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Abstract

Rett syndrome (RTT) is a rare neurodevelopmental disorder that results in multiple disabilities. Exosomal microRNA (miRs)
from urine-derived stem cells (USCs) have been shown to induce neurogenesis and aid in functional recovery from brain
ischemia. In the present study, we sought to determine whether that exosomal miR-21-5p from USCs could promote early
neural formation in a model of RTT. USCs were isolated and evaluated by flow cytometry. Exosomes were analyzed by
transmission electron microscopy, tunable resistive pulse sensing (TRPS), and western blotting. PKH26 fluorescent dyes
were used to observe intake of exosomes in vivo and in vitro. An RTT mouse model was treated with exosomes for
behavioral studies. Dual-luciferase report gene assays were conducted to evaluate the relationship between miR-21-5p and
Eph receptor A4 (EphA4). In vitro, treatment with exosomes from human urine-derived stem cells (USC-Exos) increased the
percentage of neuron-specific class III beta-tubulin (Tuj1)" nerve cells as well as the transcription levels of B-III tubulin and
doublecortin (DCX). A higher level of miR-21-5p was observed in USC-Exos, which promoted differentiation in NSCs by
targeting the EPha4/TEK axis. In vivo, exosomal miR-21-5p improved the behavior, motor coordination, and cognitive
ability of mice, facilitated the differentiation of NSCs in the subventricular zone of the lateral ventricle and promoted a
marked rise in the number of DCX™ cells. Our data provide evidence that exosomal miR-21-5p from human USCs facilitate

early nerve formation by regulating the EPha4/TEK axis.

Introduction

Rett syndrome (RTT) is a rare, progressive neurodevelop-
mental disease that mainly affects females (1 in 10,000 live
births), with a period of 6 months of normal neurodeve-
lopment [1]. Tt is reported that patients with RTT show
symptoms of early neurologic deterioration at onset and a
gradual loss of acquired cognitive, social, and motor
skills [2]. RTT is an X-linked, neurogenetic disorder caused
by mutations in methyl-CpG-binding protein 2 (MECP2)
gene and is a key cause of severe mental retardation in
women [3]. MeCP2 regulates the expression of numerous
downstream targets, including microRNAs (miRNAs or
miRs) [4].
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Recent studies have elucidated the importance of miR-
NAs in prenatal and adult neurogenesis, brain maturation,
and synaptic plasticity [5-7]. For example, miR-21 exerts
protective roles in Alzheimer’s disease, which might be
dependent on the PDCD4/PI3K/AKT/GSK-3p pathway
in vitro [8]. These observations reveal important roles of
miRNA during neurogenesis. Exosomes are effective
transmitters of intercellular information. The cargo of exo-
somes are proteins, lipids, mRNAs, and miRNAs which are
transported to other cells to influence their functions and
physiological states [9, 10]. It has been reported that exo-
somal miR-26a from urine-derived stem cells (USCs)
induces neurogenesis as well as functional recovery from
brain ischemia [11]. The Eph receptor A4 (EphA4) is the
target gene of miR-21-5p. The regulatory role of EphA4 in
neurogenesis has recently been described [12]. One study
showed that EphA4 is inversely correlated with TEK
receptor tyrosine kinase (TEK or Tie2) receptor signaling
and EphA4-TEK receptor interaction is crucial for the
remodeling of the pial collateral after stroke [13]. In the
present study, we sought to determine the effects of
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exosomes on nerve function in an animal model of RTT and
explore the involvement of USC-Exo on the Eph receptor in
the central nervous system. Here we report the effect of
exosomes from human urine-derived stem cells (USC-Exos)
on neural stem cells (NSCs) and elucidate the role of USC-
Exosome expressing miR-21-5p and its downstream mole-
cular regulatory mechanisms in RTT.

Materials and methods
Isolation and culture of human USCs

This study was conducted in line with the principiums of the
Helsinki Declaration and was authorized by the ethics
committee of The Second Hospital of Jilin University.
Urine samples were obtained from six healthy volunteers
with a median age of 25 years and the latest urine samples
(200 mL) were added with 100 U/mL penicillin and 100
mg/mL streptomycin to prevent microbial contamination.
Written informed consent was acquired from all
participants.

The supernatant was removed after centrifugation at 400xg
for 10 min. Then, the cell pellets were resuspended in Dul-
becco’s modified Eagle medium (DMEM). The cell suspen-
sion was transferred into gelatin-coated 24-well culture plates
and then were cultured at 37 °C in a moist atmosphere with
5% carbon dioxide (CO,). After 7 days of culture, non-
adherent cells were discarded and the medium was renewed.
Colonies obtained from individual cells were labeled. Cells
were subcultured upon reaching 80% confluence.

Flow cytometry

To block non-specific antigen binding, USCs at the fourth
passage were cultured with 3% bovine serum albumin (BSA)
for 30 min and were incubated with the monoclonal anti-
bodies as follows (Abcam, Cambridge, UK): CD29-
fluorescein isothiocyanate (FITC; ab21845), CD73-FITC
(ab239246), CD90-FITC (ab11155), CD44-FITC (ab27285),
CDA45-FITC (ab27287), CD34-FITC (ab78165), and human
leukemic D-related antigen (HLA-DR)-FITC (abl182).
Nonspecific fluorescence was detected by incubating similar
cell aliquots with isotype-matched monoclonal antibodies
(BD Biosciences, Sparks, MD). The antigens were analyzed
by Guava easyCyte™ (MilliPore, Billerica, MA).

Multi-directional differentiation of USCs
Osteogenic differentiation

USCs at the fourth passage were cultured with osteogenic
induction medium (Gibco, Invitrogen, Carlsbad, CA) when

they grew to 80% confluence. After 21 days of induction,
the osteogenic medium was discarded, and the cells were
fixed with 4% paraformaldehyde, stained with alizarin red
(Sigma-Aldrich, St. Louis, MO), and observed under
microscope.

Adipogenic differentiation

USCs at the fourth passage were cultured with adipogenic
induction medium (Gibco). The medium was changed every
3 days. After induction of 14 days, cells were fixed for 30
min and stained with Oil Red O stain for 10 min.

Chondrogenic differentiation

About 1 x 10° cells were centrifuged and added with chon-
drogenic medium (Gibco). After induction of 4 weeks, the
cell slides were taken out, and the cultured cells were fixed
in 4% paraformaldehyde solution at room temperature for
30 min, then stained with alcian blue for 30 min, dehydrated,
cleared, and sealed with resin. All marked cells were iden-
tified by using an optical microscope (Leica, Germany).

Isolation and purification of USC-Exos

USCs were cultured with medium supplemented with
exosome-removed FBS at 37 °C in 5% CO, for 48 h. USCs-
conditioned medium was centrifuged at 2500 x g at 4 °C for
20 min. The supernatant was then filtrated with 0.22-um
filters (MilliPore) to eliminate the cell debris. Then, the
filtrated supernatant was transferred into ultra-clear tube
(MilliPore) and ultracentrifuged at 100,000 x g at 4 °C for
70 min to settle the USC-Exos. Next, USC-Exos were
resuspended in 200 puL of sterile PBS. For further purifica-
tion, the solution containing USC-Exos was added to a
sterile Ultra-Clear™ tube (Beckman Coulter, Kraemer
Boulevard Brea, CA) containing 30% sucrose/D20 cushion
and ultracentrifuged at 100,000 x g at 4°C for 70 min
(Beckman Coulter, Sorvall, Avanti J-26XP, fixed angle
rotor). USC-Exos were recovered. The protein content of
USC-Exos was detected with the BCA Protein Assay Kit
(Thermo Fisher Scientific, Austin, Texas). The absorbance
was read at 562 nm by using a microplate reader (Bio-Rad
Laboratories, California).

Transmission electron microscopy

USC-Exos were fixed in 3% (w/v) glutaraldehyde and 2%
PFA buffer, and then were placed on copper grids coated
with Formvar. After washing, the grids were contrasted in
2% uranyl acetate, dried, and were checked with the
transmission electron microscope (Morgagni 268D, Philips,
Holland).

SPRINGER NATURE



826

W. Pan et al.

Tunable resistive pulse sensing

Tunable resistive pulse sensing (TRPS) was conducted to
assess concentration and size distribution of USC-Exos,
which was implemented using the qNano platform with an
NP100-rated nanopore (Izon Science, Oxford, UK). The
membrane was extended at 43.0 mm. CPC100 corpuscules
(Izon Science) were applied for the calibration of con-
centration and size according to manufacturer’s descrip-
tions. USC-Exos samples were diluted and measured for 3
min. Data processing and analysis were conducted using
Izon Control Suite software v2.2 (Izon Science).

Uptake of USC-exos

PKH26 Red Fluorescent Cell Linker kits (Sigma-Aldrich)
were used to label exosomes. Briefly, 2 uM PKH26 was
added to the exosomal suspension and incubated under
sterile conditions for 4 min. After adding PBS containing
1% BSA, the exosomal suspension was centrifuged at
135,000x g for 1h at 4°C in Beckman TLA110 and
resuspended in PBS. And 2 pL of exosomes labeled with
PKH26 were implanted into the lateral ventricle (LV) of
each cerebral hemisphere of mice. After 12h, the brain
tissue sections were determined with fluorescence micro-
scope. In vitro, PKH26-labeled exosomes were incubated
with NSCs for 4 h and were observed using the fluorescence
microscope (Leica).

RTT mice model

Experiments were carried out using the B6.129S-
MeCP2tm1Hzo mouse model for RTT (MeCP2308 trun-
cation model). Wild-type (WT) B6 male mice and hetero-
zygous female mice were bred to obtain MeCP2
hemizygous male mice and their WT offspring. Grown
heterozygous female mice were bought from Jackson
Laboratory. Because the inactivation of X chromosome in
female mice leads to unpredictable phenotypes, MeCP2
hemizygous male mice and their WT (5 months old) were
used to replace heterozygous female mice. Animals were
kept in specific pathogen-free environments and maintained
a 12-h light/dark cycle. All procedures and experiments
were permitted by the Animal Experiment Ethics Com-
mittee (ZJU20160281) [14].

Exosomal therapy

The experiments in vivo were divided into six groups (10
mice per group), including (1) WT mice; (2) RTT mice; (3)
RTT mice treated with PBS, which were injected with 2 uL
of PBS into the LV of each cerebral hemisphere; (4) RTT
mice treated with USC-Exos, which were injected with 2 pL.
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of USC-Exos into the LV of each cerebral hemisphere; (5)
RTT mice treated with NC-exo, which were injected with 2
uL of NC-exo into the LV of each cerebral hemisphere; (6)
RTT mice treated with inhibitor-exo, which were injected
with 2 uL of inhibitor-exo into the LV of each cerebral
hemisphere (all every other day for 3 weeks). The injection
was performed manually with a 1.0 mm glass needle (World
Precision Instruments) pulled out by the P-97 flame/brown
micropipette extractor (Sutter Instruments), and a glass
needle with a graduated 1 pL volume was connected to the
syringe. Behavioral researches were performed after the
21st injection and the follow-up 4-h washout period. The
mice were immolated by cervical luxation, the frontal cortex
was then analyzed and quickly frozen for biochemical
analysis.

Behavioral research
Behavior

Mice were kept in cages, enclosed by cardboard boxes
with barbed wire and joined to the edge of a coop. At the
blocked end of the tube outside the cage, the mice were
provided with ground peanuts and the cage was supplied
with water and food. After a certain amount of time, the
content of nut meal in the coop and the residual amount in
the silk drum were measured to detect food hoarding
behavior of mice. At 20 min, six pieces of 4cm x4 cm
square paper were set in the left upper corner of the cage
and nesting score was performed at 8 o’clock on the fol-
lowing day (Table 1).

Movement and coordination

Mice were hooked with 10 grades of wire balls weighing
from 100 g to 190 g, respectively. The experimenter raised
the mid of the mouse’s tail and determined each mouse’s
grip force on the steel ball for 3 s per level, which started at
a weight level of 100 g. The average hanging time and
distance of the three tests were calculated. The conversion
point of the rope grab test result was as follows: average
suspension time C 10 x average distance. The 160 cm iron

Table 1 Nesting score.

Behavior Score
No visible cushion nests, no scraps of paper 0
Only cushion nests, no scraps of paper 1
Cushion nest, scraps of paper in or around the nest 2
Cushion nest, pieces of paper in or around the nest to forma 3
cup-shaped fossa

The piece of paper covered the mouse like a ball 4
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Table 2 Balance beam score.

Behavior Score
Don’t fall through the balance beam 0
Less than 50% chance of falling 1

A greater than 50% chance of falling 2
Can cross the balance beam, but slowly 3
Can’t go through the balance beam, but can stay on the pole 4
Fall off the balance beam 5
Table 3 Swimming path score.

Path Score
Linear form 4
Curve form 3
Random form 2
Circle form 1

rod with a diameter of 0.6 cm was set on the white iron
basin. The movement of mice was observed for 60s and
then we measured the time for each mouse to maintain
balance, which was repeated three times (Table 2).

Cognitive function

A swimming pool was separated into four quadrants on
average. A circular concealed platform was set in the
middle of the target quadrant and kept unaltered
throughout the experiment. The mice were set in the
water, and the time for the mice to find and board the
platform was timed and referred to as the escape latency.
In case the mouse could not find the platform within 2
min, the experimenter rescued the mouse. In this instance,
the escape delay was recorded as 2 min. On the fifth day of
the water maze experiment, the platform was dismantled,
and mice were set in the water. Finally, the swimming
path was timed for 2 min, and the results were analyzed
statistically. The swimming path score scale is shown in
Table 3.

Brain tissue preparation and immunofluorescence

After the behavioral studies, mice were euthanized by
cervical luxation. The brain was taken out, fixed in 4%
PFA at 4 °C overnight and soaked in 30% sucrose for
3 days for cryoprotection. After burying the brain in a
compound with optimal cutting temperature and freezing,
the brain tissues (20 um) were stained with doublecortin
(DCX, 1:100, Cell Signaling Technology, Beverly, MA)
specific markers and images were obtained with a Leica
microscope.

Isolation and enrichment of mouse NSCs

Mouse NSCs were isolated from embryonic brain tissues of
WT mice and RTT mice. In short, the cerebral cortex tissue
was isolated from the embryo on day 13.5 (E13.5) and
subjected to physical grinding. The separated tissues
were filtered through a 40-um filter, and single cells were
cultured in a matrix-free tissue culture flask to form neu-
rospheres in NSCs proliferation medium. Primary neuro-
spheres were gathered, separated into single cells with
Accuttase (Sigma-Aldrich) for 5 min and reformed. After
three times of neurosphere formations, abundant NSCs were
obtained for immunocytochemical analysis.

Differentiation of NSCs

About 5 x 10* NSCs were planted in a 24-well plate of poly-
L-ornithine/laminin-coated coverslips and cultured with
DMEM/F12 medium for 1-2 weeks.

Immunocytochemistry

The cultured cells were fixed in 4% PFA for 20 min, washed
using PBS for three times, penetrated with 0.2% Triton X-100
in PBS for 10 min, blocked with 2% BSA for 1h, and
incubated with primary antibodies mouse anti-neuron-specific
class III beta-tubulin (Tuj1; Covance, Princetown, NJ, 1:500),
Nestin (Abcam, Ab6142, 1:100), and F-actin (Abcam, ab205,
1:100) at 4 °C overnight. After washed and incubated for 1 h
at room temperature, the cells were added and incubated with
secondary goat anti-mouse immunoglobulin G (IgG; Abcam,
ab150113, 1:500 or ab150115, 1:500). Nuclear DNA was
marked with 4,6-diamidino-2-phenylindole (DAPI). Nuclear
DNA was marked with 4,6-diamidino-2-phenylindole
(DAPI). Then, immunostaining was examined by a Zeiss 710
confocal laser scanning microscope.

Transfection with electroporation

EPhA4 and TEK overexpressed plasmids and their controls,
miR-21-5p inhibitor and their controls were purchased from
RiboBio. FAM-miR-21-5p was purchased from Gene-
Pharma (Shanghai, China). The above plasmids were
introduced into cells using the NucleofectorTM kit (Amaxa,
Germany). Total RNA or protein was extracted 24 or 72 h
after nuclear infection.

qRT-PCR
Total RNA was extracted and reversely transcribed by
PrimeScriPt RT reagent Kit (RR047A, Takara, Japan). The

complementary DNA was measured using Fast SYBR
Green PCR kit (Applied Biosystems, Foster City) and

SPRINGER NATURE
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Table 4 Primer sequences.

Gene Sequence

B-III tubulin F 5-TAGACCCCAGCGGCAACTAT-3

R 5-GTTCCAGGTTCCAAGTCCACC-3

Dcx F 5-TTTGGACATTTTGACGAACGAGA-3
R 5-GTGGGCACTATGAGTGGGAC-3
TEK F 5-CAGCTTGCTCCTTTATGGAGTAG-3

R 5-ATCAGACACAAGAGGTAGGGAAT-3

GaPdh F 5-AGGTCGGTGTGAACGGATTTG-3
R 5-GGGGTCGTTGATGGCAACA-3
miR-21-5p F 5-CGCGCTAGCTTATCAGACTGA-3

R 5-GTGCAGGGTCCGAGGT-3
U6 F 5-TCCGACGCCGCCATCTCTA-3
R 5-TATCGCACATTAAGCCTCTA-3

StepOnePlus Real-Time PCR System (Applied Biosys-
tems). For miRNA, mirVana gqRT-PCR miRNA Detection
kit (Thermo Fisher Scientific) was used for detection. Each
hole was set for three repetitions. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and U6 served the
internal reference for mRNA and miRNA, respectively.
To analyze the related expression of genes and miRNA, the
2725 method was adopted. The primer design is shown in
the Table 4.

Western blots

The cells or exosomes were lysed with Radio-
Immunoprecipitation Assay lysate (MilliPore). The separated
proteins by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis were electrotransferred to polyvinylidene fluoride
membranes, blocked with 5% BSA, and incubated with diluted
primary antibodies at 4 °C overnight respectively, including
rabbit anti-CD9 (Abcam, ab92726, 1:2000), anti-CD63
(Abcam, ab59479, 1:1000), anti-CD81 (Abcam, ab109201,
1:1000), calnexin (Abcam, Ab22595, 1:1000), EPha4 (Abcam,
ab5396, 1:1000), anti-Alix (Abcam, ab186429, 1:1000), and
GAPDH (Abcam, ab181602, 1:10,000). After washing, the
membrane was incubated with horseradish peroxidase (HRP)-
labeled goat anti-rabbit secondary antibody (Abcam, ab205719,
1:2000). Electrogenerated chemiluminescence fluorescence
detection kit (Cat. No. BB- 3501, Amersham, Little Chalfont,
UK) was used for exposure imaging. Bio-Rad image analysis
system (Bio-Rad Laboratories) and Quantity One
v4.6.2 software were applied to analyze the expression of
proteins.

Dual luciferase reporter assay

Predicted target binding sites were obtained from Targetscan.
The synthetic EPha4 3-untranslated regions (3~-UTRs) of the
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WT and mutant (MUT) were plugged into the luciferase
reporter vector PmiR-RB-RePort™  (product number:
VT1399, U-Bio, Shanghai, China). The correctly sequenced
luciferase reporter plasmids WT and MUT were co-
transfected into HEK293 cells with miR-21-5p mimic or
mimic NC. After 48 h, cells were lysed and the luciferase
activity was identified using a luciferase detection kit (K801-
200, Biovision, San Francisco) and a Glomax 20/20 lumin-
ometer fluorescence detector (Promega, Madison, WI).

Statistical analysis

The statistical software SPSS 21.0 was used. Measurement
data were shown as mean + standard deviation. Unpaired ¢
test and single factor analysis of variance were applied for
the comparison between several groups. Tukey’s post-hoc
test was conducted. P<0.05 means the statistically sig-
nificant difference.

Results

Identification of USCs and USC-Exos

USCs were able to differentiate into neuronal cells. After
being transplanted into rat brains, USCs survived,
migrated, and differentiated into neuronal lineages at the
injury site, which makes USCs a more promising choice
than mesenchymal stem cells (MSCs) [11]. USCs were
isolated from fresh urine. USCs were confirmed to have
fibroblast-like morphology using optical microscopy
(Fig. 1A) and reached 80-90% confluence after 16 days
(Fig. 1B). After several passages, USCs maintained a
long spindle shape (Fig. 1C). When cultured in osteo-
genic, adipogenic, or chondrogenic medium, USCs could
differentiate into osteoblasts, adipocytes, and chon-
drocytes (Fig. 1D-F). Therefore, the features of USCs
were in line with the standard for defining multipotent
MSCs.

USC-Exos were reported to promote neurogenesis after
ischemic stroke [11]. To explore the role of USC-Exos in
RTT, we extracted and identified USC-Exos. The mor-
phology and size of USC-Exos were observed by trans-
mission electron microscopy (TEM) and Nano Sight,
respectively. The TEM results showed that USC-Exos were
a spherical vesicle at about 100 nm (Fig. 1G). As expected,
TRPS analysis demonstrated that the particle size of USC-
Exos was mainly distributed at 50-100nm (Fig. 1H).
Exosomal markers CD9, CD63, Alix, and CD81 were
expressed in USC-Exos, but the endoplasmic reticulum-
specific protein calnexin was not (Fig. 1I). The above
results revealed that the isolated exosomes could be used in
subsequent experiments.
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Fig. 1 The identification of
USCs and USC-Exos.
Morphology and growth of
USCs, scale bar: 50 um (A-C).
USCs differentiate into
osteoblasts by alizarin red
staining (D), adipocytes by Oil
Red O staining (E),
chondrocytes by alcian blue
staining (F), scale bar: 25 um.
The morphology of USC-Exo
was observed under TEM, scale
bar: 100 nm (G). The size of
USC-Exo was detected by TRPS
and the measured average
concentration (particles/mL) was
5.1E+004 (H). Exo-specific
proteins CD9, CD63, Alix,
CD81, and endoplasmic
reticulum-specific protein
calnexin were detected by
western blot (I).

USC-Exos promoted the differentiation of RTT NSCs

Several studies have reported the potential changes in the
neuronal differentiation, migration, and branching of RTT
ipsilateral neurons [15, 16]. We then isolated NSCs from
embryonic brain tissues of WT mice and RTT*® mice.
USCs cultured in vitro could form the free-floating neuro-
spheres (Fig. 2A). Immunocytochemistry showed that most
cells in the neurosphere were Nestin-positive cells
(Fig. 2B), indicating that neurospheres had the phenotype of
NSCs. To judge whether NSCs could internalize USC-
Exos, USC-Exos were marked with PKH26 fluorescent dye
and cultured with NSCs. After incubation for 4 h, USC-
Exos labeled with PKH26 were effectively internalized by
NSCs (Fig. 2C). The influences USC-Exos exerted on the
differentiation of NSCs were measured by immuno-
fluorescence. NSCs and exosomes (15 ug/mL) were co-
cultured in differentiation medium and were labeled with
Tujl antibody after 7 days of incubation. The results of
immunofluorescence detection showed that compared with
the normal NSCs group, percentage of Tujl ™ nerve cells in
the RTT group decreased (Fig. 2D); compared with the
RTT + PBS group, percentage of Tujl™ nerve cells in the

Concentration (particles/mL)

P
9 2
126411 M)
8E+10
2E+10
O 100 200 308 480 5% a0 730 860 930 oc0  Calnexin : 90 kDa

Particle Dimater (nm)

RTT + USC-Exos group was increased. Compared with the
normal NSCs group, transcription levels of B-III tubulin and
DCX in the RTT group were reduced; compared with the
RTT + PBS group, transcription levels of B-III tubulin and
DCX in the RTT + USC-Exos group were increased
(Fig. 2E).

Since cells communicate with each other by secreting
soluble factors, we compared the influences that exosome-
conditioned medium (CM) and exosome-free CM (super-
natant after ultracentrifugation, SN) exerted on the differ-
entiation of RTT NSCs. Immunocytochemistry and qPCR
analysis showed that exosomes and CM had a similar effect
on the differentiation of NSCs (Fig. 2F, G), while SN had
no effect on differentiation of NSCs, suggesting that exo-
somes rather than soluble factors might regulate neurogenic
microenvironment.

USC-Exos promoted neural differentiation of RTT
NSCs by regulating EPha4/TEK axis

There was evidence that EPha4 was a potential regulator of
neurogenesis and negatively regulated the formation of

collateral pia mater arterioles [17-20]. We confirmed EPha4

SPRINGER NATURE
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Fig. 2 USC-Exos promoted neuronal differentiation of RTT NSCs.
The morphology of NSCs was observed under a light microscope,
scale bar: 50 um (A). Immunocytochemistry showed that most cells in
the neurosphere were Nestin-positive cells, scale bar: 25 um (B). USC-
Exos labeled with PKH26 was effectively internalized by NSCs, scale
bar: 25 ym (C). Immunofluorescence staining and quantification of
Tujl positive cells, scale bar: 25 um (D, F). The mRNA expression
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levels of B-III tubulin and DCX in NSCs were determined by qRT-
PCR (E, G). *P <0.05 (The data results were measurement data and
shown as mean + standard deviation. Independent sample ¢ test and
one-way analysis of variance were, respectively, used for the com-
parison between two groups and several groups, with Tukey’s post-
hoc test. The experiment was repeated three times).
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Fig. 3 USC-Exos promoted neural differentiation of RTT NSCs by
inhibiting the expression of EPha4. EPha4 expression in NSCs of
each group was detected by western blot (A, E). The transfection
efficiency of EPha4 in NSCs was detected by western blot (B). qRT-
PCR detected the mRNA expression of p-III tubulin and DCX (C).
Immunofluorescence staining and quantification of Tujl-positive cells
(D, H). TEK protein expression in NSCs was detected by western blot

expression in RTT NSCs (Fig. 3A). Compared with the
normal group, EPha4 expression in the RTT group was
increased. Compared with the RTT 4 PBS group, EPha4
expression in the RTT+ USC-Exos group was
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(F). TEK transfection efficiency in NSCs by qRT-PCR (G). *P < 0.05
(The data results were measurement data and were shown as mean +
standard deviation. The comparison between the two groups was
analyzed by independent sample ¢ test. One-way analysis of variance
was used for the comparison between several groups, with Tukey’s
post-hoc test. The experiment was performed three times).

downregulated. Further, EPha4 expression in NSCs, which
were transfected with EPha4-overexpressed plasmid, was
upregulated (Fig. 3B). Then, compared with the oe-NC
group, percentage of Tujl-postive nerve cells in the
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oe-NC + USC-Exos group increased; compared with the
oe-NC + USC-Exos group, percentage of Tujl-positive
nerve cells in the oe-EPha4 + USC-Exos group decreased
(Fig. 3C). The transcription levels of B-III tubulin and DCX
in the oe-NC + USC-Exos group were notably higher than
that in the oe-NC group; compared with the oe-NC + USC-
Exos group, the transcription levels of B-III tubulin and
DCX in the oe-EPha4 + USC-Exos group decreased
(Fig. 3D). Compared with the oe-NC group, the protein
levels of EPha4 in the oe-NC+ USC-Exos group
decreased; compared with the oe-NC + USC-Exos group,
the protein levels of EPha4 in the oe-EPha4 + USC-Exos
group were importantly enhanced (Fig. 3E).

TEK has been reported to promote differentiation of
NSCs and EPha4 is a negative regulator of TEK [13, 21].
Western blot results revealed that compared with the oe-NC
group, TEK expression in the oe-EPha4 group decreased
(Fig. 3F). In order to investigate whether EPha4 negatively
regulated TEK receptors to inhibit NSC differentiation, we
transfected RTT NSCs with plasmids that highly express
TEK gene. The results of qRT-PCR showed that TEK
expression in NSCs transfected with TEK overexpression
plasmid was upregulated (Fig. 3G). The transcription levels
of B-II tubulin, DCX, Nestin, and SOX2 in cells were
analyzed. qRT-PCR analysis indicated that compared with
the oe-NC group, the transcription levels of B-III tubulin,
DCX, Nestin, and SOX2 in the oe-TEK group were
importantly enhanced; compared with the oe-EPha4 + oe-
NC group, the transcription levels of B-III tubulin, DCX,
Nestin, and SOX2 in the oe-EPha4 + oe-TEK group were
increased (Fig. 3H), indicating that EPha4 inhibited the
differentiation of NSCs by negatively regulating TEK
receptors. The above data indicated that USC-Exos-induced
differentiation of RTT NSCs might be partially due to the
inhibition of EPha4, which promoted the expression
of TEK.

USC-Exos-mediated miR-21-5p promoted neuronal
differentiation of RTT NSCs by targeting EPha4

In recent years, the emerging evdience has proved the
importance of miRNAs in prenatal and adult neurogenesis,
brain maturation, and synaptic plasticity [5—7]. Exosomes
can mediate cell-to-cell communication by transferring
miRNAs. Therefore, we predicted the upstream regulator of
EPha4 by bioinformatics. The Targetscan website predicted
that miR-21-5p and EPha4 had a complementary pairing in
the 3'UTR region (Fig. 4A). We used dual luciferase
activity assays to assess the binding capacity and designed
wild-type EPha4 (WT-EPha4) and mutant (MUT-EPha4)
sequences. The results of dual luciferase activity assays
showed that the luciferase activity of WT-EPha4 in the
miR-21-5p mimic group was lower than the mimic NC

group, while there was no difference in the luciferase
activity of MUT-EPha4 between the two groups (Fig. 4B).
In addition, miR-21-5p had a higher expression in USC-
Exos (Fig. 4C). To verify the role of miR-21-5p in USC-
Exos-mediated NSCs differentiation, miR-21-5p inhibitors
or controls were transfected into USCs (Fig. 4D), and miR-
21-5p expression in exosomes (inhibitor-Exos or NC-Exos)
isolated from these USCs was analyzed. Compared with
NC-Exos, miR-21-5p expression in inhibitor-Exos was
reduced (Fig. 4E). In addition, it was found that miR-21-5p
expression in the USC-Exos treatment group was higher
than that in the PBS group, and that in the NC-Exos group
was importantly higher than the inhibitor-Exos group
(Fig. 4F). Next, inhibitor-Exos or NC-Exos were incubated
with RTT NSCs to explore the effect of miR-21-5p on
EPha4 expression in RTT NSCs (Fig. 4G). Compared with
NC-Exos, inhibitor-Exos could not inhibit EPha4 expres-
sion in RTT NSCs. Moreover, the effect of exogenous miR-
21-5p on the differentiation of RTT neurons was also
evaluated. Compared with NC-Exos, the differentiation of
NSCs decreased after the treatment with inhibitor-Exos
(Fig. 4H). Compared with the NC-Exos group, the tran-
scription levels of B-III tubulin and DCX in the inhibitor-
Exos group were reduced (Fig. 4I). Thus, miR-21-5p tar-
geting EPha4 through exosome transfer was one of the
mechanisms that promote neurogenesis.

Exosomal miR-21-5p promoted neurogenesis in RTT
mice

Then, we investigated the role of USC-Exos in the RTT>%
mouse animal model. To ascertain whether the infused
USC-Exos could move into the brain, USC-Exos were
marked with PKH26 fluorescent dye and injected into mice.
Fluorescence of PKH26 labeling in the brain of mice in the
USC-Exos treatment group confirmed that USC-Exos could
enter the brain (Fig. 5SA). The subventricular zone (SVZ) of
the LV was the main area of NSCs, which might be a latent
therapeutic target area for USC-Exos. Compared with the
WT group, SVZ DCX™" (early neuronal marker DCX) cells
of RTT mice were importantly reduced; compared with the
RTT + PBS group, SVZ DCX™" cells of RTT mice in the
RTT 4 USC-Exos group increased; compared with the
RTT + NC-Exos group, SVZ DCX™" cells of RTT mice in
the RTT + inhibitor-Exos group were decreased. Next, we
used qRT-PCR to detect miR-21-5p expression and DCX
mRNA in the subventricular tissues of the LV (Fig. 5B).
Compared with the WT group, miR-21-5p and DCX mRNA
expression in the RTT group dropped. Compared with the
RTT + PBS group, miR-21-5p and DCX mRNA expression
in the RTT + USC-Exos group were importantly increased.
Compared with the RTT + NC-Exos group, miR-21-5p and
DCX mRNA expression in the RTT + inhibitor-Exos group
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Fig. 4 USC-Exos mediated miR-21-5p to promote neuronal dif-
ferentiation of RTT NSCs by targeting EPha4. The Targetscan
website predicted that miR-21-5p and EPha4 had a complementary
pairing in the 3'UTR region (A). Dual luciferase activity assays were
used for evaluation of the binding ability of miR-21-5p to EPha4 (B).
The expression of miR-21-5p in USCs and USC-Exos was detected by
qRT-PCR (C). The transfection efficiency of miR-21-5p in USCs was
measured by qRT-PCR (D). The expression of miR-21-5p in USC-
Exos was detected by qRT-PCR (E). The expression of miR-21-5p
expression in NSCs was detected by qRT-PCR (F). EPha4 expression

were reduced (Fig. 5C). Compared with the WT group,
EPha4 expression in the RTT group was notably increased;
compared with the RTT + PBS group, EPha4 expression in
the RTT 4 USC-Exos group reduced; compared with the
RTT + NC-Exos group, EPha4 expression in the RTT +
inhibitor-Exos group was increased (Fig. 5D). Exosomal
miR-21-5p promoted RTT mice neurogenesis, which could
help to improve the functional outcomes.

Exosomal miR-21-5p treatment improved the
behavior, motor coordination function, and
cognitive ability of RTT>* mice

The food storage capacity of animals in each group was
shown in the figure (Fig. 6A). Compared with the WT
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in NSCs of each group was detected by western blot (G). Immuno-
fluorescence staining of TUJ1 positive cells (H). The mRNA expres-
sion levels of B-III tubulin and DCX in NSCs were detected by qRT-
PCR (I). *P<0.05 (The data results were measurement data and
shown as mean + standard deviation. The comparison between the two
groups was analyzed by independent sample ¢ test. One-way analysis
of variance was used for the comparison between multiple groups,
with Tukey’s post-hoc test. The experiment was performed three
times).

group, the food storage capacity of RTT mice was notably
reduced; compared with the RTT + PBS group, the food
storage capacity of the RTT 4 USC-Exos group was
enhanced; compared with the RTT + NC-Exos group, the
food storage capacity of the RTT + inhibitor-Exos group
was reduced. However, there was no notable difference in
nesting ability between the mice in each group (Fig. 6B).
The results of animal movement coordination in each group
were shown in the figure (Fig. 6C). Compared with WT
mice, the grabbing force and ability of RTT mice were
importantly lower; compared with the RTT + PBS group,
the grabbing force and ability of mice in the RTT 4 USC-
Exos group were enhanced; compared with the RTT + NC-
Exos group, the grabbing force and ability of the mice in the
RTT + inhibitor-Exos group were importantly reduced.
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Fig. 5 Exosomal miR-21-5p promoted neurogenesis in RTT mice.
The USC-Exos were marked with PKH-26 fluorescent dye and
implanted into the mice to observe the fluorescence intensity, scale
bar: 25um (A). Representative immunofluorescence staining and
quantitative analysis were used for DCX (green) positive cells in the
subventricular zone of mice and DAPI was used to stain the nuclei,
scale bar: 25 um (B). The expression levels of miR-21-5p and DCX

There was no notable difference in the balance beam test
among mice in each group (Fig. 6D). The Morris water
maze experiment (Fig. 6E) showed that compared with WT
mice, the time for RTT mice to find the hidden platform was
notably increased; compared with the RTT + PBS group,
the time to find the hidden platform in the RTT 4 USC-
Exos group was shortened. Compared with the RTT + NC-
Exos group, the time for the RTT + inhibitor-Exos group to
find the hidden platform increased. There was no important
difference in the spatial search capability of mice in each
group (Fig. 6F). Thus, the behavior, motor coordination,
and cognitive function of RTT mice were notably reduced,
and treatment with human USC-derived exosomal miR-21-
5p could improve these behaviors.

Discussion

Exosomes possess various roles in the nervous system and
exert pivotal functions in neurodegenerative diseases and
synaptic pruning [22]. There is evidence that USCs

mRNA in the subventricular tissue of the lateral ventricle were
detected by qRT-PCR (C). EPha4 protein expression in subventricular
tissue of lateral ventricle was detected by western blot (D). *P <0.05
(The data results were measurement data and were expressed as mean
+ standard deviation. Independent sample ¢ test was applied to analyze
the comparison between two groups and there were ten mice in each

group).

differentiate into neural lineage cells and that their multi-
lineage differentiation potentials may be an attractive cell-
based therapy in neurology [23]. Furthermore, USCs-
derived exosomes promote not only proliferation but also
neuronal differentiation of NSCs after oxygen—glucose
deprivation/reoxygenation [11]. In the present study, we
focused on the regulatory role of exosomal miRNAs from
USCs in a model of RTT. After in vitro and in vivo assays,
we concluded that exosomal miR-21-5p from USCs could
promote early neurogenesis of RTT by regulating the
EPha4-dependent TEK expression (Fig. 7).

USCs can be collected by noninvasive approaches and
are easy to culture and differentiate, and show great
potential as a continual source of exosomes [24]. Exosome-
based therapy is a promising method of tissue engineering,
because of their high stability, their lack of immune rejec-
tion, their non-tumorigenicity, and the fact that they do not
produce vascular obstructions [25, 26]. Previously, USCs-
Exo were shown to promote wound healing [27], induce
angiogenesis, relieve lower limb ischemia, and suppress
diabetic nephropathy [28, 29]. In this study, USC-Exo

SPRINGER NATURE



834

W. Pan et al.

20 1 * 49

B 154 * 31

9

Food hoarding
>
_{
alll
Nesting
I
P

1504

Grisp strength

8 8

—

— ]
il
Grab rope
_{ ]

il

o
=]
1

(- > Q2 § ] 2 3 2 y 2 a 2 o <) \ 2 2
o & F o & F & EE & & & EF L
S FE O & g I & I PSS
L F LSS L ¥ S8 & S 9 L F LSS
Q‘éx Q,S\ & & Q«\(\ R & Qié N équé 8
& x & & &
& & & &
DO.B' E 1001 . . F 0.4 =
w
= 504 T
£ 06 1 2 T T . S 031 Tl [T
g TIT L1 8 e g
e} 5] (2]
D 0.4 © = — 0.29
Is) ©
§ E -
- O - Q.
© - = g
§ o g . 8o
o
Q 9 2 l Q2 =) 2 9 2
& L & E g o &g o L&
$§6 éx@o e() c'\@ $§ Q’\é \)q, Xe {\\é\o s% Q‘\éx \)‘b I \‘6‘\\0
x & x . S
& &S & &S & E S
L & &

Fig. 6 Exosomal miR-21-5p promoted neurogenesis in RTT mice.
Food storage capacity of mice in each group (A). Nesting capability of
mice in each group (B). The grabbing force and ability of the mice in
each group (C). Balance beam test of mice in each group (D). The time
when the mice in each group discovered the hidden platform (E).

e° _/\"./\...
\@\e?'j\"miR-m-Sp

Fig. 7 Mechanism diagram. The exosomal miR-21-5p of USCs
promoted early neural formation by regulating EPha4/TEK axis to
promote the differentiation of NSCs in RTT.

promoted differentiation of NSCs in a model of RTT.
Moreover, since cells can communicate with each other by
secreting soluble factors, we compared the effects of exo-
somes CM and exosome exclusion medium on the
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Spatial learning ability of mice in each group (F). *P <0.05 (The data
results were measurement data and were expressed as mean + standard
deviation. The comparison between the two groups was analyzed by
independent sample 7 test and there were ten mice in each group).

differentiation of NSCs in a model of RTT. Consequently,
exosomes and CM have similar effects on NSC
differentiation.

Eph receptors possess the functions in controlling cell
proliferation, migration, boundary formation, and repulsive/
attractive cues [30]. It is reported that EphA4 receptor can
regulate the pial arteriole collateral formation in the brain
[17]. What is more, EphA4 receptors regulate axonal gui-
dance and fasciculation, neural crest migration, midline
development, and synaptic plasticity within the central
nervous system [31-33]. On the basis of these reports, we
sought to understand the molecular mechanisms that reg-
ulate neuronal differentiation in RTT. First of all, we con-
firmed that EphA4 was highly expressed in NSCs of RTT
and the addition of USC-Exos could inhibit the expression
of EphA4. Second, we also demonstrated that EPha4
inhibited NSC differentiation by negatively regulating TEK.

Additionally, the differentiation of NSCs in RTT induced
by USC-Exos may be partly attributed to the inhibition of
EPha4. TEK, the cognate receptor for Angl and Ang2, is
mainly expressed on the vascular endothelium and possess
the potentials on cell survival, vascular leakage, and
inflammatory genes [34]. It is reported that upregulated
TEK can be observed in glioblastoma after radiotherapy
[35]. However, previous evidence elaborated the important
role of EphA4/TEK in functional deficits and neural
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tissue damage after permanent middle cerebral artery
occlusion [13].

Recent reports have presented compelling arguments for
the importance of miRNAs in prenatal and adult neuro-
genesis, brain maturation, and synaptic plasticity [5-7].
Exosomes can mediate cell-cell communication by trans-
ferring miRNAs [36]. Our results show that miR-21-5p is
the upstream regulator of EphA4, and targeting EPha4 by
miR-21-5p through exosome transfer was one of the
mechanisms promoting neurogenesis. We also concluded
that exosomal miR-21-5p promoted neurogenesis in mice
with RTT. Interestingly, RTT mice showed reduced beha-
vior, motor coordination, and cognitive function, which
were improved by the exosomal miR-21-5p from USCs.
These results indicate that the increase of miR-21-5p level
in the brain contributes to improvement in neurological
outcome [37]. Similarly, previous study also revealed that
miR-145 could protect the viability of human cerebral
cortical neurons after oxygen—glucose deprivation by
decreasing EPHA4 [38].

In conclusion, this study shows that exosomal miR-21-5p
from USCs promotes early neurogenesis by regulating
EphA4-dependent TEK to induce NSC differentiation in a
model of RTT, highlighting a potential USC-derived exo-
somes-based treatment for RTT.
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