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Tissue stem cell senescence leads to stem cell exhaustion, which
results in tissue homeostasis imbalance and a decline in regen-
eration 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) senes-
cence, 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 cogni-
tive impairment, as well as age-related H-NSC senescence, in
mice. ESC-sEV treatment significantly alleviated H-NSC senes-
cence, 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 ESC-
sEV treatment. In addition, knockdown of MYT1 in young
H-NSCs accelerated age-related phenotypes and impaired pro-
liferation and differentiation capacities. Mechanistically, ESC-
sEVs 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 ESC-
sEVs. Thus, ESC-sEVs may be promising therapeutic candi-
dates for age-related diseases.
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INTRODUCTION
With the increase of lifespan, aging populations are progressively
growing, which is also accompanied by an increased risk of age-
related neurodegenerative diseases, including Alzheimer’s disease
(AD) and Parkinson’s disease (PD), causing severe social and eco-
nomic burdens.1 Adult neurogenesis mainly occurs in the subventric-
ular zone (SVZ) of the lateral ventricle and dentate gyrus (DG) of the
Molecular Therapy Vol. 29 No 1 Januar
hippocampus and declines gradually with age,2,3 primarily due to the
loss of the proliferative capability of neural stem cells (NSCs),4 conse-
quently giving rise to age-related memory loss and cognitive dysfunc-
tion. Cellular senescence, which is defined as an essentially irrevers-
ible 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 disor-
ders.6 For example, hematopoietic stem cells became senescent grad-
ually 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
y 2021 ª 2020 The American Society of Gene and Cell Therapy. 103
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communication and influence the behavior of recipient cells via the
delivery of functional biomolecules.13 Stem cell-derived sEVs are re-
garded 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 cell-
derived sEVs (ESC-sEVs) contain bioactive factors from their
parental cells that possess unique capacities, including infinite prolif-
eration ability, pluripotency, and an intrinsic youthful barrier to ag-
ing,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-associ-
ated disease.

In this study, we reported that hippocampal NSC (H-NSC) senes-
cence is accompanied by the progression of aging. Myelin transcrip-
tion factor 1 (MYT1) is downregulated in senescent H-NSCs, and
knockdown of MYT1 in young H-NSCs promotes age-related pheno-
types 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 activateMYT1, 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 tran-
scriptional program involved in H-NSC senescence that contributed
to cognitive impairment with aging. We also demonstrate that ESC-
sEVs have the potential to reverse cognitive dysfunction by rejuve-
nating 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 ag-
ing is a lifelong process of ongoing and progressive cognitive func-
tional 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 wa-
ter 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
Figure 1. Cognitive Impairment, H-NSC Depletion, and Senescence in SAMP8
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decreased from the 2 month group to the 12 month group. As synap-
tic plasticity is the neurobiological basis of cognitive function,21 we
then detected the expression of hippocampal synapse-related pro-
teins, including synaptophysin (Syp), postsynaptic density protein-
95 (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 age-
related 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 subgranu-
lar 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 Nes-
tin 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 nega-
tively correlated with escape latency on day 4, and positively corre-
lated 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-galacto-
sidase (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
Mice during Aging
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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 12month-sEVmice. n = 6 per group. ***p < 0.001. (C) SA-
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p16INK4a (senescence marker) and Sox2 (NSC marker) double stain-
ing to identify senescent NSCs in the hippocampus. As shown in Fig-
ure 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 indi-
cated 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 reduc-
tion and cognitive impairment. In our previous study, we demon-
strated that ESC-sEVs possessed an excellent ability to rejuvenate
endothelial senescence.19 Therefore, we explored whether ESC-
sEVs could rejuvenate H-NSC senescence during aging. As shown
in Figures S3A and S3B, ESC colonies were identified by the expres-
sion 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 me-
dium (CM). ESC-sEVs exhibited a size distribution of approxi-
mately 100 nm with a characteristic cup-shaped morphology under
transmission electron microscopy (TEM) (Figure S3C). Flow nano-
analyzer 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 exo-
somal 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 � 10�7 ± 1.57 � 10�7 ng/particle. All relevant data of
our experiments have been submitted to the EV-TRACK knowl-
edgebase (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-
b-gal staining of the hippocampus and quantification of hippocampal SA-b-gal activity i

group. ***p < 0.001. (D) IF images of senescent H-NSCs (p16INK4a+, red; Sox2+, green)

the SGZ of 6 month, 12 month-PBS, and 12month-sEV mice. Scale bars, 50 mm. n = 6 p

of SA-b-gal+ cells in 6 month, 12 month-PBS, and 12 month-sEV mice. Scale bars, 10

p16INK4a, g-H2AX, p21, and p53 in isolated neurospheres of 6 month, 12 month-PBS,
sEVs in mice, DiR-labeled ESC-sEVs (1 � 1010 particles/mL,
100 mL) were injected into SAMP8 mice via tail vein injection, fol-
lowed by euthanasia and ex vivo imaging of dissected organs 24 h after
injection. As shown in Figure S4A, high intensity of fluorescent sig-
nals could be observed in the brain, heart, lung, liver, spleen, and kid-
neys. 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-ag-
ing 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 monthmice was rescued by ESC-sEV treatment (Figure 2B). These
data indicated that the application of ESC-sEVs could reverse cogni-
tive deficits in aged mice. To investigate whether reversion of cogni-
tive dysfunction in aging mice by ESC-sEVs was through amelio-
rating 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 pheno-
types. As shown in Figure 2E, the percentage of SA-b-gal+ H-NSCs
from ESC-sEV-treated aged mice was much lower than from PBS-
treated aged mice. In addition, the expression levels of p16INK4a, g-
H2AX, p21, and p53 proteins in the ESC-sEVs group were also
reduced compared to the PBS group (Figure 2F). These results indi-
cated that ESC-sEV treatment could decelerate the process of H-
NSC senescence in mice during aging.

Furthermore, we detected the number of H-NSCs and immature neu-
rons (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 num-
ber 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 ESC-
sEVs can promote hippocampal neurogenesis in aged mice. In addi-
tion, 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.
n 6 month, 12 month-PBS, and 12 month-sEV mice. Scale bars, 250 mm. n = 6 per

and the percentage of Sox2+/p16INK4a+ double-stained cells in whole Sox2+ cells in

er group. ***p < 0.001. (E) SA-b-gal staining of isolated H-NSCs and the percentage

0 mm. n = 6 per group. ***p < 0.001. (F) Western blot analysis and quantification of

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 grad-
ually decreases with continuous passaging, namely replicative senes-
cence, which is regarded as an important in vitro model to explore
stem cell function during aging.25,26 In our study, we isolated H-
NSCs from 2-week-old male C57BL/6 mice and applied the contin-
uous passaging model to investigate the function and mechanism of
ESC-sEVs in rejuvenating H-NSC senescence. Under culture condi-
tions, primary H-NSCs can be passaged at most to passage 15,
when the cells can hardly form neurospheres (Figure S5A). The neu-
rospheres 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 contin-
uous 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 pas-
sage 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 (Fig-
ure 4B). The application of ESC-sEVs also enhanced the proliferation
and neuronal differentiation abilities of H-NSCs in passage 10 (Fig-
ures 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 H-
NSC senescence by ESC-sEVs, we performed RNA sequencing
(RNA-seq) analysis to explore the change of gene expression in H-
NSCs among passage 2 (NSCs-P2), passage 10 treated with ESC-
sEVs (1� 1010 particles/mL ESC-sEVs treated from passage 2 to pas-
sage 10 [NSCs-P10-sEVs]), and passage 10 treated with PBS (the
same amount of PBS treated from passage 2 to passage 10 [NSCs-
P10-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-
Figure 3. ESC-sEVs Reverse H-NSC Depletion and Promote Neurogenesis in t

(A) IF images for hippocampal Sox2+ (green) and Nestin+ (red) cells and the number o

12 month-sEV mice. Scale bars, 50 mm. n = 6 per group. ***p < 0.001. (B) IF images for

double-stained cells in the SGZ of 6 month, 12 month-PBS, and 12month-sEVmice. Sc

(Sox2+, green; PCNA+, red) and the number of Sox2+/PCNA+ double-stained cells in the

per group. ***p < 0.001. (D) IF images for hippocampal DCX+ (green) and PCNA+ (red)

12 month-PBS, and 12 month-sEV mice. Scale bars, 50 mm. n = 6 per group. ***p <

6 month, 12 month-PBS, and 12 month-sEV mice. Scale bars, 300 mm. n = 6 per grou

percentage of EdU+/DAPI+ double-stained cells from total DAPI+ cells in 6month, 12mon

(G) IF images for b-tubulin III+ (green) andGFAP+ cells and the percentage of b-tubulin III+

100 mm. n = 6 per group. ***p < 0.001.
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 NSCs-
P10-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-upre-
gulated and 13 genes were co-downregulated) were involved in the
nervous system and were selected as candidate genes that may func-
tion 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 postmi-
totic neuronal precursors of the central nervous system and periph-
eral nervous system, and it has been demonstrated to regulate neuro-
genesis 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 cocul-
ture with ESC-sEVs upregulated MYT1 expression in H-NSCs at pas-
sage 10 (Figures 4G and 4H). The expression level of MYT1 in H-
NSCs 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 ESC-
sEVs rejuvenated H-NSC senescence in aged mice likely via upregu-
lation of MYT1.
ESC-sEVs Rejuvenate Senescent Hippocampal NSCs by

Upregulating MYT1

To address whether MYT1 is involved in regulating H-NSC senes-
cence, 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 (Fig-
ure 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
he SGZ of SAMP8 Mice

f Sox2+/Nestin+ double-stained cells in the SGZ of 6 month, 12 month-PBS, and

hippocampal Sox2+ (green) and GFAP+ (red) cells and the number of Sox2+/GFAP+

ale bars, 50 mm. n = 6 per group. ***p < 0.001. (C) IF images for proliferated H-NSCs

SGZ of 6 month, 12 month-PBS, and 12 month-sEV mice. Scale bars, 50 mm. n = 6

cells and the number of DCX+/PCNA+ double-stained cells in the SGZ of 6 month,

0.001. (E) Neurosphere formation and quantification of neurosphere diameters in

p. *p < 0.05. (F) IF images for EdU incorporation in isolated neurospheres and the

th-PBS, and 12month-sEVmice. Scale bars, 100 mm. n = 6 per group. ***p < 0.001.

cells in whole cells in 6month, 12month-PBS, 12month-ESC-sEVmice. Scale bars,
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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 H-
NSCs.

To further determine whether MYT1 is a crucial factor for the anti-
senescence effect of ESC-sEVs on H-NSCs, we applied ESC-sEVs or
PBS to treat sh-MYT1NSCs and sh-NCNSCs for three passages (pas-
sage 3 to passage 5). As shown in Figures 5C and 5D, ESC-sEV treat-
ment reduced SA-b-gal activity and the expression of p16INK4a, g-
H2AX, 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 func-
tional impairment of ESC-sEVs in promoting H-NSC self-renewal
and neurogenesis (Figures 5E–5G). Taken together, these results
confirmed thatMYT1 was involved in the regulation of H-NSC senes-
cence, and ESC-sEVs rejuvenated senescent H-NSCs and promoted
their proliferation as well as neuronal differentiation partly by the up-
regulation of MYT1.
ESC-sEVs Rejuvenate Senescent Hippocampal NSCs by

Regulating the MYT1-Egln3-Sirt1 Axis

We further investigated the mechanism of how MYT1 regulates H-
NSC 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 hydroxy-
lase that is involved in the cellular response to oxygen availability by
stabilizing HIF-2a.29 Moreover, it has been demonstrated that HIF-
2a can directly target NAMPT (also known as visfatin) and positively
Figure 4. ESC-sEVs Upregulate MYT1 in H-NSCs and Ameliorate H-NSC Senes

(A) Representative images of SA-b-gal staining and the percentage of SA-b-gal+ cells

passage 10 H-NSCs treated with ESC-sEVs (P10-sEVs). Scale bars, 100 mm. n = 6 per g

p21, and p53 in H-NSCs of P2, P10-PBS, and P10-sEVs. n = 6 per group. ***p < 0.001. (

P2, P10-PBS, and P10-sEVs. Scale bars, 300 mm. n = 6 per group. *p < 0.05. (D) IF image

stained cells in whole DAPI+ cells in H-NSCs of P2, P10-PBS, and P10-sEVs. Scale ba

GFAP+ cells and the percentage of b-tubulin III+ cells in whole cells in H-NSCs of P2, P10

data from H-NSCs of P2, P10-PBS, and P10-sEVs were analyzed by the “Calculate and

genes were co-downregulated in P2 versus P10-PBS and P10-sEVs versus P10-PBS. n

and P10-sEVs was detected by qRT-PCR. n = 6 per group. ***p < 0.001. (H) Western blo

6 per group. ***p < 0.001. (I) Western blot analysis and quantification of MYT1 in isolated

6 per group. ***p < 0.001.
regulate the expression of NAMPT,30 which is involved in the amelio-
ration 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 thatMYT1mediated 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 chroma-
tography-tandem mass spectrometry (LC-MS/MS) data identifying
the protein content in ESC-sEVs (ProteomeXchange Consortium da-
taset identifier PXD018655),34 we found 4,122 proteins in ESC-sEVs,
and 3,686 proteins can be aligned to the EV proteome database Ves-
iclepedia (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 ESC-
sEVs, 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 sup-
posed that ESC-sEVs may transfer SMAD4 and SMAD5 to upregu-
late 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 ex-
hibited 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
cence

in passage 2 (P2) H-NSCs, passage 10 H-NSCs treated with PBS (P10-PBS), and

roup. ***p < 0.001. (B) Western blot analysis and quantification of p16INK4a, g-H2AX,

C) Neurosphere formation and quantification of neurosphere diameters in H-NSCs of

s for EdU incorporation in neurospheres and the percentage of EdU+/DAPI+ double-

rs, 100 mm. n = 6 per group. ***p < 0.001. (E) IF images for b-tubulin III+ (green) and

-PBS, and P10-sEVs. Scale bars, 100 mm. n = 6 per group. ***p < 0.001. (F) RNA-seq

draw custom Venn diagrams” online tool; 232 genes were co-upregulated and 415

= 4 per group. (G) The relative expression level of MYT1 in H-NSCs of P2, P10-PBS,

t analysis and quantification of MYT1 in H-NSCs of P2, P10-PBS, and P10-sEVs. n =

neurospheres of 2 month, 6 month, and 12month-PBS and 12month-sEVmice. n =
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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 ten-
dency 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 12-
month-old mice for 8 months. As shown in Figure 7A, the escape la-
tency 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 20monthmice 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 H-
NSCs 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). Addition-
ally, the number of Sox2+/GFAP+ cells and Sox2+/5-ethynyl-20-deoxy-
uridine (EdU)+ cells were found to be significantly higher in ESC-sEV-
treated 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 upregulateMYT1 inH-NSCs, and then inhibit
Egln3 and promote HIF-2a, NAMPT and Sirt1 expression, which re-
sulted 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,
Figure 5. Knockdown of MYT1 Accelerates H-NSC Senescence and Abolishes

(A) The knockdown efficiency of MYT1 shRNAs in H-NSCswas detected by qRT-PCR. n

MYT1 in H-NSCs showing the knockdown efficiency of MYT1 shRNAs. n = 3 per group. *

sh-NCNSCs treated with PBS or ESC-sEVs (sh-NC-PBS or sh-NC-sEVs) and sh-MYT1

100 mm. n = 6 per group. ***p < 0.001. (D) Western blot analysis and quantification of p

PBS, and sh-MYT1-sEVs. n = 6 per group. ***p < 0.001. (E) IF images for GFP-labeled

sEVs, sh-MYT1-PBS, and sh-MYT1-sEVs. Scale bars, 200 mm. n = 6 per group. *p < 0.0

DAPI+ double-stained cells in all DAPI+ cells in sh-NC-PBS, sh-NC-sEVs, sh-MYT1-PB

images for b-tubulin III+ and the percentage of b-tubulin III+ cells in whole cells in H-N

100 mm. n = 6 per group. ***p < 0.001.
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 therapeu-
tic targets for age-related diseases. In this study, we reported that H-
NSC senescence is accompanied with the progress of aging. In accor-
dance 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 poten-
tial 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 pro-
mote tissue recovery via amelioration of somatic cell senescence.18,19

However, whether ESC-sEVs could rejuvenate aging-related senes-
cent 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 self-
renewal 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 H-
NSCs 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 H-
NSCs, and knockdown of MYT1 in young H-NSCs promoted ag-
ing-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,
the Anti-aging Function of ESC-sEVs

= 3 per group. **p < 0.01, ***p < 0.001. (B)Western blot analysis and quantification of

*p < 0.01, ***p < 0.001. (C) SA-b-gal staining and the percentage of SA-b-gal+ cells in

NSCs treated with PBS or ESC-sEVs (sh-MYT1-PBS or sh-MYT1-sEVs). Scale bars,

16INK4a, g-H2AX, p21, and p53 in H-NSCs of sh-NC-PBS, sh-NC-sEVs, sh-MYT1-

neurospheres and the diameter of neurospheres in H-NSCs of sh-NC-PBS, sh-NC-

5. (F) IF images for EdU incorporation in neurospheres and the percentage of EdU+/

S, and sh-MYT1-sEVs. Scale bars, 100 mm. n = 6 per group. ***p < 0.001. (G) IF

SCs of sh-NC-PBS, sh-NC-sEVs, sh-MYT1-PBS, and sh-MYT1-sEVs. Scale bars,
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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 reg-
ulates 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 NSCmaintenance. NAMPT is the main source of nicotin-
amide adenine dinucleotide (NAD)+ and is required for G1/S progres-
sion 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 hip-
pocampal 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. Addi-
tionally, 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 dis-
eases, while most of the neurogenesis-promoting factors (including
Sirt1, BMP/SMAD, and HIF-a) or treatments that reverse neurogen-
esis 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 addi-
tion, 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 knock-
down of MYT1. Taken together, these data suggested that the thera-
peutic effect of ESC-sEVs in rejuvenating H-NSC senescence was
partly attributed to upregulation ofMYT1 to inhibit Egln3, improving
the expression of HIF-2a, NAMPT, and Sirt1.

Recently, many studies have demonstrated that sEVs acted as a deliv-
ery 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 H-
NSCs 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
Figure 6. ESC-sEVs Rejuvenate Senescent H-NSCs by Transferring SMADs to

Successively

(A) Western blot analysis and quantification ofMYT1, Egln3, HIF-2a, NAMPT, and Sirt1 in

group. ***p < 0.001. (B) Comparison of proteins in ESC-sEVs identified by LC-MS/MS w

showed mostly that proteins belonged to extracellular vesicles. (D) Western blot analys

analysis and quantification of p-SMAD5, SMAD5, SMAD4, and MYT1 in H-NSCs treated

SMAD5, SMAD4, and MYT1 in H-NSCs, H-NSCs treated with 25 ng/mL BMP4, H-NS

BMP4. n = 3 per group. **p < 0.01, ***p < 0.001. (G) Western blot analysis and quanti

isolated neurospheres of 2 month, 6 month, and 12 month-PBS and 12 month-sEV m
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 pro-
mote 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 relation-
ship between SMAD4, SMAD5, and MYT1 in H-NSCs, and we
demonstrated that activation of SMAD4 and p-SMAD5 can upregu-
late MYT1 in H-NSCs. Collectively, our study reveals a close link be-
tween proteins enriched in ESC-sEVs and the anti-aging genes in H-
NSCs, 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 impor-
tant molecules in sEVs to modulate recipient cell function.51,54 Previ-
ous studies have demonstrated that ESC-sEVs can transfer highly en-
riched miR-200a to ameliorate endothelial senescence.19 In our study,
we found that MYT1 knockdown cannot totally reverse the anti-
senescence function of ESC-sEVs. Therefore, taken together, we think
that other mechanisms, including encapsulation of miRNAs in ESC-
sEVs, can also function to rejuvenate H-NSC senescence.

Furthermore, neurons, astrocytes, oligodendrocytes, vasculature,
extracellular matrix and associated molecules, and structural ele-
ments 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 demon-
strated that the blood-brain barrier was damaged, microglia were acti-
vated, and inflammatory cytokines (tumor necrosis factor [TNF]-a,
interleukin [IL]-1b, and IL-6) were overexpressed in the aged hippo-
campus, which can cause H-NSC exhaustion and neurogenesis reduc-
tion. 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
Activate MYT1, Inhibit Egln3, and Upregulate HIF-2a, NAMPT, and Sirt1

H-NSCs of sh-NC-PBS, sh-NC-sEVs, sh-MYT1-PBS, and sh-MYT1-sEVs. n = 6 per

ith the EV proteome database Vesiclepedia. (C) GO analysis of proteins in ESC-sEVs

is of SMAD4, SMAD5, and TSG101 in ESCs, ESC-sEVs, and PBS. (E) Western blot

with PBS and ESC-sEVs. (F) Western blot analysis and quantification of p-SMAD5,

Cs treated with 200 nM LDN-193189, and H-NSCs treated with LDN-193189 and

fication of p-SMAD5, SMAD5, SMAD4, MYT1, Egln3, HIF-2a, NAMPT, and Sirt1 in

ice. 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 non-
NSCs in hippocampus, suggesting that the microenvironment in
the NSC niches was switched toward youth by the ESC-sEV treat-
ment. 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 im-
pairs their proliferation and neuronal differentiation capacities, and
may be one of the factors that results in H-NSC exhaustion, neuro-
genesis reduction, and cognitive impairment. ESC-sEVs exhibited a
positive effect on rejuvenating H-NSC senescence partly by transfer-
ring 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 ther-
apeutic tool for rejuvenating senescent resident stem cells to treat age-
related diseases.
MATERIALS AND METHODS
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 cor-
responding authors on reasonable request.
ESC Culture and ESC-sEV Isolation and Identification

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). ESC-
sEVs 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.
Animal Experimental Procedures

Animal care and experimental procedures were approved by the An-
imal Research Committee of the Shanghai Jiao Tong University Affil-
iated Sixth People’s Hospital (approval code: DWSY2018-118). Male
SAMP8 mice and male C57BL/6 mice were housed under pathogen-
free conditions and provided a standard diet and water. For the in vivo
Figure 7. ESC-sEVs Reverse Cognitive Aging and Rejuvenate H-NSC Senesce

(A) Spatial learning and memory abilities were tested by an MWM test in 20 month-PBS a

quantification of Syp, Gap-43, PSD-95, and Syn-IIa in hippocampus of 20 month-PBS a

SMAD5, SMAD5, SMAD4, MYT1, Egln3, HIF-2a, NAMPT, and Sirt1 in isolated neuros

staining of hippocampus and quantification of hippocampal SA-b-gal activity in 20month

IF images for senescent H-NSCs (p16INK4a+, red; Sox2+, green) and the percentage of

PBS and 20 month-sEV mice. Scale bars, 50 mm. n = 6 per group. ***p < 0.001. (F) SA-b

PBS and 20 month-sEV mice. Scale bars, 100 mm. n = 3 per group. ***p < 0.001. (G) W

20month-PBS and 20month-sEVmice. n = 3 per group. (H) IF images for hippocampal S

cells in the SGZ of 20 month-PBS and 20 month-sEV mice. Scale bars, 50 mm. n = 6 per

and the number of Sox2+/EdU+ double-stained cells in the SGZ of 20 month-PBS and
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 H-

NSC Senescence, Proliferation, and Differentiation

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 vol-
ume 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.
SA-b-gal Staining

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 hippocam-
pus in brain sections was evaluated by means of the ROD (relative op-
tical 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.
RNA-Seq Analysis of H-NSCs and Proteomic Analysis of ESC-

sEVs

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
nce in C57BL/6 Mice

nd 20 month-sEV mice. n = 9 per group. ***p < 0.001. (B) Western blot analysis and

nd 20 month-sEV mice. n = 6 per group. ***p < 0.001. (C) Western blot analysis of p-

pheres of 20 month-PBS and 20 month-sEV mice. n = 3 per group. (D) SA-b-gal

-PBS and 20month-sEVmice. Scale bars, 250 mm. n = 6 per group. ***p < 0.001. (E)

Sox2+/p16INK4a+ double-stained cells in whole Sox2+ cells in the SGZ of 20 month-

-gal staining of isolated H-NSCs and the percentage of SA-b-gal+ cells in 20 month-

estern blot analysis of p16INK4a, g-H2AX, p21, and p53 in isolated neurospheres of

ox2+ (green) and GFAP+ (red) cells and the number of Sox2+/GFAP+ double-stained

group. ***p < 0.001. (I) IF images for proliferating H-NSCs (Sox2+, green; EdU+, red)

20 month-sEV mice. Scale bars, 50 mm. n = 6 per group. ***p < 0.001.

Molecular Therapy Vol. 29 No 1 January 2021 117

http://www.moleculartherapy.org


Molecular Therapy
2100 bioanalyzer (Agilent Technologies, USA), and then sequenced
on an Illumina HiSeq sequencer (Illumina, USA). The RNA-seq data-
sets 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 se-
quences were designed and sequences are listed in Table S1.
MYT1 silencing lentiviral particle (sh-MYT1) and sh-NCs were pur-
chased from Hanbio Biotechnology (Shanghai, China). The shRNA
was inserted into the lentivirus vector pHBLV-U6-MCS-CMV-
ZsGreen-PGK-Puro (Hanbio Biotechnology) to silence MYT1. H-
NSCs were transfected with sh-MYT1 or sh-NC under standard
conditions using Polybrene, and 72 h later cells were subjected to se-
lection 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 anal-
ysis, qRT-PCR analysis, ESC-sEV uptake assay, and others are pro-
vided 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 one-
way analysis of variance (ANOVA) was utilized to explore the het-
erogeneity 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.
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Figure S1. H-NSCs proliferation and neuronal-differentiation decreased with aging. (A) 

Neurospheres formation and quantification of neurospheres diameter in 2M, 6M, and 

12M mice. Scale bar=300 µm; n=6 per group, *P<0.05. (B) IF images for β-III tubulin+ 

(green) and GFAP+ cells and the percentage of β-III tubulin+ cells in whole cells in 2M, 

6M, 12M mice. Scale bar=100 µm, n=6 per group, *P<0.05, ***P<0.001. 

 



 

Figure S2. Correlation between the number of H-NSCs and cognitive function. (A) 

Correlation between the number of H-NSCs (Sox2+/Nestin+ cells and Sox2+/GFAP+ 

cells) in SGZ and the escape latency on day 4. n=6 per group. (B) Correlation between 

the number of H-NSCs in SGZ and the time spent in the target quadrant on day 5. n=6 

per group. (C-F) Correlation between the number of H-NSCs in SGZ and the expression 

level of hippocampal synapse-related proteins (Syp, Psd-95, Gap-43, Syn-IIa). n=6 per 

group.  

 

 

 



 

Figure S3. Characterization of ESCs and ESC-sEVs. (A) ALP staining of ESCs. Scale 

bar=150 µm. (B) IF images for OCT4, Nanog, TRA-1-81, TRA-1-60, and SSEA4 

staining in ESCs. Scale bar=100 µm. (C) Morphology of ESC-sEVs observed by TEM. 

Scale bar=200 nm. (D) Particle size distribution of ESC-sEVs measured by nano-flow 

cytometer. (E) Western blot showed the presence of sEVs markers including CD63, 

CD9, and TSG101, and negative for GM130, β-actin, and Lamin A/C. (F)-(I) The yield 

of ESC-sEVs was evaluated in terms of particle concentration and protein concentration. 

The mean particle concentration of ESC-sEVs in condition medium (CM) was 

7.06×108±0.93×108 (particles/mL) (F) and 817.92±94.13 (particles/cell) (G), the mean 

protein concentration of ESC-sEVs in CM was 1127.49±81.47 (ng/mL) (H) and 

11.43×10-7±1.57×10-7 ng per particle (I). n=6 per group. 



 

Figure S4. (A) In vivo fluorescence images of the distribution of DiR-labeled ESC-

sEVs. DiR-labeled sEVs can distribute into brain, heart, lung, liver, spleen, and kidney 

at 24 hours after injection. n=3 per group. (B) IF for Dio-labeled ESC-sEVs (green) 

internalized by H-NSCs. Scale bar=50 µm, n=3 per group. 

 

 

 



 

 

Figure S5. H-NSCs proliferation and senescence from passage 2 to 14 in vitro. (A) and 

(B) Neurospheres formation and quantification of neurospheres diameter in H-NSCs of 



passage 2, 4, 6, 8, 10, 12, 14. Scale bar=300 µm; n=3 per group, *P<0.05. (C) Cell 

Counting Kit-8 (CCK-8) assay for H-NSCs of passage 2, 4, 6, 8, 10, 12, 14. n=3 per 

group, *P<0.05. (D) SA-β-gal staining and the percentage of SA-β-gal-positive cells in 

H-NSCs of passage 2, 4, 6, 8, 10, 12. Scale bar=100 µm, n=3 per group, *p<0.05. (E) 

Western blot analysis and quantification of p16INK4a in H-NSCs of passage 2, 4, 6, 8, 

10, 12. n=3 per group, *p<0.05. 

 



 

Figure S6. (A) and (B) Summary of the nervous system related 10 co-upregulated and 

13 co-downregulated genes according to RNA-seq data from H-NSCs of P2 vs. P10-

PBS and P10-sEVs vs. P10-PBS. (C) and (D) The relative expression of nervous system 



related 10 co-upregulated and 13 co-downregulated genes were verified by RT-qPCR. 

n=6 per group, **P<0.01, ***P<0.001. 

 

 

Figure S7. Knockdown of MYT1 induce H-NSCs senescence and impair proliferation 

and neuronal differentiation capacities. (A) Representative images of SA-β-gal staining 

and quantification of the percentage of SA-β-gal-positive cells in s hsh-NC NSCs and 



sh-MYT1 NSCs. Scale bar=100 µm, n=3 per group, **P<0.01. (B) Western blot 

analysis and quantification of p16INK4a and γ-H2AX in sh-NC NSCs and sh-MYT1 

NSCs. n=3 per group, ***P<0.001. (C) IF images for GFP labeled neurospheres and 

quantification of the diameter of neurospheres in sh-NC NSCs and sh-MYT1 NSCs. 

Scale bar=200 µm, n=3 per group, *P<0.05. (D) IF images for β-III tubulin+ cells and 

the percentage of β-III tubulin+ cells in whole cells in sh-NC NSCs and sh-MYT1 NSCs. 

Scale bar=100 µm, n=3 per group, **P<0.01. 

 



 

Figure S8. MYT1 inhibit Egln3 and upregulate HIF-2α, NAMPT, Sirt1 in H-NSCs. (A) 

Comparison of the co-upregulated and co-downregulated genes in H-NSCs of P2 vs. 

P10-PBS, P10-sEVs vs. P10-PBS with the published data (DOI ：

10.1016/j.celrep.2016.09.024). (B) RT-qPCR verified the relative expression of Pou5f2, 



Pcdhga11, Pde5a, Tspan2, Dusp6, Wls, Il33, Kif21a, Pcdhb5, S100b, Frk, Egln3, and 

Abca9 in sh-MYT1 NSCs and sh-NC NSCs. n=3 per group, *P<0.05, **P<0.01, 

***P<0.001. (C) Western blot analysis and quantification of MYT1 and Egln3 in 

control NSCs, sh-NC NSCs, sh-MYT1 NSCs. n=3 per group, **P<0.01, ***P<0.001. 

(D) Western blot analysis and quantification of HIF-2α, NAMPT and Sirt1 in control 

NSCs, sh-NC NSCs, and sh-MYT1 NSCs. n=3 per group, ***P<0.001. 

 

 

Figure S9. Western blot analysis and quantification of P-SMAD5, SMAD5, SMAD4, 

MYT1, Egln3, HIF-2α, NAMPT, and Sirt1 in H-NSCs of P2, P10-PBS, and P10-sEVs. 

n=6 per group, ***P<0.001. 

 

 



Table S1.  MYT1 gene interference sequence. 

Interference fragment name Sequence 

shRNA1 

Top strand： GATCCGCCCAGAGCTATCTAGTCCTAATTCAAGAGAT

TAGGACTAGATAGCTCTGGGTTTTTTG 

Bottom 

strand： 

AATTCAAAAAACCCAGAGCTATCTAGTCCTAATCTCT

TGAATTAGGACTAGATAGCTCTGGGCG 

shRNA2 

Top strand： GATCCGAAGCAGCTTGAGGTTCCACCTTATTTCAAGA

GAATAAGGTGGAACCTCAAGCTGCTTCTTTTTTG 

Bottom 

strand： 

AATTCAAAAAAGAAGCAGCTTGAGGTTCCACCTTATT

CTCTTGAAATAAGGTGGAACCTCAAGCTGCTTCG 

shRNA3 

Top strand： GATCCGAGGCAGAAAGAGGGAGCTCTCAATTTCAAG

AGAATTGAGAGCTCCCTCTTTCTGCCTCTTTTTTG 

Bottom 

strand： 

AATTCAAAAAAGAGGCAGAAAGAGGGAGCTCTCAAT

TCTCTTGAAATTGAGAGCTCCCTCTTTCTGCCTCG 

 

 

 

 

 

 

 

 

 

 



Table S2.  Sequences of primers used in RT-qPCR. 

Gene name Forward primer (5’ ➝ 3’) Reverse primer (5’ ➝ 3’) 

ugt8a ACTCCATATTTCATGCTCCTGTG AGGCCGATGCTAGTGTCTTGA 

tspan2 TATCTGCTGCTCGGCTTCAAC GTCCAAATGCAATAACGGCTG 

slitrk1 GAAGGGGACTTACACGTAGACT AGTGAGGGAATTGCCATGCAG 

nrg1 ATGGAGATTTATCCCCCAGACA GTTGAGGCACCCTCTGAGAC 

MYT1 TGCAGACCTCAGTTGTCCTAC TCCTCTTGGATACCAGGTGCT 

mapk14 GGGACACCCCCTGCTTATCT TCCCTGCTTTCAAAGGACTGG 

gpr161 CTCACGCTTGGGGTCATTG GAGCCAGATGTAGACGAGAGC 

dll3 CTGGTGTCTTCGAGCTACAAAT TGCTCCGTATAGACCGGGAC 

dgcr2 ATGCTGCACAGACCTGTCAG TCCTGGGCTAGGACGAAGC 

ctnna2 TTCAGAGCACTTCCACTACCT CTGCTTCCACTCCCGATTGG 

wnt4 AGACGTGCGAGAAACTCAAAG GGAACTGGTATTGGCACTCCT 

rtn4rl1 CTGCCAGGCACACAACTTTG TGTTGGAGTAGATCCAGAGGG 

reln TTACTCGCACCTTGCTGAAAT CAGTTGCTGGTAGGAGTCAAAG 

rara ATGTACGAGAGTGTGGAAGTCG ACAGGCCCGGTTCTGGTTA 

rarb GCAGTGCGTGGACACATGA GGCAGGGAGAGTCCTCTGAT 

plxnd1 TCGCTGCCAATCCCTAATAAGA TGACCTGGTTTGGAACTGTTG 

ntn1 CAGCCTGATCCTTGCTCGG GCGGGTTATTGAGGTCGGTG 

nrxn2 TTAAACAGCGAAGTAGGGTC GCCAGTGTGATCTCGTCA 

nrn1 GCGGTGCAAATAGCTTACCTG CGGTCTTGATGTTCGTCTTGTC 



lyn GTGACATTGTGGTGGCCTTAT ACCATTCCCCATGCTCTTCTA 

igfbp4 AGAAGCCCCTGCGTACATTG TGTCCCCACGATCTTCATCTT 

gria4 GTTTTCTGGATTTTGGGGACTCG AAGAGACCACCTATTTGAACGC 

clstn2 CCTCCTGCGGAAGGACTTTG TGGGCCAGTCATTAGTCACCA 

Pou5f2 GGTCTTCAAACGTCTTCCCTC CCCATACTTGGTCGCACCAT 

Pcdhga11 CTGATCCCGCTGTGCATTTTC TGCCTACGAAGAAGCCTTTATCT 

Pde5a CGGCCTACCTGGCATTCTG GCAAGGTCAAGTAACACCTGATT 

Dusp6 ATAGATACGCTCAGACCCGTG ATCAGCAGAAGCCGTTCGTT 

Wls ATGGCTGGGGCAATTATAGAAAA GGGTGCTGGAGCGATCAAG 

Il33 TCCAACTCCAAGATTTCCCCG CATGCAGTAGACATGGCAGAA 

Kif21a AAGATCGAAGGTTGCCATATCTG CAGCTCCGGTTTGTCCATAGG 

Pcdhb5 CAGGCAAGTGATTCCTTTCCT ATTGCTGTTTGTCATGGTCAGA 

S100b TGGTTGCCCTCATTGATGTCT CCCATCCCCATCTTCGTCC 

Frk ACCCGAAGCCATTCGTACTAA AGCACCTGTCATACCACTGTA 

Egln3 AGGCAATGGTGGCTTGCTATC GCGTCCCAATTCTTATTCAGGT 

Abca9 TCGATAGATGCAGTGAGAGTCA CACAAGGAGCTGAATGGTCTTT 

β-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT 

 

 

 

 

 

 



Table S3.  Models and methods in article. 

 Models Methods 

In vivo 

SAMP8 mice: 

(1) 2M, 6M, 12M;  

(2)6M, 12M-PBS, 

12M-sEVs 

(1) Morris water maze; 

(2) Western blot for Syp, Psd-95, Gap-43, Syn-IIa; 

(3) IF staining for Sox2, Nestin, GFAP, DCX, 

PCNA, p16INK4a; 

(4) SA-β-gal staining 

C57/BL mice: 

20M-PBS, 20M-

sEVs 

(1) Morris water maze; 

(2) Western blot for Syp, Psd-95, Gap-43, Syn-IIa; 

(3) IF staining for Sox2, GFAP, DCX, Edu, 

p16INK4a; 

(4) SA-β-gal staining 

 

 

Ex vivo 

SAMP8 mice:  

H-NSCs isolated 

from 6M, 12M-PBS,  

12M-sEVs 

(1) SA-β-gal staining; 

(2) Western blot for p16INK4a, γ -H2AX, P21, and 

P53; 

(3) proliferation assay: IF staining for Edu; 

(4) neuronal-differentiation assay: IF staining for 

β-Tubulin III and GFAP 



(5) Western blot for P-SMAD5, SMAD5, SMAD4, 

and MYT1, Egln3, HIF-2α, NAMPT, Sirt1 

C57/BL mice:  

H-NSCs isolated 

from 20M-PBS, 

20M-sEVs 

 

(1) SA-β-gal staining; 

(2) Western blot for p16INK4a, γ -H2AX, P21, and 

P53; 

(3) Western blot for P-SMAD5, SMAD5, SMAD4, 

and MYT1, Egln3, HIF-2α, NAMPT, Sirt1 

In vitro 

H-NSCs isolated 

from 2-weeks 

C57/BL mice， 

replicative 

senescence model 

（passage 2 -10） 

(1) SA-β-gal staining; 

(2) Western blot for p16INK4a, γ -H2AX, P21, and 

P53; 

(3) proliferation assay: IF staining for Edu; 

neurospheres formation assay; 

(4) neuronal-differentiation assay: IF staining for 

β-Tubulin III and GFAP; 

(5) RNA-seq analysis; 

(6) RT-qPCR; 

(7) Lentiviral knockdown; 

(8) chromatography-tandem mass spectrometry 

(LC-MS/MS) analysis; 

(9) Western blot for P-SMAD5, SMAD5, SMAD4, 

and MYT1, Egln3, HIF-2α, NAMPT, Sirt1 

 



Supplemental Materials & Methods 

ESC culture 

The human embryonic stem cells (ESC; H9) were provided by the Institute of 

Biochemistry and Cell Biology of Chinese Academy of Sciences (Shanghai, China). 

The ESC were cultured in ncEpic hPSC medium (NO. RP01001; Nuwacell 

Biotechnologies, China) on a Nuwacell™-Vitronectin (NO. RP01002-A; Nuwacell) 

coated plate under the standard conditions of 5%CO2 and 37°C in humidified incubator. 

The medium was changed daily and cells were passaged at 80~90% confluence. ESCs 

identification was performed by ALP staining and immunofluorescence staining (IF) 

for markers (Nanog, OCT4, SSEA4, TRA-1-60, and TRA-1-81) in the ESC colonies. 

ESC-sEVs isolation and identification 

ESC-sEVs isolation 

Embryonic stem cells derived small extracellular vesicles (ESC-sEVs) were isolated by 

differential ultracentrifugation protocols from ESCs condition medium (ESC-CM) 

according to the MISEV2018 guideline. Briefly, ESC-CM was centrifuged at 300×g 

for 10 min to remove dead cells and 2000×g for 20 min to remove cellular debris and 

apoptotic bodies. Then, the supernatant was centrifuged at 10,000×g for 30 min and 

filtered through 0.22 µm sterilized filter (Millipore, Bedford, MA, USA) to remove 

large EVs. Next, the supernatant was subjected to ultracentrifugation at 100,000×g for 

114 min by using a SW 32 Ti Rotor Swinging Bucket rotor (K factor of 256.8, 28536 

rpm; Beckman Coulter, Fullerton, CA) to pellet ESC-sEVs. After removing the 



supernatant, the ESC-sEVs pellet was washed with PBS and followed by a second 

ultracentrifugation at 100,000×g for 114 min. All centrifugation steps were performed 

at 4°C. Finally, the pellet was re-suspended in PBS and stored at -80°C. 

Transmission Electron Microscope (TEM) 

The morphology of ESC-sEVs was observed by TEM (JEM 1400, Tokyo, Japan). 

Briefly, a total of 10µL ESC-sEVs enriched solution was placed on a formvar-carbon 

coated grid (300 meshes) and left to dry at room temperature for 20min. Then, ESC-

sEVs was washed with PBS and fixed in 1% glutaraldehyde for 5 min. Next, ESC-sEVs 

was washed with water and stained with saturated aqueous uranyl oxalate for 5 min. 

Finally, the grid was dried at room temperature for 10 min and then imaged. 

Size distribution and particle concentration 

The size distribution and particle concentration of ESC-sEVs were measured by using  

the nano-flow cytometer (N30 Nanoflow Analyzer, NanoFCM Inc., Xiamen, China) as 

described previously1. Briefly, the side scatter intensity (SSI) was measured by the 

loading of the standard polystyrene nanoparticles (200 nm) with a concentration of 1.58 

× 108/mL to the nano-flow cytometer. Next, isolated ESC-sEVs sample diluted with 

1000-fold PBS (for a nanoparticle concentration of approximately 5 × 109/mL) was 

loaded to the nano-flow to measure the SSI. Finally, the concentration of EVs was 

calculated according to the ratio of SSI to particle concentration in the standard 

polystyrene nanoparticles. For size measurement, standard silica nanoparticles with 

mixed size (68nm, 91nm, 113nm, 155nm) were load to the nano-flow cytometer to 



generate a standard cure, followed by the loading of sEVs sample. The size distribution 

was calculated according to the standard cure. 

Protein concentration 

The protein concentration of ESC-sEVs was quantified by Pierce BCA Protein Assay 

Kit (Thermo Scientific) according to the product manual. Briefly, 200 µL of the WR 

solution was loaded into each well of a 96-well plate. Next, 10 µL of the ESC-sEVs 

sample was added. Finally, the plate was incubated at 37°C for 30 min and the 

absorbance was detected at 562 nm. A standard curve was used to determine the protein 

concentration of each ESC-sEVs sample. 

sEVs markers  

The expression of sEVs markers such as CD9, CD63, and TSG-101 was analyzed by 

western blot. GM130, β-actin, and Lamin A/C were also detected to determine the 

purity of ESC-sEVs. Briefly, the ESC-sEVs pellet was routine ultracentrifugation as 

described above. ESC-sEVs protein was harvested by using RIPA lysis buffer 

supplemented with protease inhibitor cocktail (Roche). Then, the protein concentration 

of ESC-sEVs was detected by using the Pierce BCA Protein Assay Kit as described 

above. Next, protein was separated by sodium dodecyl sulfatepolyacrylamide gel 

electrophoresis and transferred to polyvinylidene fluoride membranes (Millipore). The 

membranes were blocked with 5% non-fat milk for 1 h and incubated overnight at 4 °C 

with the following antibodies: rabbit monoclonal anti-β-actin (1:1,000; Abcam, NO. 

ab179467), rabbit monoclonal anti-CD9 (1:1,000; Abcam, NO. ab92726), rabbit 

monoclonal anti-CD63 (1:1,000; Abcam, NO. ab134045), mouse monoclonal anti-



TSG-101 (1:1,000; Abcam, NO.ab83), mouse polyclonal anti-GM130 (1:500; Abcam, 

NO.ab169276), Rabbit polyclonal anti-Lamin A/C (1:1000; Servicebio, NO. GB11407). 

Membranes were then incubated with HRP-conjugated secondary antibodies (1:3,000; 

Cell Signaling Technology) at room temperature for 1 h. The immunoreactive bands 

were visualized using ECL (Thermo Fisher Scientific) and imaged with a FluorChem 

M Fluorescent Imaging System (ProteinSimple, Santa Clara, CA, USA).  

In vivo ESC-sEVs migration into brain  

To determine the migration of ESC-sEVs into the brain, ESC-sEVs were labeled with 

the Molecular Probes' Vybrant (Life Technologies, NY, Cat No. D12731) 1,1'-

dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine iodide (DiR) according to the 

protocol as previously described with small modification2. Briefly, ESC-sEVs were 

incubated with DiR fluorescent dye under room temperature for 15 minutes, then were 

loaded at the bottom of an iodixanol cushion (0%, 20%, 30%, and 50%) and centrifuged 

at 100,000×g for 114 min (SW 32-Ti Rotor) to separate them from the free unbound 

dye. The DiR-labeled ESC-sEVs were collected from the interphase between 20% and 

30% and washed in PBS and centrifuged at 100,000×g for 114 min (SW 32-Ti Rotor).  

SAMP8 mice (n = 3) were intravenously administered with fresh purified DiR-labeled 

ESC-sEVs (1×1010 particles/ml,100µl), followed by euthanasia and ex vivo imaging of 

dissected organs at 24 hours after application. Bio-distribution of DiR-labeled ESC-

sEVs was examined by using IVIS Spectrum (Perkin Elmer). The harvested organs 

were imaged for 1-2 seconds (excitation 710 nm, emission 760 nm). The data were 

analyzed with the IVIS software (Living Image Software for IVIS).  



Morris Water Maze  

Morris water maze (MWM) test was employed to assess spatial learning and memory 

abilities of rats as described previously3. The latency to escape onto the platform was 

recorded as the performance of spatial learning. Mice were trained once a day over four 

consecutive days. In each trial, mice were gently released into the water with their head 

facing opposite of the platform, and were given a maximum of 60s to find the 

submerged platform. For mice that could not find the platform within 60s, they were 

guided to stay on it for 15s, and the score of 60s was given to such mice. To assess 

spatial memory, a spatial probe trial was performed on day 5 of the training trial. The 

platform was removed and mice were placed in water opposite to the target quadrant, 

and allowed to swim freely for 60s. The percentage of time that mice spent in the target 

quadrant within 60s was recorded. The Shanghai Xinran Mdt InfoTech Ltd (Shanghai, 

China) SuperMaze animal behavior record and analysis system was used for data 

collection and analysis.  

Immunofluorescence (IF) staining  

Mice were anesthetized and perfused transcardially with saline, then followed by 4% 

paraformaldehyde (PFA; 4.3 g/L NaOH, 40 g/L paraformaldehyde, 18.8 g/L 

NaH2PO4.H20). The brains were removed and post-fixed overnight in 4% PFA, and 

then dehydrated in 20% and 30 % sucrose at 4 °C, respectively. Each brain was 

embedded in OCT and cut every sixth 20-µm-thick coronal sections on a freezing 

microtome (Leica CM 1950; Leica Biosystem, Heidelberg, Germany). Cells were fixed 

by 4% PFA for 15 min. Brain sections or cultured cells were incubated with 0.3% Triton 



X-100 for 30 min and 5 % bovine serum albumin (BSA; Sigma, St. Louis, MO, USA) 

for 1 h, and then incubated overnight at 4 °C with the following antibodies: rabbit 

polyclonal anti-Sox2 (1:100; Cell Signaling Technology, NO. cst2748), mouse 

monoclonal anti-GFAP (1:100; Abcam, NO. ab10062), rabbit monoclonal anti-β-

Tubulin III (1:100; Abcam, NO.ab18207), mouse monoclonal anti-Nestin (1:100; 

Abcam, NO. ab6142), rabbit polyclonal anti-DCX (1:100; Abcam, ab18723), mouse 

monoclonal anti-p16INK4a (1:200; Invitrogen, NO.MA5-17142), mouse monoclonal 

anti-PCNA (1:100; Abcam, NO. ab29), rabbit polyclonal anti-Nanog (1:100; Abcam, 

NO.ab109250), rabbit polyclonal anti-OCT4 (1:100; Abcam, NO.ab19857), mouse 

monoclonal anti-SSEA4 (1:100; Abcam, NO.ab16287), mouse monoclonal anti-TRA-

1-60 (1:100; Abcam, NO.ab16288), mouse monoclonal anti-TRA-1-81 (1:100; Abcam, 

NO.ab16289). Followed by three times of rinse in 0.1 M PBS (pH 7.4) before the 

incubation with secondary antibodies (1:400; Invitrogen) including Alexa Fluor® 594 

goat anti-rabbit or anti-mouse IgG (H+L) or Alexa Fluor® 488 goat anti-rabbit or anti-

mouse IgG (H + L) for 1 h at room temperature, protected from light. EdU+ cells were 

stained by using Click-iT Edu Alexa Fluor 488 or 594 Imaging Kit (Life Technologies) 

following the manufacturer’s protocol. Nuclei was visualized by using 2 µM DAPI 

(Sigma). Images were acquired using the Leica DM6B microscope (Leica 

Microsystems, Milan, Italy). The number of positively stained cells were performed 

using the Image J software (National Institutes of Health, Bethesda, MD, USA). 

 

 



H-NSCs isolation and cultivation 

H-NSCs were isolated from mice hippocampus as described previously. Briefly, 

hippocampus was separated from brain and minced by scissors, then treated with 

enzyme cocktail solution (papain (2.5 U/mL), DNase (250 U/mL) and dispase (1U/mL)) 

at 37°C for 1 h. Later mixed with an equal volume of percoll solution and centrifuged 

at 20,000 g for 30 min at 18°C. H-NSCs located in the lower layer fraction were 

harvested and washed three times with DMEM/F12, and resuspended in complete H-

NSCs medium: DMEM/F12 medium supplemented with 2% B27 (Gibco Life 

Technologies), 1% penicillin/streptomycin (Gibco Life Technologies), 20 ng/ml 

epidermal growth factor (EGF, ProSpec), 20 ng/ml basic fibroblast growth factor 

(bFGF, ProSpec), and 5 µg / ml heparin (Sigma-Aldrich). Cells were seeded in a culture 

plate and the medium was fifty percent replaced every 2 days.  

In vitro ESC-sEVs uptake assay   

ESC-sEVs were labeled with fluorescent carbocyanine dye (Dio, Life Technologies) 

for 30 min at 37 °C as our previously described. The labeled ESC-sEVs were loaded at 

the bottom of an iodixanol cushion (0%, 20%, 30%, and 50%) and centrifuged at 

100,000×g for 114 min (SW 32-Ti Rotor) to separate them from the free unbound dye. 

The DiR-labeled ESC-sEVs were collected from the interphase between 20% and 30% 

and washed in PBS and centrifuged at 100,000×g for 114 min (SW 32-Ti Rotor). H-

NSCs were incubated with Dio-labeled ESC-sEVs (1 × 1010 particles/mL) for 12 h. 

After that, culture medium was discarded and the cells were rinsed twice with PBS. H-



NSCs were fixed, nucleus was stained with DAPI. Images were acquired using the 

Leica DM6B microscope. 

Senescence-associated β-galactosidase (SA-β-gal) staining   

SA-β-gal staining of brain sections and NSCs were performed using the SA-β-gal 

staining kit (Beyotime Biotechnology, Cat No.C0602). According to manufacturer’s 

protocol, brain sections or cell cultures were fixed and then stained with SA-β-gal 

staining solution for 16-18 h at 37 °C (without CO2), ice-cold PBS was used to stop the 

enzymatic reaction. Images of brain sections were acquired using the Leica DM6B 

microscope, the activity of SA-β-gal for hippocampus was evaluated by means of a 

ROD (relative optical density) value. ROD of SA-β-gal positive cells was obtained after 

transformating mean gray values (obtained by Image Pro Plus software) into ROD via 

the formula: ROD = log (256/mean gray). In cell cultures, neurospheres were 

dissociated with Accutase (Sigma-Aldrich), 20,000 cells were plated into individual 

wells of poly-L-lysine (Sigma-Aldrich) coated 24-well plates and incubated in 

complete NSCs medium for 6 hours, then H-NSCs were fixed and stained for SA-β-gal 

activity, at least ten images of NSCs were acquired under the phase-contrast microscope 

(Leica Microsystems). The activity of SA-β-gal was defined as the ratio of SA-β-gal 

positive cells, which determined by counting the blue cells and dividing by the total 

number of observed cells.  

Effects of ESC-sEVs on H-NSCs senescence, proliferation, and differentiation  

We applied replicative senescence model to detect effects of ESC-sEVs on H-NSCs 

senescence. Briefly, H-NSCs were incubated with 1 × 1010 particles/mL ESC-sEVs or 



an equal volume of PBS from passage 2 to passage 10. NSCs senescence was detected 

by SA-β-gal staining and western blot. For Edu incorporation assay, neurospheres were 

dissociated and 20,000 cells were plated into individual wells of ultralow-binding 24-

well plates and incubated in complete NSCs medium for 4 days, and then administered 

EdU (10uM) for 4 hours. Neurospheres were plated on poly-L-lysine (Sigma-Aldrich) 

coated 24-well plates and adhered for 6 hours. Then, Neurospheres were fixed and 

immunofluorescence staining to calculate the percentage of EdU+ cells in whole cells, 

at least ten images of neurospheres were acquired. For CCK8 assay, 20,000 cells were 

plated into individual wells of ultralow-binding 24-well plates and incubated in 

complete NSCs medium for 4 days, CCK-8 solution (per 10 µL in 100 µL medium) 

was added into medium and incubated for 2 h at 37°C. The amount of formazan dye 

generated by cellular dehydrogenase activity was measured for absorbance at 450 nm 

by using a microplate reader. The optical density values of each well represented the 

survival/proliferation of H-NSCs. For neurospheres formation assay, 20,000 cells were 

plated into individual wells of ultralow-binding 24-well plates and incubated in 

complete NSCs medium for 6 days, the diameter of neurospheres were counted under 

a phase-contrast microscope or fluorescent microscope, at least ten images of 

neurospheres were acquired. 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: neural basal (NB) medium (Gibco Life 

Technologies) supplemented with 2% B27 and 1% fetal bovine serum (Gibco Life 

Technologies), and cultured for 5 days, the medium was half-changed every other day. 



Cells were fixed and immunofluorescence staining for β-Tubulin III and GFAP to 

calculate the percentage of β-Tubulin III + cells in whole cells. Images were acquired 

using the Leica DM6B microscope, and at least ten images were acquired. 

RNA-sequencing analysis 

RNA-seq analysis was performed by Shanghai Biotechnology Corporation (Shanghai, 

China). In brief, total RNA was isolated using RNeasy mini kit (Qiagen, Germany). 

Paired-end libraries were synthesized by using the TruSeq™ RNA Sample Preparation 

Kit (Illumina, USA) following TruSeq™ RNA Sample Preparation Guide. The poly-A 

containing mRNA molecules were purified using Poly-T oligo-attached magnetic beads. 

Following purification, the mRNA is fragmented into small pieces using divalent 

cations under 94°C for 8 min. The cleaved RNA fragments are copied into first strand 

cDNA using reverse transcriptase and random primers. This is followed by second 

strand cDNA synthesis using DNA polymerase I and RNase H. These cDNA fragments 

then go through an end repair process, the addition of a single ‘A’ base, and then 

ligation of the adapters. The products are then purified and enriched with PCR to create 

the final cDNA library. Purified libraries were quantified by Qubit® 2.0 Fluorometer 

(Life Technologies) and validated by Agilent 4200 bioanalyzer (Agilent Technologies, 

USA) to confirm the insert size and calculate the mole concentration. Cluster was 

generated by cBot with the library diluted to 10 pM and then were sequenced by using 

the Next Generation Sequencing (NGS) on the Illumina HiSeq 2500. Raw Reads were 

checked Seqtk to select the clean Reads. Genome mapping was carried out by using 

Hisat2 (version: 2.0.4). Using Stringtie (version:1.3.0) to calculate genes's fragments, 



and perl was used to calculate Fragments Per Kilobase of exon model per Million 

mapped reads (FPKM) of every gene. 

Proteomic analysis of ESC-sEVs 

The proteomic analysis was performed by the Shanghai Applied Protein Technology 

Company (Shanghai, China) as our previous described. In brief, sEVs samples were 

suspended in SDT lysis buffer. The proteins were separated on 12.5% SDS-PAGE gel 

and protein bands were visualized by Coomassie Blue R-250 staining. 200 µg of 

proteins for each sample were incorporated into 30 µl SDT buffers. The detergent, DTT 

and other low-molecular-weight components were removed using UA buffer by 

repeated ultrafiltration. Then 100 µl iodoacetamide was added to block reduced 

cysteine residues and the samples were incubated for 30 min in darkness. The filters 

were washed with 100 µl UA buffer three times and then 100 µl 25mM NH4HCO3 

buffer twice. Finally, the protein suspensions were digested with 4 µg trypsin (Promega) 

overnight at 37 °C, and the resulting peptides were collected as a filtrate. The peptides 

of each sample were desalted on C18 Cartridges, concentrated by vacuum 

centrifugation and reconstituted in 40 µl of 0.1% (v/v) formic acid. Liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) analysis was performed on 

a Q Exactive mass spectrometer (Thermo Scientific) that was coupled to Easy nLC 

(Thermo Fisher Scientific) for 240 min. The mass spectrometer was operated in positive 

ion mode. The MS data were analyzed using MaxQuant software version 1.5.3.17. 

 

 



Real-time quantification polymerase chain reaction (RT-qPCR) analysis  

Targeted gene expression analyses were performed by RT-qPCR analysis as described 

before4. Briefly, total RNA was isolated using QIAzol Lysis Reagent and RNeasy Mini 

Columns (QIAGEN, Valencia, CA). DNase treatment was applied to degrade 

contaminating genomic DNA using an on-column RNase-free DNase solution 

(QIAGEN, Valencia, CA). RNA quantity and purity were confirmed with a Nanodrop 

spectrophotometer (Thermo Scientific, Wilmington, DE). Reverse transcriptase was 

performed using the High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems by Life Technologies, Foster City, CA). PCR reactions were run using the 

ABI Prism 7900HT Real Time System (Applied Biosystems, Carlsbad, CA) with 

SYBR green (QIAGEN, Valencia, CA). The data was analyzed using the cycle 

threshold (Ct) value. Each experiment was performed in triplicate. The primer 

sequences used in this study are listed in Table S2. 

Western blot 

H-NSCs whole protein was harvested by using RIPA lysis buffer supplemented with 

protease inhibitor cocktail (Roche) and Phosphatase inhibitor cocktail (Roche). The 

protocols for protein concentration mesurement and western blot were described above. 

The following antibodies were usde: p16INK4a (1:1,000), rabbit monoclonal anti-P21 

(1:1,000; Abcam, NO.ab109199), rabbit polyclonal anti-P53 (1:1,000; Abcam, 

NO.ab131442), rabbit monoclonal anti-Phospho-Histone H2A.X (Ser139) (γ-H2AX; 

1:200; Cell Signaling Technology, NO. cst9718), mouse monoclonal anti-SYP (1:1,000; 

Abcam, NO.ab8049), mouse monoclonal anti-Psd-95 (1:1,000; Abcam, NO.ab13552), 



mouse monoclonal anti-Gap-43 (1:500; Santa Cruz, NO.sc-17790), mouse monoclonal 

anti-Syn-IIa (1:500; Santa Cruz, NO.sc-136086), rabbit monoclonal anti-SMAD5 

(phospho S463 + S465) (P-SAMD5; 1:2000; Abcam, NO.ab92698), rabbit monoclonal 

anti-SMAD5 (1:2000; Abcam, NO.ab40771), rabbit monoclonal anti-SMAD4 (1:5000; 

Abcam, NO.ab40759), rabbit monoclonal anti-NAMPT (1:1000; Abcam, 

NO.ab236874), rabbit monoclonal anti-Egln3 ( 1:2000; Abcam, NO.ab184714), rabbit 

polyclonal anti-MYT1 (1:1,000; Abcam, NO.ab82844), rabbit polyclonal anti-HIF2α 

(1:1,000; Abcam, NO.ab199), rabbit monoclonal anti-Sirt1 (1:1000; Abcam, 

NO.ab189494), rabbit monoclonal anti-β-actin (1:1,000; Abcam, NO.ab179467). The 

bands were imaged with a FluorChem M Fluorescent Imaging System and the gray 

value was analyzed by Image J software.  
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