV mice. n =
6 per group. ***p < 0.001.
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with the activation of SMAD4 and SMAD5 in H-NSCs. We further
detected the expression of these proteins in H-NSCs from a replicative
senescence model and SAMP8 mice. The protein levels of p-SMAD5,
SMAD5, SMAD4, MYT1, HIF-2a, NAMPT, and Sirt1 were decreased
and Egln3 was activated after continuous passaging of H-NSCs, while
this tendency was reversed after treatment with ESC-sEVs (Figure S9).
In addition, the date from isolated H-NSCs of SAMP8 mice also
conﬁrmed the decreasing tendency of p-SMAD5, SMAD4, MYT1,
HIF-2a, NAMPT, and Sirt1 and the increasing tendency of Egln3,
as well as the function of ESC-sEVs in reversion of the expression tendency of these proteins (Figure 6G).
In addition, the anti-senescence effects of ESC-sEVs were further
conﬁrmed using C57BL/6 mice by intravenous injection into 12month-old mice for 8 months. As shown in Figure 7A, the escape latency was shorter while the duration in the target quadrant was
much longer in 20 month mice treated with ESC-sEVs than in
20 month mice treated with PBS. The expression of hippocampal
Syp, PSD-95, Gap-43, and Syn-IIa in 20 month mice was also enhanced
by ESC-sEVs (Figure 7B). Inconsistent with the results from SAMP8
mice, these results indicated that ESC-sEVs can also reverse cognitive
dysfunction of natural aged C57BL/6 mice. Western blot showed that
the protein levels of p-SMAD5, SMAD5, SMAD4, MYT1, HIF-2a,
NAMPT, and Sirt1 were increased, while Egln3 was decreased, in HNSCs isolated from ESC-sEV-treated C57BL/6 mice (Figure 7C). In
addition, hippocampal SA-b-gal activity and the percentage of
Sox2+/p16INK4a+ cells from the total Sox2+ cells in the SGZ were
decreased in ESC-sEV-treated aged C57BL/6 mice (Figures 7D and
7E). The percentage of SA-b-gal+ H-NSCs and the expression levels
of p16INK4a, g-H2AX, p21, and p53 in H-NSCs were also reduced
from ESC-sEV-treated C57BL/6 mice (Figures 7F and 7G). Additionally, the number of Sox2+/GFAP+ cells and Sox2+/5-ethynyl-20 -deoxyuridine (EdU)+ cells were found to be signiﬁcantly higher in ESC-sEVtreated C57BL/6 mice than in PBS-treated mice (Figures 7H and 7I).
Taken together, these results demonstrated that ESC-sEVs can transfer
SMAD4 and SMAD5 to upregulate MYT1 in H-NSCs, and then inhibit
Egln3 and promote HIF-2a, NAMPT and Sirt1 expression, which resulted in senescent H-NSC rejuvenation, as well as self-renewal and
neurogenesis recovery, followed by cognitive recovery.

DISCUSSION
Stem cells exhibited senescence phenotypes in many tissues with the
advance of aging. These senescent stem cells showed similar features,

such as blunted responsiveness to tissue injury and dysregulation of
proliferation, differentiation, and function, which resulted in the
reduction of effective cellular replacement and tissue regeneration
in aged organisms.36,37 Accordingly, therapeutic strategies, including
cellular reprogramming,38 stem cell transplantation,39 and senolytics
(i.e., ABT263),40 have been demonstrated to effectively rejuvenate or
eliminate senescent tissue-speciﬁc stem cells to promote functional
recovery. Research on stem cell aging and anti-aging suggested that
senescent stem cells were important pathogenesis as well as therapeutic targets for age-related diseases. In this study, we reported that HNSC senescence is accompanied with the progress of aging. In accordance with other studies,9–11 senescent H-NSCs exhibited signiﬁcant
senescent phenotypes with impairment of proliferation and neuronal
differentiation capacities, which partly caused the aging-related
decline of H-NSCs and neurogenesis in the hippocampus.23
Stem cell-derived sEVs have been reported to have therapeutic potential in the treatment of diseases from various organs, including the
brain,41 heart,14 and kidney,42 which indicated that sEVs derived
from stem cells hold great potential in regenerative medicine. Recent
evidence has demonstrated that ESC-sEVs possess the ability to promote tissue recovery via amelioration of somatic cell senescence.18,19
However, whether ESC-sEVs could rejuvenate aging-related senescent H-NSCs and restore their capacity is still unknown. In our study,
we found that chronic application of ESC-sEVs could markedly
reduce the senescence hallmarks, recover the compromised selfrenewal and neurogenesis capacity of H-NSCs, and result in cognitive
recovery in mice during aging. Our study suggested that ESC-sEVs
can rejuvenate age-related senescence in H-NSCs and thereby reverse
cognitive dysfunction with aging.
We further applied RNA-seq to identify the intrinsic changes of HNSCs in a replicative senescence model. Hundreds of genes could
be candidate regulators of H-NSC aging as well as the target for
ESC-sEVs to rejuvenate senescence. As an initial step, we identiﬁed
MYT1 as a putative age-associated regulator of H-NSC senescence
and functional decline. MYT1 was downregulated in senescent HNSCs, and knockdown of MYT1 in young H-NSCs promoted aging-related phenotypes, including an increase of SA-b-gal activity
and the expression of p16INK4a, g-H2AX, p21, p53, and the reduction
of proliferation and neuronal differentiation abilities. Furthermore,
we identiﬁed that Egln3, which was found to be increased in aged
mouse and human hearts43 and upregulated in senescent H-NSCs,

Figure 5. Knockdown of MYT1 Accelerates H-NSC Senescence and Abolishes the Anti-aging Function of ESC-sEVs
(A) The knockdown efficiency of MYT1 shRNAs in H-NSCs was detected by qRT-PCR. n = 3 per group. **p < 0.01, ***p < 0.001. (B) Western blot analysis and quantification of
MYT1 in H-NSCs showing the knockdown efficiency of MYT1 shRNAs. n = 3 per group. **p < 0.01, ***p < 0.001. (C) SA-b-gal staining and the percentage of SA-b-gal+ cells in
sh-NC NSCs treated with PBS or ESC-sEVs (sh-NC-PBS or sh-NC-sEVs) and sh-MYT1 NSCs treated with PBS or ESC-sEVs (sh-MYT1-PBS or sh-MYT1-sEVs). Scale bars,
100 mm. n = 6 per group. ***p < 0.001. (D) Western blot analysis and quantification of p16INK4a, g-H2AX, p21, and p53 in H-NSCs of sh-NC-PBS, sh-NC-sEVs, sh-MYT1PBS, and sh-MYT1-sEVs. n = 6 per group. ***p < 0.001. (E) IF images for GFP-labeled neurospheres and the diameter of neurospheres in H-NSCs of sh-NC-PBS, sh-NCsEVs, sh-MYT1-PBS, and sh-MYT1-sEVs. Scale bars, 200 mm. n = 6 per group. *p < 0.05. (F) IF images for EdU incorporation in neurospheres and the percentage of EdU+/
DAPI+ double-stained cells in all DAPI+ cells in sh-NC-PBS, sh-NC-sEVs, sh-MYT1-PBS, and sh-MYT1-sEVs. Scale bars, 100 mm. n = 6 per group. ***p < 0.001. (G) IF
images for b-tubulin III+ and the percentage of b-tubulin III+ cells in whole cells in H-NSCs of sh-NC-PBS, sh-NC-sEVs, sh-MYT1-PBS, and sh-MYT1-sEVs. Scale bars,
100 mm. n = 6 per group. ***p < 0.001.
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is negatively regulated by MYT1, because knockdown of MYT1
expression in young H-NSCs signiﬁcantly increased the expression
level of Egln3. Egln3 encodes intracellular prolyl hydroxylase that regulates HIF-a expression,44 and it has been demonstrated to mainly
regulate the expression of HIF-2a.29 Meanwhile, HIF-2a can directly
target NAMPT, and it positively regulates the expression of
NAMPT,30 which ameliorates senescence via upregulation of
Sirt1.31,32 In addition, NAMPT and Sirt1 are important regulators
involved in NSC maintenance. NAMPT is the main source of nicotinamide adenine dinucleotide (NAD)+ and is required for G1/S progression in NSCs. Stein and Imai45 revealed that the expression level of
NAD+ and NAMPT decreased with age in the hippocampus. The
adult NSC pool was signiﬁcantly exhausted in vivo when NAMPT
was ablated during aging, while it can be rescued by enhancing hippocampal NAMPT levels. Sirt1 can positively modulate the Wnt
signaling pathway,46 which plays the key role in the regulation of
NSC homeostasis during development and in the adult brain. Additionally, genes and proteins involved in Wnt/b-catenin signaling
within the SVZ and the SGZ niches were markedly downregulated
in aging, inﬂammation/oxidative stress, and neurodegeneration diseases, while most of the neurogenesis-promoting factors (including
Sirt1, BMP/SMAD, and HIF-a) or treatments that reverse neurogenesis downregulation act, at least in part, in cooperation/synergy with
Wnt/b-catenin signaling intermediacy.47–49 In our study, we found
that HIF-2a, NAMPT, and Sirt1 were downregulated in senescent
H-NSCs as well as in MYT1 knockdown of young H-NSCs. In addition, ESC-sEV treatment signiﬁcantly rescued the decrease of MYT1,
HIF-2a, NAMPT, and Sirt1, and it reversed the increase of Egln3 in
senescent H-NSCs, while this function was abolished by the knockdown of MYT1. Taken together, these data suggested that the therapeutic effect of ESC-sEVs in rejuvenating H-NSC senescence was
partly attributed to upregulation of MYT1 to inhibit Egln3, improving
the expression of HIF-2a, NAMPT, and Sirt1.
Recently, many studies have demonstrated that sEVs acted as a delivery system partly by transferring their proteins to recipient cells to
alter their gene expression and bioactivity.50,51 For example, Rong
et al.50 revealed that NSC-sEVs could deliver 14-3-3t protein to
interact with Beclin-1 to activate autophagy in injured spinal cords,
and they promoted their functional behavior recovery. Therefore,
we hypothesized that ESC-sEVs ameliorate H-NSC senescence by
delivering functional proteins to upregulate MYT1 in senescent HNSCs during aging. In our LC-MS/MS data,34 4,122 proteins were
identiﬁed from ESC-sEVs, and 3,686 proteins were aligned to the

EV proteome database EVpedia, and most of the proteins belonged
to the EVs. It has been previously reported that activation of the
SMAD signaling cascade can upregulate the expression of MYT1.35
Generally, the activation of the SMAD pathway can be deﬁned as
phosphorylation of the C terminus of SMAD1, SMAD5, or
SMAD8, leading to the formation of a complex with SMAD4 and
translocating into the nucleus to regulate the expression of speciﬁc
genes.52 As activation of the SMAD signaling cascade can also promote neurogenesis,53 we then identiﬁed whether ESC-sEVs transfer
SMADs to regulate MYT1 in H-NSCs. In our study, we found that
SMAD4 and SMAD5 are highly enriched in ESC-sEVs, and they
can be delivered into H-NSCs to improve the expression levels of
SMAD4, SMAD5, and p-SMAD5. We further detected the relationship between SMAD4, SMAD5, and MYT1 in H-NSCs, and we
demonstrated that activation of SMAD4 and p-SMAD5 can upregulate MYT1 in H-NSCs. Collectively, our study reveals a close link between proteins enriched in ESC-sEVs and the anti-aging genes in HNSCs, and it highlights the critical role of SMAD4 and SMAD5 in
ESC-sEVs to positively regulate MYT1 to reverse the senescence of
H-NSCs. However, as sEVs are complex “living” structures that
encapsulate proteins, trophic factors, miRNAs, and RNAs are important molecules in sEVs to modulate recipient cell function.51,54 Previous studies have demonstrated that ESC-sEVs can transfer highly enriched miR-200a to ameliorate endothelial senescence.19 In our study,
we found that MYT1 knockdown cannot totally reverse the antisenescence function of ESC-sEVs. Therefore, taken together, we think
that other mechanisms, including encapsulation of miRNAs in ESCsEVs, can also function to rejuvenate H-NSC senescence.
Furthermore, neurons, astrocytes, oligodendrocytes, vasculature,
extracellular matrix and associated molecules, and structural elements and molecules in NSC niches are important in supporting
the lifelong self-renewal of NSCs and the production of differentiated
cells.55 The alteration of structural elements (such as inﬂammation)
during aging plays a crucial role in inducing NSC senescence,
dysfunction, and exhaustion. For example, Yousef et al.56 demonstrated that the blood-brain barrier was damaged, microglia were activated, and inﬂammatory cytokines (tumor necrosis factor [TNF]-a,
interleukin [IL]-1b, and IL-6) were overexpressed in the aged hippocampus, which can cause H-NSC exhaustion and neurogenesis reduction. Notch1 signaling downregulation in the NSC niche of the aged
brain also results in NSC loss and neurogenesis reduction.57 Our
in vivo results in Figures 2C and 2D show that the hippocampal
SA-b-gal activity and the p16INK4a ﬂuorescence intensity of

Figure 6. ESC-sEVs Rejuvenate Senescent H-NSCs by Transferring SMADs to Activate MYT1, Inhibit Egln3, and Upregulate HIF-2a, NAMPT, and Sirt1
Successively
(A) Western blot analysis and quantification of MYT1, Egln3, HIF-2a, NAMPT, and Sirt1 in H-NSCs of sh-NC-PBS, sh-NC-sEVs, sh-MYT1-PBS, and sh-MYT1-sEVs. n = 6 per
group. ***p < 0.001. (B) Comparison of proteins in ESC-sEVs identified by LC-MS/MS with the EV proteome database Vesiclepedia. (C) GO analysis of proteins in ESC-sEVs
showed mostly that proteins belonged to extracellular vesicles. (D) Western blot analysis of SMAD4, SMAD5, and TSG101 in ESCs, ESC-sEVs, and PBS. (E) Western blot
analysis and quantification of p-SMAD5, SMAD5, SMAD4, and MYT1 in H-NSCs treated with PBS and ESC-sEVs. (F) Western blot analysis and quantification of p-SMAD5,
SMAD5, SMAD4, and MYT1 in H-NSCs, H-NSCs treated with 25 ng/mL BMP4, H-NSCs treated with 200 nM LDN-193189, and H-NSCs treated with LDN-193189 and
BMP4. n = 3 per group. **p < 0.01, ***p < 0.001. (G) Western blot analysis and quantification of p-SMAD5, SMAD5, SMAD4, MYT1, Egln3, HIF-2a, NAMPT, and Sirt1 in
isolated neurospheres of 2 month, 6 month, and 12 month-PBS and 12 month-sEV mice. n = 6 per group. ***p < 0.001.
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hippocampus in 12 month SAMP8 mice treated with ESC-sEVs was
much lower than 12 month mice treated with PBS, indicating that
ESC-sEV treatment could also improve the senescent status of nonNSCs in hippocampus, suggesting that the microenvironment in
the NSC niches was switched toward youth by the ESC-sEV treatment. Thus, ESC-sEVs may also modify the microenvironment in
the NSC niche to rejuvenate H-NSCs, and this still needs further
investigation.
In summary, our data demonstrated that the downregulation of
MYT1 in H-NSCs during aging can induce cell senescence, which impairs their proliferation and neuronal differentiation capacities, and
may be one of the factors that results in H-NSC exhaustion, neurogenesis reduction, and cognitive impairment. ESC-sEVs exhibited a
positive effect on rejuvenating H-NSC senescence partly by transferring their highly enriched SMAD4 and SMAD5 to activate MYT1,
inhibit Egln3, and increase the expression of HIF-2a, NAMPT, and
Sirt1 successively. Thus, these ﬁndings highlight a novel cell-free therapeutic tool for rejuvenating senescent resident stem cells to treat agerelated diseases.

study, mice were treated with 100 mL of PBS or ESC-sEVs (1  1010
particles dissolved in 100 mL of PBS) by tail vein injection twice
weekly. 6-month-old male SAMP8 mice were treated for 6 months
until sacriﬁce at 12 months of age, and 12-month-old male C57BL/
6 mice were treated for 8 months until sacriﬁce at 20 months of
age. C57BL/6 mice were injected with EdU (50 mg/kg per mouse)
5, 3, and 1 days before sacriﬁce to label the proliferated cells.
H-NSC Isolation and Culture, and the Effects of ESC-sEVs on HNSC Senescence, Proliferation, and Differentiation

Details of the materials and experimental procedures are available in
the Supplemental Information, and the models and methods used for
each in vivo/ex vivo/in vitro study are summarized in Table S3. The
data that support the ﬁndings of this study are available from the corresponding authors on reasonable request.

H-NSCs were isolated from the hippocampus of mice and cultured in
complete NSC medium as described previously.58 Brieﬂy, H-NSCs
were incubated with 1  1010 particles/mL ESC-sEVs or an equal volume of PBS from passage 2 to passage 10. Then, neurospheres were
collected for experiments including SA-b-gal staining and western
blot. For the Edu incorporation assay, neurospheres were dissociated
and 20,000 cells were incubated in complete NSC medium for 4 days,
and then EdU (10 mM) was added to culture medium for 4 h. Next,
neurospheres were ﬁxed with 4% paraformaldehyde (PFA), and
immunoﬂuorescence (IF) staining with EdU and DAPI was used to
evaluate cell proliferation (percentage of EdU+ cells in total cells).
For the differentiation assay, neurospheres were dissociated and
50,000 cells were plated on poly-L-lysine-coated 48-well plates. Cells
were cultured with the differentiation medium for 5 days. Next, cells
were ﬁxed and IF double staining of b-tubulin III and GFAP were
applied to calculate the percentage of b-tubulin III+ cells in total cells.
Further details are provided in the Supplemental Information.

ESC Culture and ESC-sEV Isolation and Identification

SA-b-gal Staining

The human ESCs (H9) were provided by the Institute of Biochemistry
and Cell Biology of Chinese Academy of Sciences, and they were
cultured in ncEpic hPSC medium (Nuwacell Biotechnologies). ESCsEVs were isolated by differential centrifugation/ultracentrifugation
protocols and identiﬁed by TEM, nano-ﬂow cytometry, and western
blot. Further details are provided in the Supplemental Information.

SA-b-gal staining of brain sections and cultured NSCs was performed
using an SA-b-gal staining kit. The activity of SA-b-gal for hippocampus in brain sections was evaluated by means of the ROD (relative optical density) value. In cell cultures, the activity of SA-b-gal was
deﬁned as the ratio of SA-b-gal+ cells, which was determined by
counting the blue cells and dividing by the total number of observed
cells. Further details are provided in the Supplemental Information.

MATERIALS AND METHODS

Animal Experimental Procedures

Animal care and experimental procedures were approved by the Animal Research Committee of the Shanghai Jiao Tong University Afﬁliated Sixth People’s Hospital (approval code: DWSY2018-118). Male
SAMP8 mice and male C57BL/6 mice were housed under pathogenfree conditions and provided a standard diet and water. For the in vivo

RNA-Seq Analysis of H-NSCs and Proteomic Analysis of ESCsEVs

RNA-seq analysis was performed by Shanghai Biotechnology
(Shanghai, China). Puriﬁed libraries were quantiﬁed by a Qubit 2.0
ﬂuorometer (Life Technologies, USA) and validated by an Agilent

Figure 7. ESC-sEVs Reverse Cognitive Aging and Rejuvenate H-NSC Senescence in C57BL/6 Mice
(A) Spatial learning and memory abilities were tested by an MWM test in 20 month-PBS and 20 month-sEV mice. n = 9 per group. ***p < 0.001. (B) Western blot analysis and
quantification of Syp, Gap-43, PSD-95, and Syn-IIa in hippocampus of 20 month-PBS and 20 month-sEV mice. n = 6 per group. ***p < 0.001. (C) Western blot analysis of pSMAD5, SMAD5, SMAD4, MYT1, Egln3, HIF-2a, NAMPT, and Sirt1 in isolated neurospheres of 20 month-PBS and 20 month-sEV mice. n = 3 per group. (D) SA-b-gal
staining of hippocampus and quantification of hippocampal SA-b-gal activity in 20 month-PBS and 20 month-sEV mice. Scale bars, 250 mm. n = 6 per group. ***p < 0.001. (E)
IF images for senescent H-NSCs (p16INK4a+, red; Sox2+, green) and the percentage of Sox2+/p16INK4a+ double-stained cells in whole Sox2+ cells in the SGZ of 20 monthPBS and 20 month-sEV mice. Scale bars, 50 mm. n = 6 per group. ***p < 0.001. (F) SA-b-gal staining of isolated H-NSCs and the percentage of SA-b-gal+ cells in 20 monthPBS and 20 month-sEV mice. Scale bars, 100 mm. n = 3 per group. ***p < 0.001. (G) Western blot analysis of p16INK4a, g-H2AX, p21, and p53 in isolated neurospheres of
20 month-PBS and 20 month-sEV mice. n = 3 per group. (H) IF images for hippocampal Sox2+ (green) and GFAP+ (red) cells and the number of Sox2+/GFAP+ double-stained
cells in the SGZ of 20 month-PBS and 20 month-sEV mice. Scale bars, 50 mm. n = 6 per group. ***p < 0.001. (I) IF images for proliferating H-NSCs (Sox2+, green; EdU+, red)
and the number of Sox2+/EdU+ double-stained cells in the SGZ of 20 month-PBS and 20 month-sEV mice. Scale bars, 50 mm. n = 6 per group. ***p < 0.001.

Molecular Therapy Vol. 29 No 1 January 2021

15

Please cite this article in press as: Hu et al., ESC-sEVs Rejuvenate Aging Hippocampal NSCs by Transferring SMADs to Regulate the MYT1-Egln3-Sirt1 Axis,
Molecular Therapy (2020), https://doi.org/10.1016/j.ymthe.2020.09.037

Molecular Therapy

2100 bioanalyzer (Agilent Technologies, USA), and then sequenced
on an Illumina HiSeq sequencer (Illumina, USA). The RNA-seq datasets have been deposited in the Gene Expression Omnibus (GEO)
database under GEO: GSE158000. Proteomic analysis was performed
by Shanghai Applied Protein Technology (Shanghai, China). LC-MS/
MS analysis was performed on a Q Exactive mass spectrometer
(Thermo Scientiﬁc). Further details are provided in the Supplemental
Information.
RNA Pull-Down Assay

For MYT1 interference experiments, three pairs of shRNA sequences were designed and sequences are listed in Table S1.
MYT1 silencing lentiviral particle (sh-MYT1) and sh-NCs were purchased from Hanbio Biotechnology (Shanghai, China). The shRNA
was inserted into the lentivirus vector pHBLV-U6-MCS-CMVZsGreen-PGK-Puro (Hanbio Biotechnology) to silence MYT1. HNSCs were transfected with sh-MYT1 or sh-NC under standard
conditions using Polybrene, and 72 h later cells were subjected to selection with 1 mg/mL puromycin. Assays were performed after at
least 10 days in selection.
Other Methods

Procedures related to the MWM test, IF staining, western blot analysis, qRT-PCR analysis, ESC-sEV uptake assay, and others are provided in the Supplemental Information.
Statistical Analysis

All data are presented as mean ± SD. An unpaired Student’s t test
was used to examine the inter-group differences, whereas oneway analysis of variance (ANOVA) was utilized to explore the heterogeneity among different groups, followed by a Bonferroni post
hoc test in the absence of equivalent variance. A Kruskal-Wallis
test and Mann-Whitney U test were applied for nonparametric
analysis. A difference of p <0.05 was deemed to be statistically
signiﬁcant.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
1016/j.ymthe.2020.09.037.
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