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1 | INTRODUCTION

Abstract

Endogenous neurogenesis holds promise for brain repair and long-term functional
recovery after ischaemic stroke. However, the effects of exosomes from human
urine-derived stem cells (USC-Exos) in neurogenesis remain unclear. This study aimed
to investigate whether USC-Exos enhanced neurogenesis and promoted functional
recovery in brain ischaemia. By using an experimental stroke rat model, we found
that intravenous injection of USC-Exos enhanced neurogenesis and alleviated neuro-
logical deficits in post-ischaemic stroke rats. We used neural stem cells (NSCs) sub-
jected to oxygen-glucose deprivation/reoxygenation (OGD/R) as an in vitro model
of ischaemic stroke. The in vitro results suggested that USC-Exos promoted both
proliferation and neuronal differentiation of NSCs after OGD/R. Notably, a further
mechanism study revealed that the pro-neurogenesis effects of USC-Exos may be
partially attributed to histone deacetylase 6 (HDACH) inhibition via the transfer of
exosomal microRNA-26a (miR-26a). Taken together, this study indicates that USC-
Exos can be used as a novel promising strategy for brain ischaemia, which highlights

the application of USC-Exos.

KEYWORDS
exosome, histone deacetylase 6, human urine-derived stem cell, microRNA-26a, neural stem
cell

(NSCs) are multipotent cells that have the capacity for self-renewal,
migration to specific sites and differentiation into three main central

Stroke is a major cause of mortality and long-term disability world-
wide.2? Ischaemic stroke accounts for over 80% of all strokes.
Transient or permanent ischaemia and hypoxia to specific regions
of the brain bring about neuronal apoptosis and death, leading to

localized brain damage and functional deficits.>> Neural stem cells

nervous system (CNS) lineages—neurons, astrocytes and oligoden-
drocytes. Ischaemic stroke has been reported to trigger NSCs to
proliferate and migrate towards the brain infarct, where they sub-
sequently differentiate into neurons.® This process of endogenous

neurogenesis is believed to contribute to post-stroke functional
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recovery. Unfortunately, the endogenous regenerative response is
limited and does not lead to full recovery after stroke.”®

Mesenchymal stem cells (MSCs) have emerged as powerful
strategies to improve stroke recovery.9 Studies have reported that
MSCs harvested from bone marrow (BMSCs) and adipose tissue
(Ad-MSCs) could enhance functional recovery and neurogenesis in
stroke model.}®! Increasing evidence indicates that stem cells exert
therapeutic effects primarily through paracrine actions.? Exosomes
are critical mediators of cell paracrine action. M. Chopp et al have
previously demonstrated that MSC-generated exosomes could en-
hance the stroke recovery process by promoting neurogenesis.’**°
However, the most commonly investigated MSCs, such as BMSCs
and Ad-MSCs, have a limited source and require invasive procedures
to isolate, severely hampering their clinical applications. Our group
isolated a stem cell population from voided urine, which can be
conveniently obtained through a simple, non-invasive and low-cost
approach.’®” Aside from their capacity for osteogenic, chondro-
genic and adipogenic differentiation potential, we further found that
urine-derived stem cells (USCs) could also differentiate into neural
lineage cells. After transplantation into rat brains, USCs could sur-
vive, migrate and differentiate into neuronal lineages at the lesion
site.’® These characteristics make USCs a promising alternative to
current MSCs in ischaemic stroke therapy. Nevertheless, few studies
have directly utilized exosomes derived from human urine-derived
stem cells (USC-Exos) for ischaemic stroke therapy. In the present
study, we investigated whether USC-Exos could promote neurogen-
esis and functional recovery in ischaemic stroke.

Endogenous neurogenesis involves a complex process beginning
with the proliferation of NSCs, followed by the differentiation of
NSCs into new neurons.}”?° Epigenetic modification has emerged
as a critical mechanism regulating gene expression in a temporal and
spatial manner during proliferation and differentiation of NSCs.?%?2
Lysine acetylation of histones, which is one of the best characterized
epigenetic modifications, is determined by the interplay between 2
classes of antagonistic enzymes, histone acetyltransferases (HATSs)
and histone deacetylases (HDACs).?% Recent observations point to a
critical role for HDACs in the modulation of NSCs’ self-renewal and
differentiation by controlling the activity of anetwork of downstream
target genes.z“'25 Furthermore, pharmacological manipulation of
HDAC activities using HDAC inhibitors (HDACis) such as valproic
acid (VPA),%4?¢ trichostatin A (TSA),?” suberoylanilide hydroxamic
acid (SAHA)?® and sodium butyrate?®?’ promotes differentiation of
NSCs into neural cells. HDAC6 is a member of HDAC family. The
domain structure of HDACG is distinct from that of all other HDACs,
as it harbours 2 deacetylase domains and a C-terminal zinc finger
domain.®° Previous research has demonstrated that experimental
ischaemic stroke causes an induction of HDACé6 both in vivo and
in vitro.®! Inhibition of HDAC6 significantly promoted neurogene-
sis and alleviated functional deficits following ischaemic injury.3%%3
Knock-down of HDAC6 or suppression of HDAC6 level in neurons
decreased neurite outgrowth and slowed axonal growth.g“’35 More

importantly, HDAC6 inhibition could promote differentiation of
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NSCs.% Given these observations, HDAC6 represents an interesting
regulator in the process of neurogenesis after stroke.

In this study, we investigated the effects of USC-Exos on neu-
rogenesis in ischaemic stroke models, as well as the relationship
between HDAC6 expression and USC-Exos-induced neurogen-
esis. Our in vivo study indicated that USC-Exos could promote
endogenous neurogenesis and enhance the repair of neurological
functions in post-ischaemic stroke rats. We further found that
USC-Exos increased both proliferation and neuronal differenti-
ation of oxygen-glucose deprivation/reoxygenation (OGD/R)-
stimulated NSCs. A further mechanism study revealed that the
pro-neurogenesis effects of USC-Exos may be associated with the
repression of HDAC6 expression via translocation of exosomal mi-
croRNA-26a (miR-26a).

2 | MATERIALS AND METHODS

2.1 | Isolation and identification of USCs

Urine-derived stem cells were isolated from the urine samples
of healthy adult donors ranging in age from 24 to 28 years, ac-
cording to the methods described in our previous studies.*®%’
Written informed consent was obtained from all of the volunteers.
The study was conducted in accordance with the Declaration of
Helsinki, and the protocol was approved by the Ethics Committee
of the Shanghai Sixth People's Hospital affiliated with Shanghai
Jiao Tong University. The expressions of USC surface marker pro-
teins (Becton Dickinson), such as CD29-PE, CD90-FITC, CD73-PE,
CD44-FITC, CD34-APC and HLA-DR-PE, were measured using

flow cytometry.

2.2 | Isolation and identification of USC-Exos

Exosomes were isolated from the USC supernatant by differential
centrifugation/ultracentrifugation protocols. Briefly, the obtained
medium was centrifuged at 300 g for 15 minutes and 2000 g for
30 minutes to remove dead cells and cellular debris. After centrifuga-
tion at 10 000 g for 1 hour, the supernatant was further ultracentri-
fuged at 100 000 g for 2 hours. After the removal of supernatant, the
pellet was resuspended in phosphate buffer saline (PBS), followed
by another ultracentrifugation at 100 000 g for 2 hours. Finally,
pelleted exosomes were resuspended in PBS. Exosome morpholo-
gies were detected using transmission electron microscopy (TEM).
Briefly, fresh exosome samples were loaded onto a continuous car-
bon grid, and then fixed in 3% (w/v) glutaraldehyde and stained with
2% uranyl acetate. The samples were then examined with a Hitachi
H-7650 transmission electron microscope (Hitachi). The size and
concentration of the exosomes were assessed using flow nanoana-
lyser instruments according to the manufacturer's instructions.3®%7
Exosomal markers CD9 (1:1000; Abcam), TSG101 (1:1000; Abcam),
Alix (1:1000; Abcam) and negative marker Golgi membrane bound
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protein (GM130; 1:500; Abcam) were detected using Western blot

analysis.

2.3 | NSC culture

Subventricular zone NSCs were dissociated from Sprague-Dawley
(SD) rats and cultured as previously described.*® The proliferation
medium of the NSCs was composed of Dulbecco's modified Eagle
medium (DMEM)/F12 media (Gibco) supplemented with 2% (v/v)
B27 (Gibco), 20 ng/mL epidermal growth factor (EGF; Perprotech),
20 ng/mL basic fibroblast growth factor (bFGF; Perprotech), 1% pen-
icillin-streptomycin (Gibco) and 2 pg/mL heparin (Sigma). Passages

2-4 were used for the following experiments.

2.4 | Application of oxygen-glucose deprivation/
reoxygenation (OGD/R)

To mimic ischaemic-like conditions in vitro, the culture medium of
the NSCs was replaced with glucose-free DMEM containing the
same supplements as those in the proliferation medium. The NSCs
were then transferred to anaerobic conditions (5% CO, and 95%
N,) for 8 hours. OGD was then ended by changing the medium to

glucose and returning the NSCs to normoxia cultured with either
the absence (vehicle) or presence of USC-Exos (1 x 107 particles/
mL) for 24 hours. Control NSCs were cultured under normal condi-
tions without any treatment. Cells were then harvested for further

analysis.

2.5 | Assessment of NSC proliferation and neuron
differentiation after OGD/R

The 5-ethynyl-2'-deoxyuridine (EdU, 10 umol/L, Invitrogen) was
added to the culture medium following OGD/R. After an additional
24 hours, the cells were stained with Nestin antibody (1:100; Abcam)
and EdU click reaction (Invitrogen). Immunoreactive cells were visu-
alized using fluorescence microscopy (Leica). Differentiation of NSCs
was induced by withdrawal of EGF and bFGF following OGD/R. At
day 7, the differentiation was evaluated with Tuj1 (1:100; Abcam)
staining. Each experiment was repeated at least three times.

2.6 | Cell transfection

For HDAC6 overexpression, NSCs were transfected with HDACé
plasmid (1 pg) using Lipofectamine 2000 (Invitrogen) in Opti-MEM
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FIGURE 1 Characterization of human urine-derived stem cells (USCs) and USC-derived exosomes (USC-Exos). A, The morphology

of USCs was observed under a microscope. Scale bar = 50 um. B, Flow cytometric analysis of the expression of cell surface markers on
USCs. USCs were positive for CD29, CD90 and CD73, and negative for CD45, CD34 and HLA-DR. C, Representative transmission electron
microscopic (TEM) image of USC-Exos. Scale bar = 100 nm. D, The size distribution of the USC-Exos was examined using flow nanoanalyser
analysis. The mean diameter of USC-Exos was 74.2 £ 16 nm. E, The positive markers for exosomes—CD63, TSG101 and Alix—were detected
in USC-Exos using Western blot analysis, whereas the negative marker GM130 was not detected
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FIGURE 2 USC-Exos reduce infarct volume and promote functional recovery in rats after ischaemic stroke. A, Brain infarct volumes in
each group were measured using magnetic resonance imaging (MRI) at day 2 and day 28 post-stroke. B, Infarct volume was measured by
cresyl violet staining 28 d after MCAO. The modified neurological severity score (mNSS) and the foot-fault test were performed pre-MCAO
and 1, 3, 7, 14, 21 and 28 d post-MCAO. Statistical analysis of (C) mNSS score and (D) foot-fault test in each group. n = 10/group. *P < .05,
**P < .01; ns = not significant

(Invitrogen) according to the manufacturer's instructions. HDAC6 For miR-26a knock-down, USCs were transfected with inhib-
overexpression plasmid and control vector plasmid were purchased itor control (IC) or miR-26a inhibitor (100 nmol/L; RiboBio) using
from RiboBio. Lipofectamine RNAIMAX reagent (Invitrogen) according to the

FIGURE 3 USC-Exos promote SVZ NSC proliferation in rats after ischaemic stroke. A, Representative immunofluorescent staining
images and quantitative analysis of EdU (green) and Nestin (red) double-positive cells in the subventricular zone (SVZ) of rat brains at 14 d
post-ischaemic stroke. B, Representative immunofluorescent staining images and quantitative analysis of EAU (green) and Sox2 (red) double-
positive cells in the subventricular zone (SVZ) of rat brains at 14 d post-ischaemic stroke. Scale bar = 100 um. n = é/group. *P < .05, **P < .01
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FIGURE 4 USC-Exos promote SVZ NSC differentiation in rats after ischaemic stroke. A, Representative immunofluorescent staining
images and quantitative analysis of EdU (green) and DCX (red) double-positive cells in the subventricular zone (SVZ) of rat brains at 14 d
post-ischaemic stroke. B, Representative immunofluorescent staining images and quantitative analysis of EAU (green) and DCX (red) double-
positive cells in the ischaemic brain boundary zone of rat brains at 14 d post-ischaemic stroke. C, Representative immunofluorescent staining
images and quantitative analysis of EdU (green) and NeuN (red) double-positive cells in the ischaemic brain boundary zone of rat brains at

14 d post-ischaemic stroke. Scale bar = 100 pm. n = 6/group. * P < .05, ** P < .01; ns = not significant

manufacturer's protocol. The transfected cells were cultured for

48 hours prior to use in subsequent experiments.

2.7 | Cerebral ischaemia model and USC-
Exos injection

All of the animal study protocols were approved by the Animal
Research Committee of the Shanghai Sixth People's Hospital (SYXK
[Shanghai, China] 2011-0128, 1 January 2011). Transient focal cerebral
ischaemia was induced via middle cerebral artery occlusion (MCAOQ).
SD rats (6-8 weeks old, male, 250-300 g) were subjected to 2 hours
of right MCAO using an intraluminal suture vascular occlusion. Rats
showing neither hemiplegia nor neurological deficits post-MCAO were
excluded for data analysis consistency. Animals were then randomized
into four groups (n = 10/group): the sham + vehicle group, the sham +
USC-Exos group, the MCAO + vehicle group and the MCAO + USC-
Exos group. Rats in the sham group underwent the same procedure
without vascular occlusion. Approximately 1 x 10! total particles of
USC-Exos in 500 pL phosphate-buffered saline (PBS) or vehicle (PBS
alone, 500 ulL) were administered via a single intravenous injection
4 hours post-MCAO.

2.8 | Uptake of USC-exos in vitro

To determine whether USC-Exos administered intravenously could
migrate into the brain, USC-Exos were stained with DiR fluorescent
dye (Thermo Fisher), per the manufacturer's instructions. Four hours
post-MCAQO, the rats were administered a single dose of DiR-labelled
exosomes (1 x 10! particles in 500 pL PBS). Six hours later, the DiR-
related fluorescence signals were detected using the IVIS Spectrum
imaging system (PerkinElmer).

In vitro, USC-Exos were labelled with Dil fluorochrome (Thermo
Fisher) according to the manufacturer's instructions and incubated
with NSCs for 4 hours. The signals were analysed using a fluores-
cence microscope (Leica).

2.9 | Infarct volume assessment

Brain infarct volume was measured by magnetic resonance imag-
ing (MRI) or cresyl violet staining. For brain MRI study, a 3-Tesla
magnetic resonance imaging (MRI) scanner (Siemens) was used to
assess the infarct volume at 2 and 28 days post-MCAOQ. The hy-
perintense areas in the T2-weighted images over the central 8 im-
ages (1.5-mm thick) were used to calculate the infarct volume. The
infarct volume of the brain was quantified using ImageJ software
(NIH). For cresyl violet staining, infarct volume of was calculated
by adding up the infarct areas (contralateral area minus ipsilateral

side non-infarct area) of six consecutive slices using ImageJ soft-
ware (NIH).

2.10 | Behaviour test

The modified neurological severity score (mMNSS) and the foot-fault
test were performed pre-MCAOQO and 1, 3, 7, 14, 21 and 28 days post-
MCAO, as described previously.*!

2.11 | Brain tissue preparation and
immunofluorescence

EdU was injected (50 mg/kg) 24 hours before MCAO. On the day 14
after MCAQ, the rats were anaesthetized and fixed by transcardiac
perfusion with 4% paraformaldehyde. Brains were removed, fixed
in 4% formaldehyde overnight at 4°C and immersed in 30% sucrose
for 72 hours for cryoprotection. After being embedded and fro-
zen in an optimal cutting-temperature compound, the brains were
sliced into 20-pm-thick coronal sections. The brain sections were
then stained with specific markers to Nestin (1:100, Abcam), Sox2
(1:100, Cell Signaling Technology), doublecortin (DCX, 1:100) and
NeuN (1:200, Cell Signaling Technology) with EdU click reaction
(Thermo Fisher). Images were obtained using a Leica microscope
(Leica).

2.12 | Western blot analysis

Western blot analysis was performed according to routine protocols.
Primary antibodies used were p-actin (1:1000; Abcam) and HDACé
(1:1000; Cell Signaling Technology). The intensity of each band was

analysed using ImageJ software.

2.13 | Quantitative reverse-transcription PCR (qRT-
PCR)

The miR-26a expression was detected with a mirVana qRT-PCR
miRNA Detection kit (Thermo Fisher Scientific) that included the
miR-26a-specific RT primer and quantitative primers, reverse tran-
scriptase and reaction mix. The relative expression of miRNAs was
evaluated using the 2722 method and normalized to U6. Reactions
were performed in triplicate, and independent experiments were re-
peated three times.

2.14 | Statistical analysis

Each experiment was repeated at least three times, and the data were
presented as mean = SEM. Statistical analysis was performed using
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*P < .05*P < .01

GraphPad Prism 7.0 software. Student's t test and the one-way analy- respectively applied for comparisons between two groups and three

sis of variance (ANOVA) with Bonferroni post hoc Tukey test were groups or more. Statistical significance was considered to be P < .05.
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3 | RESULTS

3.1 | Characterization of USCs and USC-Exos

Urine-derived stem cells in primary culture presented a fibroblast-
like morphology (Figure 1A). Cell surface markers were assessed
using cytometric analysis. As shown in Figure 1B, USCs were posi-
tive for CD29, CD90 and CD73, and negative for CD45, CD34 and
HLA-DR. Exosomes were isolated from USC culture supernatant
and characterized using TEM, a flow nanoanalyser (NanoFCM) and
Western blot analysis. The results of TEM showed that USC-Exos
were spherical vesicles with diameters ranging from approximately
30-100 nm (Figure 1C). Flow nanoanalyser analysis revealed that the
average diameter was 74.2 + 16 nm (Figure 1D), and the concen-
tration of the USC-Exos was approximately 2 x 10! particles/mL.
Western blot analysis revealed that USC-Exos expressed exoso-
mal markers, such as CD9, TSG101 and Alix, whereas the negative
marker GM130 was not detected (Figure 1E). These data suggested
that we had successfully isolated USC-Exos.

3.2 | USC-Exos reduce infarct volume and promote
functional recovery in rats after ischaemic stroke

To determine whether the intravenous infusion of USC-Exos could
migrate into the brain, USC-Exos were labelled with DiR fluorescent
dye and administered to rats at 4 hours after MCAO. DiR-labelled
USC-Exos-treated rats exhibited visibly high levels of fluorescence
intensity in the brain compared to vehicle-treated rats, confirming
that USC-Exos could cross the blood-brain barrier and migrate into
the brain (Figure S1A). We then further investigated the therapeutic
effects of USC-Exos in rats after ischaemic stroke. Brain infarct size
was monitored using MRI at day 2 and day 28 post-MCAO (Figure 2A).
There was no difference in the original infarct volume measured in
the two groups at day 2 post-stroke. However, the infarct volume
had significantly decreased in the USC-Exos group compared with
the vehicle group at day 28 post-stroke. We also performed cresyl
violet staining 28 days after MCAO, which in consistent with MRI
result, showed that USC-Exos injection significantly attenuated brain
infarct 28 days after MCAO (Figure 2B). Measurements from behav-
ioural tests were then used to examine whether USC-Exos treatment
led to long-term improvement in behavioural function. As expected,
USC-Exos treatment significantly increased functional improvement
in both the mNSS (Figure 2C) and the foot-fault test (Figure 2D) start-
ing 14 days post-stroke compared with the vehicle group. These re-
sults indicate that USC-Exos ameliorate functional outcome in rats

after cerebral ischaemic injury.

3.3 | USC-Exos promote neurogenesis in rats after
ischaemic stroke

We then examined whether USC-Exos could enhance neurogen-
esis after ischaemic stroke in rats. The subventricular zone (SVZ)

lining the lateral ventricle (LV) is a major area in which adult NSCs

reside, thus making it a potential therapeutic target that may allow
neurogenesis. To evaluate the effects of USC-Exos on the prolif-
eration of SVZ NSCs, we quantified EdU*/Nestin* or EdU*/Sox2*
cells at 14 days post-MCAO. As shown in Figure 3A,B, USC-Exos
stimulated SVZ EdU*/Nestin* or EdU*/Sox2" cells in sham rats.
Furthermore, the vehicle group had significantly higher rates
of EdU*/Nestin® or EdU*/Sox2" cells in the SVZ than the sham
control group, indicating the spontaneous proliferation of NSCs
in the ischaemic brain. Notably, the USC-Exos treatment group
had remarkably high levels of EdU*/Nestin® or EdU*/Sox2" stain-
ing cells compared to the vehicle group, indicating that USC-Exos
promote the proliferation of NSCs in the SVZ of post-MCAO rats.
We then investigated whether USC-Exos could promote neuronal
differentiation of SVZ NSCs at 14 days post-MCAO. As shown
in Figure 4A, USC-Exos stimulated SVZ EdU*/DCX" cells both in
sham and post-MCAO rats. To evaluate whether SVZ EdU*/DCX"-
positive cells could migrate into the damaged brain and then dif-
ferentiate into mature neurons, we detected EAU*/DCX" or EdU*/
NeuN" cells in the infarct boundary zone at 14 days post-MCAO.
USC-Exos markedly increased EdJU*/DCX" or EdU*/NeuN" cells in
the infarct boundary zone in post-MCAO rats (Figure 4B). These
results suggest that USC-Exos promote neurogenesis in rats after
stroke, which contributes to improving functional outcome.

3.4 | USC-Exos promote proliferation and neuronal
differentiation of NSCs subjected to OGD/R

The characteristics of NSCs were identified prior to the following
experiments. NSCs cultured in vitro formed spherical free-floating
neurospheres (Figure S2A). Immunocytochemistry staining revealed
that most of the cells in the neurospheres were Nestin/Sox2-posi-
tive cells (Figure S2B). These characteristics indicate that the cul-
tured neurospheres have phenotypes of NSCs. We then determined
whether USC-Exos could be internalized by NSCs. USC-Exos were
labelled with Dil fluorescent dye and added to NSC culture media.
After 4 hours of incubation, Dil-labelled USC-Exos were efficiently
internalized by NSCs (Figure S2C).

The effects of USC-Exos on the proliferation and neuronal dif-
ferentiation of NSCs after OGD/R were investigated using immu-
nofluorescence. As shown in Figure 5A, USC-Exos stimulated EdU*/
Nestin® cells in normal NSCs. Next, we subjected the NSCs to an
ischaemia-like insult, OGD/R, which induced a significant decrease
in the number of EdU*/Nestin® cells compared with normal NSCs.
Treatment with USC-Exos obviously increased the numbers of EdU*/
Nestin® cells as compared to the OGD/R group. After being sub-
jected to OGD/R, NSCs were cultured in a differentiation medium.
After 7 days of differentiation, cells were stained with Tuj-1. As
shown in Figure 5B, USC-Exos increased Tuj-1" cells in normal NSCs.
Compared to the control group, the percentage of Tuj-1* cells de-
creased after OGD/R treatment. The percentage of Tuj-1* cells sig-
nificantly increased after treatment with USC-Exos compared with
the vehicle group. These results indicate that USC-Exos promote the
proliferation and neuronal differentiation of NSCs post-OGD/R.
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3.5 | USC-Exos increase proliferation and neuronal
differentiation of OGD/R-stimulated NSCs by
inhibiting HDAC6 expression

We then investigated the relationship between HDAC6 expression
and the effects of USC-Exos-induced pro-neurogenesis activity in
ischaemic stroke. The protein expression of HDAC6 was evaluated in
ischaemic rat brains 14 days post-MCAO. As shown in Figure 5A, the
expression of HDAC6 was significantly higher in the vehicle group
than in the sham group. The expression level of HDAC6 in the USCs-
Exo group was significantly lower than that of the vehicle group.
We then confirmed the expression of HDAC6 in NSCs subjected
to OGD/R (Figure 6B). As expected, the expression of HDAC6 in-
creased after OGD/R. Incubating with USCs-Exo significantly down-
regulated the expression of HDAC6 in NSCs subjected to OGD/R.
In order to further determine whether HDAC6 was involved in the
process of USC-Exos-mediated pro-neurogenesis, an overexpres-
sion HDAC6 gene plasmid was transfected into NSCs subjected to
OGD/R, and then, NSCs were stimulated with or without USC-Exos
for 24 hours. Western blot analysis confirmed the up-regulation ef-
ficiency of HDAC6 in NSCs transfected with the HDAC6 overex-
pression plasmid in the absence of USC-Exos treatment (Figure 6C).
NSCs overexpressing HDAC6 were then subjected to functional
assays to measure cell proliferation and neuronal differentiation.
Strikingly, HDAC6 overexpression abated the promotion of prolif-
eration and neuronal differentiation in response to treatment with
USC-Exos in NSCs subjected to OGD/R (Figure 6D,E). These data
indicate that USC-Exos-induced proliferation and neuronal differen-
tiation in NSCs after OGD/R may be partially attributed to HDAC6
inhibition.

3.6 | miR-26a shuttled by USC-Exo increase
proliferation and neuronal differentiation of OGD/R-
stimulated NSCs by targeting HDAC6

Exosomes mediate cell-to-cell communication by transferring
their contents, especially miRNAs. We therefore have been sug-
gested that USC-Exos may affect the expression of HDAC6 by
delivering exosomal miRNAs. We detected several miRNAs, in-
cluding miR-433,*? miR-22,434% miR-26a,* miR-221,*® miR-548%
and miR-206,%® which had been reported to be HDAC6 regulators
previously. We found that all of these miRNAs were contained in
USC-Exos. In particular, we discovered a higher expression level
of miR-26a in USC-Exos (Figure 7A). Furthermore, the expres-

sion of miR-26a in NSCs after incubation with USC-Exos was

determined by qRT-PCR and markedly higher miR-26a expression
was detected in USC-Exos-treated group compared with vehicle-
treated group, suggesting that miR-26a may be transferred into
NSCs through USC-Exos (Figure 7B). To verify the role of miR-26a
in the USC-Exos-mediated promotion of NSC proliferation and
neuronal differentiation, USCs were transfected with miR-26a in-
hibitor or IC, and miR-26a expression was analysed in exosomes
isolated from these USC strains (inhibitor-Exos or IC-Exos). A sig-
nificant decrease in miR-26a expression was detected in inhibi-
tor-Exos compared with IC-Exos (Figure 7C). Next, inhibitor-Exos
or IC-Exos were incubated with NSCs to investigate the effects
of exosomal-transferred miR-26a on HDAC6 expression in NSCs
after OGD/R. As illustrated in Figure 7D, inhibitor-Exos markedly
reversed the USC-Exos-induced reduction of HDACé6 in NSCs
after OGD/R. Furthermore, the effects of exosomal-transferred
miR-26a on OGD/R-stimulated NSC proliferation and neuronal
differentiation were also evaluated. NSC proliferation and neu-
ronal differentiation were decreased following treatment with in-
hibitor-Exos compared with IC-Exos (Figure 7E,F). These findings
indicate that the transfer of exosomal miR-26a to NSCs through
the targeting of HDAC6 may be one of the mechanisms by which
USC-Exos promote neurogenesis.

4 | DISCUSSION

In this study, we found that USC-Exos could significantly attenuated
infarct volume and alleviate neurological deficits in post-ischaemic
stroke rats. Furthermore, USC-Exos significantly increased the num-
ber of NSCs and newly differentiated neurons in post-MCAO rats.
Moreover, USC-Exos promoted both proliferation and neuronal dif-
ferentiation of NSCs subjected to OGD/R. Mechanistically, miR-26a
delivered by USC-Exos may serve as a critical mediator in USC-Exos-
induced pro-neurogenesis effects through targeting HDAC6. To our
knowledge, this is the first report demonstrating that USC-Exos en-
hance proliferation and neuronal differentiation of NSCs in ischae-
mic stroke, at least in part via the transfer of exosomal miR-26a by
HDACS inhibition.

Endogenous neurogenesis is known to contribute to repair
and recovery in ischaemic stroke. However, this stroke-induced
neurogenesis needs to be further increased to attain more neural
repair for functional recovery.7’20 Exosome-based cell-free ther-
apy, which overcomes the cell-associated limitations in stem cell
therapy, could be used as an alternative approach to stem cell infu-
sion methods in the treatment of stroke.*” USC-Exos are receiving

much more attention for tissue repair. In the present study, we

FIGURE 6 USC-Exos increase proliferation and neuronal differentiation of OGD/R-stimulated NSCs by inhibiting HDAC6 expression. A,
Protein levels of HDAC6 were measured using Western blot analysis and then quantified with a grey value assay in the peri-infarct brains

at 14 d after stroke in each group. n = 3/group. B, Protein levels of HDAC6 were measured using Western blot analysis and then quantified
with a grey value assay of NSCs subjected to OGD/R in each group. NSCs subjected to OGD/R were transfected with control vector plasmid
or HDAC6 overexpression plasmid, and then, the downstream experiments were performed. C, The efficiency of HDAC6 overexpression
plasmid was tested by measuring HDAC6 protein expression using Western blot analysis. D, Immunofluorescence and quantification of

EdU (green) and Nestin (red) double-positive cells in different treatment groups. E, Immunofluorescence and quantification of Tuj1 (green)-
positive cells in different treatment groups. Scale bar = 100 pm. *P < .05, **P < .01
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FIGURE 7 miR-26a shuttled by USC-Exo increase proliferation and neuronal differentiation of OGD/R-stimulated NSCs by targeting
HDACG6. A, RT-gPCR analysis showed that miRNAs reported to be HDAC6 regulators, including miR-433, miR-221, miR-26a, miR-22,
miR-548 and miR-206, are contained in USC-Exos. B, Exosomes were isolated from USCs transfected with 100 nmol/L inhibitor (inhibitor-
Exos) or inhibitor control (IC-Exos) as indicated. MiR-26a expression was analysed in IC-Exos or inhibitor-Exos by RT-qPCR. C, Expression
levels of miR-26a in different treatment groups. D, Expression of HDAC6 in different treatment groups. E, Immunofluorescence and
quantification of EAU (green) and Nestin (red) double-positive cells in different treatment groups. F, Immunofluorescence and quantification
of Tujl (green)-positive cells in different treatment groups. Scale bar = 100 um. P < .05, **P < .01

focused on the promotional effects of USC-Exos on neurogenesis
after stroke. NSC proliferation is the basic event for neurogenesis.
In the current study, EdU labelling indicated that USC-Exos sig-
nificantly enhance NSC proliferation both in vitro and in vivo. The
differentiation of NSCs into new neurons plays a key role in the
long-term functional recovery after ischaemic stroke. When stud-
ied in vivo, there was a significant increase in the number of EAU*/
DCX" or EdU*/NeuN" cells after USC-Exos treatment, demon-
strating that USC-Exos enhanced the formation and migration of
new neurons. Our in vitro evidence indicated that USC-Exos sig-
nificantly enhance neuronal differentiation of NSCs subjected to
OGD/R conditions mimicking the in vivo microenvironment after
ischaemic stroke. These observations suggested that USC-Exos
increased NSC proliferation and neuronal differentiation, even-
tually contributing to the improved neurological outcome after
ischaemic stroke.

Histone deacetylases-mediated transcriptional repression is
essential for NSC self-renewal and differentiation by interact-
ing with various cell-intrinsic transcription factors and signalling
pathways.27 HDAC inhibition regulates proliferation and neuro-
nal differentiation of NSCs with up-regulating expression of p21
and Pten, and neuronal-specific genes, such as NeuroD, neuro-
genin 1 (Ngn1), Math1, cyclin D1 and B-lymphocyte translocation
gene 3.242%28 HDAC6 deacetylates various substrates including
a-tubulin and HSP90«, and is involved in many important biolog-
ical processes, including cell proliferation and differentiation.>®
Increasing evidence has demonstrated that HDAC6 represents a
promising target in the development of therapeutic strategies tar-
geting neurogenesis for neurological diseases such as stroke.3%>!
In this study, we explored the role of HDAC6 in USC-Exos-medi-
ated neurogenesis. Our study found that the expression of HDAC6
significantly increased both in vitro and in vivo ischaemic stroke
models. USC-Exos could reduce the expression of HDAC6 induced
by stroke models. Furthermore, overexpression of HDAC6 allevi-
ated the pro-neurogenesis effects induced by USC-Exos in NSCs
subjected to OGD/R. Therefore, HDAC6 inhibition may be the un-
derlying mechanism by which USC-Exos-induced neurogenesis in
ischaemic stroke.

miRNAs are a group of 20-24 nt small non-coding RNAs which
can regulate target gene expression by inducing mRNA degrada-
tion or translational inhibition. miRNAs have been confirmed to be
selectively packaged into exosomes, and exosomes can transfer
these miRNAs to target cells or tissues to regulate gene expres-
sion.’?5% MiR-26a was found to target HDAC6 in myogenic dif-
ferentiation of embryonic stem cells.*> More importantly, studies
have demonstrated that miRNA-26a positively influenced stroke

outcome.’*>° Here, we detected high level of miR-26a in USC-Exos.
After treated with USC-Exos for 24 hours, we found that the ex-
pression of miR-26a was significantly increased in NSCs subjected
to OGD/R, indicating that miR-26a can be transferred into NSCs
through USC-Exos. Furthermore, results of our study revealed that
the effects of HDAC6 inhibition and pro-neurogenesis induced by
USC-Exos were notably reversed by miR-26a inhibitor-Exos in vitro.
These findings suggest that miR-26a may be one of the critical
mediators in USC-Exos-mediated pro-neurogenesis via targeting
HDAC6. However, our present results could not exclude the pos-
sibility that other substances in USC-Exos, such as other miRNAs,
proteins or lipids, may also play roles in USCs-Exo-induced neuro-
genesis by regulating HDAC6. Further investigation is also required
to verify the role of miR-26a/HDAC6 axis in USC-Exos-mediated
neurogenesis in vivo.

In summary, our research for the first time confirms that USC-
Exos exalt both proliferation and neuronal differentiation of cul-
tured NSCs subjected to OGD/R, and promote neurogenesis in rats
after stroke, potentially through miR-26a/HDAC6 axis. Our finding
of USC-Exos promoting neurogenesis may open a new avenue for
stroke treatment.

ACKNOWLEDGEMENTS

This work was supported by the National Natural Science Foundation
of China (Grant nos. 81671209, 81871833 and 81472152).

CONFLICT OF INTEREST

The authors confirm that there are no conflicts of interest.

AUTHORS’ CONTRIBUTIONS

ZD and YW conceived the study, designed the experiments and pro-
vided their funds to the study. X. L, XN and QL participated in the
experiments of USC identification and expansion. X. L, G. Z and QZ
performed the in vivo experiments; X. L, G. Z and GH performed the
in vitro experiments. X. L, G. Z, JZ and YY analysed the data. X. L,
G. Z,ZD and YW wrote and revised the manuscript. All authors read
and approved the final manuscript.

DATA AVAILABILITY STATEMENT

The data used to support the findings of this study are included
within the article.



WILEY--2%

LING ET AL.
ORCID 20. Lindvall O, Kokaia Z. Neurogenesis following Stroke Affecting the
Adult Brain. Cold Spring Harb Perspect Biol. 2015;7(11):a019034.
Zhifeng Deng https://orcid.org/0000-0003-3529-0549 21. Hirabayashi Y, Gotoh Y. Epigenetic control of neural precursor cell
fate during development. Nat Rev Neurosci. 2010;11(6):377-388.
22. Hsieh J, Gage FH. Epigenetic control of neural stem cell fate. Curr
REFERENCES Opin Genet Dev. 2004;14(5):461-469.
23. Stillman B. Histone modifications: insights into their influence on
1. Pandian JD, Gall SL, Kate MP, et al. Prevention of stroke: a global gene expression. Cell. 2018;175(1):6-9.
perspective. Lancet. 2018;392(10154):1269-1278. 24. Hsieh J, Nakashima K, Kuwabara T, et al. Histone deacetylase inhibi-
2. Norrving B, Kissela B. The global burden of stroke and need for tion-mediated neuronal differentiation of multipotent adult neural
a continuum of care. Neurology. 2013;80(Issue 3, Supplement progenitor cells. Proc Natl Acad SciUSA.2004;101(47):16659-16664.
2):55-512. 25. Sun G, Fu C, Shen C, Shi Y. Histone deacetylases in neural stem
3. Ginsberg MD. Expanding the concept of neuroprotection for acute cells and induced pluripotent stem cells. J Biomed Biotechnol.
ischemic stroke: The pivotal roles of reperfusion and the collateral 2011;2011:835968.
circulation. Prog Neurogibol. 2016;146:46-77. 26. Kim BW, Yang S, Lee CH, Son H. A critical time window for the
4. Zerna C, Thomalla G, Campbell BCV, Rha JH, Hill MD. Current prac- survival of neural progenitor cells by HDAC inhibitors in the hippo-
tice and future directions in the diagnosis and acute treatment of campus. Mol Cells. 2011;31(2):159-164.
ischaemic stroke. Lancet. 2018; 392(10154):1247-1256. 27. Balasubramaniyan V, Boddeke E, Bakels R, et al. Effects of histone
5. Candelario-Jalil E. Injury and repair mechanisms in ischemic stroke: deacetylation inhibition on neuronal differentiation of embryonic
considerations for the development of novel neurotherapeutics. mouse neural stem cells. Neuroscience. 2006;143(4):939-951.
Curr Opin Investig Drugs. 2009;10(7):644-654. 28. Siebzehnrubl FA, Buslei R, Eyupoglu Y, et al. Histone deacetylase
6. ladecola C, Anrather J. Stroke research at a crossroad: asking the inhibitors increase neuronal differentiation in adult forebrain pre-
brain for directions. Nat Neurosci. 2011;14(11):1363-1368. cursor cells. Exp Brain Res. 2007;176(4):672-678.
7. Kernie SG, Parent JM. Forebrain neurogenesis after focal Ischemic 29. Uittenbogaard M, Brantner CA, Chiaramello A. Epigenetic modi-
and traumatic brain injury. Neurobiol Dis. 2010; 37(2):267-274. fiers promote mitochondrial biogenesis and oxidative metabolism
8. Lindvall O, Kokaia Z. Neurogenesis following Stroke Affecting the leading to enhanced differentiation of neuroprogenitor cells. Cell
Adult Brain. Cold Spring Harb Perspect Biol. 2015;7(11):a019034. Death Dis. 2018;9(3):360.
9. Sarmah D, Agrawal V, Rane P, et al. Mesenchymal stem cell ther- 30. Tang BL, Class Il. HDACs and neuronal regeneration. J Cell Biochem.
apy in ischemic stroke: a meta-analysis of preclinical studies. Clin 2014;115(7):1225-1233.
Pharmacol Ther. 2018; 103(6):990-998. 31. Chen YT, Zang XF, Pan J, et al. Expression patterns of histone

10. Ye X, Hu J, Cui G. Therapy effects of bone marrow stromal cells on deacetylases in experimental stroke and potential targets for neu-
ischemic stroke. Oxid Med Cell Longev. 2016;2016:7682960. roprotection. Clin Exp Pharmacol Physiol. 2012;39(9):751-758.

11. Gutierrez-Fernandez M, Otero-Ortega L, Ramos-Cejudo J, et 32. Wang Z, Leng Y, Wang J, et al. Tubastatin A, an HDAC6 inhibitor,
al. Adipose tissue-derived mesenchymal stem cells as a strat- alleviates stroke-induced brain infarction and functional deficits:
egy to improve recovery after stroke. Expert Opin Biol Ther. potential roles of alpha-tubulin acetylation and FGF-21 up-regula-
2015;15(6):873-881. tion. Sci Rep. 2016;6:19626.

12. Vizoso FJ, Eiro N, Cid S, et al. Mesenchymal stem cell secretome: to- 33. Yuanl,WangZ, Liul,Jian X. Inhibiting histone deacetylase 6 partly
ward cell-free therapeutic strategies in regenerative medicine. INT J protects cultured rat cortical neurons from oxygen glucose depriva-
MOL SCI. 2017;18(9):1852. tion induced necroptosis. Mol Med Rep. 2015;12(2):2661-2667.

13. Xin H, Li Y, Cui Y, Yang JJ, Zhang ZG, Chopp M. Systemic adminis- 34. Kim AH, Puram SV, Bilimoria PM, et al. A centrosomal Cdc20-APC
tration of exosomes released from mesenchymal stromal cells pro- pathway controls dendrite morphogenesis in postmitotic neurons.
mote functional recovery and neurovascular plasticity after stroke Cell. 2009;136(2):322-336.
in rats. J Cereb Blood Flow Metab. 2013;33(11):1711-1715. 35. Cho Y, Cavalli, . V. HDAC signaling in neuronal development and

14. Xin H, Li Y, Liu Z, et al. miR-133b promotes neural plasticity and axon regeneration. Curr Opin Neurobiol. 2014;27:118-126.
functional recovery after treatment of stroke with multipotent 36. laconelli J, Lalonde J, Watmuff B, et al. Lysine deacetylation by
mesenchymal stromal cells in rats via transfer of exosome-enriched HDACS6 regulates the kinase activity of AKT in human neural pro-
extracellular particles. Stem Cells. 2013;31(12):2737-2746. genitor cells. ACS Chem Biol. 2017;12(8):2139-2148.

15. Xin H, Li Y, Buller B, et al. Exosome-mediated transfer of 37. Zhu Q, Li Q, Niu X, et al. Extracellular vesicles secreted by human
miR-133b from multipotent mesenchymal stromal cells to neural urine-derived stem cells promote ischemia repair in a mouse model
cells contributes to neurite outgrowth. Stem Cells. 2012;30(7): of hind-limb ischemia. Cell Physiol Biochem. 2018;47(3):1181-1192.
1556-1564. 38. TianY, Ma L, Gong M, et al. Protein profiling and sizing of extracel-

16. Guan J, Zhang J, Guo S, et al. Human urine-derived stem cells can lular vesicles from colorectal cancer patients via flow. Cytometry.
be induced into osteogenic lineage by silicate bioceramics via ac- ACS Nano. 2018;12(1):671-680.
tivation of the Wnt/beta-catenin signaling pathway. Biomaterials. 39. Zhu§, Yang L, Long Y, et al. Size differentiation and absolute quan-
2015;55:1-11. tification of gold nanoparticles via single particle detection with a

17. FuY, Guan J, Guo S, et al. Human urine-derived stem cells in com- laboratory-built high-sensitivity flow cytometer. J Am Chem Soc.
bination with polycaprolactone/gelatin nanofibrous membranes 2010;132(35):12176-12178.
enhance wound healing by promoting angiogenesis. J Transl Med. 40. Yu Z, Cheng C, Liu Y, et al. Neuroglobin promotes neurogenesis
2014:12(1):274. through Wnt signaling pathway. Cell Death Dis. 2018;9(10):945.

18. Guan JJ, Niu X, Gong FX, et al. Biological characteristics of human- 41. Xin H, Li Y, Cui Y, et al. Systemic administration of exosomes re-
urine-derived stem cells: potential for cell-based therapy in neurol- leased from mesenchymal stromal cells promote functional recov-
ogy. Tissue Eng Part A. 2014;20(13-14):1794-1806. ery and neurovascular plasticity after stroke in rats. J Cereb Blood

19. Marques BL, Carvalho GA, Freitas E, et al. The role of neurogenesis Flow Metab. 2013;33(11):1711-1715.
in neurorepair after stroke. Semin Cell Dev Biol. 2019. https://doi. 42

org/10.1016/j.semcdb.2018.12.003

. Simon D, Laloo B, Barillot M, et al. A mutation in the 3'-UTR of

the HDAC6 gene abolishing the post-transcriptional regulation


https://orcid.org/0000-0003-3529-0549
https://orcid.org/0000-0003-3529-0549
https://doi.org/10.1016/j.semcdb.2018.12.003
https://doi.org/10.1016/j.semcdb.2018.12.003

| wiLEy

43.

44,

45.
46.
47.
48.
49.

50.

51.

LING ET AL.

mediated by hsa-miR-433 is linked to a new form of dominant X-
linked chondrodysplasia. Hum Mol Genet. 2010;19(10):2015-2027.
Yan GQ, Wang X, Yang F, et al. microRNA-22 promoted osteogenic
differentiation of human periodontal ligament stem cells by target-
ing HDAC®. J Cell Biochem. 2017;118(7):1653-1658.

Huang S, Wang S, Bian C, et al. Upregulation of miR-22 promotes
osteogenic differentiation and inhibits adipogenic differentiation of
human adipose tissue-derived mesenchymal stem cells by repressing
HDACG protein expression. Stem Cells Dev. 2012;21(13):2531-2540.
Lee SW, Yang J, Kim SY, et al. MicroRNA-26a induced by hypoxia
targets HDAC6 in myogenic differentiation of embryonic stem
cells. Nucleic Acids Res. 2015;43(4):2057-2073.

Bae HJ, Jung KH, Eun JW, et al. MicroRNA-221 governs tumor sup-
pressor HDAC6 to potentiate malignant progression of liver cancer.
J Hepatol. 2015;63(2):408-419.

Lwin T, Zhao X, Cheng F, et al. A microenvironment-mediated c-
Myc/miR-548m/HDAC6 amplification loop in non-Hodgkin B cell
lymphomas. J Clin Invest. 2013;123(11):4612-4626.

Liu F, Zhao X, Qian Y, et al. miR-206 inhibits Head and neck squa-
mous cell carcinoma cell progression by targeting HDAC6 via PTEN/
AKT/mTOR pathway. Biomed Pharmacother. 2017;96:229-237.
Zhang ZG, Buller B, Chopp M. Exosomes - beyond stem cells for re-
storative therapy in stroke and neurological injury. Nat Rev Neurol.
2019;15(4):193-203.

Seidel C, Schnekenburger M, Dicato M, Diederich M. Histone
deacetylase 6 in health and disease. Epigenomics. 2015;7(1):103-118.
Creppe C, Malinouskaya L, Volvert ML, et al. Elongator controls the
migration and differentiation of cortical neurons through acetyla-
tion of alpha-tubulin. Cell. 2009;136(3):551-564.

52.

53.

54.

55.

Zhang Y, Kim MS, Jia B, et al. Hypothalamic stem cells con-
trol ageing speed partly through exosomal miRNAs. Nature.
2017;548(7665):52-57.

Ching RC, Wiberg M, Kingham PJ. Schwann cell-like differentiated
adipose stem cells promote neurite outgrowth via secreted exo-
somes and RNA transfer. Stem Cell Res Ther. 2018;9(1):266.

Rink C, Khanna S. microRNA in ischemic stroke etiology and pathol-
ogy. Physiol Genomics. 2011;43(10):521-528.

Liang Z, Chi YJ, Lin GQ, et al. miRNA-26a promotes angiogenesis
in a rat model of cerebral infarction via PI3K/AKT and MAPK/ERK
pathway. Eur Rev Med Pharmacol Sci. 2018;22(11):3485-3492.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Ling X, Zhang G, Xia Y, et al. Exosomes
from human urine-derived stem cells enhanced neurogenesis
via miR-26a/HDACS6 axis after ischaemic stroke. J Cell Mol Med.
2020;24:640-654. https://doi.org/10.1111/jcmm.14774



https://doi.org/10.1111/jcmm.14774

