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Umbilical mesenchymal stem cell-derived ")
exosomes facilitate spinal cord functional
recovery through the miR-199a-3p/145-5p-
mediated NGF/TrkA signaling pathway in

rats

Yang Wang'#?" Xunwei Lai'**" Depeng Wu'?" Bin Liu'*? Nanxiang Wang'*? and Limin Rong'**"

Abstract

Background: Although exosomes, as byproducts of human umbilical cord mesenchymal stem cells (hUC-MSCs),
have been demonstrated to be an effective therapy for traumatic spinal cord injury (SCl), their mechanism of action
remains unclear.

Methods: We designed and performed this study to determine whether exosomes attenuate the lesion size of SCl
by ameliorating neuronal injury induced by a secondary inflammatory storm and promoting neurite outgrowth. We
determined the absolute levels of all exosomal miRNAs and investigated the potential mechanisms of action of
miR-199a-3p/145-5p in inducing neurite outgrowth in vivo and in vitro.

Results: miR-199a-3p/145-5p, which are relatively highly expressed miRNAs in exosomes, promoted PC12 cell
differentiation suppressed by lipopolysaccharide (LPS) in vitro through modulation of the NGF/TrkA pathway. We
also demonstrated that Cblb was a direct target of miR-199a-3p and that Cbl was a direct target of miR-145-5p.
Cblb and Cbl gene knockdown resulted in significantly decreased TrkA ubiquitination levels, subsequently activating
the NGF/TrkA downstream pathways Akt and Erk. Conversely, overexpression of Cblb and Cbl was associated with
significantly increased TrkA ubiquitination level, subsequently inactivating the NGF/TrkA downstream pathways Akt
and Erk. Western blot and coimmunoprecipitation assays confirmed the direct interaction between TrkA and Cblb
and TrkA and Cbl. In an in vivo experiment, exosomal miR-199a-3p/145-5p was found to upregulate TrkA expression
at the lesion site and also promote locomotor function in SCI rats.
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PC12 cells

Conclusions: In summary, our study showed that exosomes transferring miR-199a-3p/145-5p into neurons in SCI
rats affected TrkA ubiquitination and promoted the NGF/TrkA signaling pathway, indicating that hUC-MSC-derived
exosomes may be a promising treatment strategy for SCI.
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Introduction

Acute traumatic spinal cord injury (SCI) has a preva-
lence rate of 10-83 per million [1] worldwide each year
and usually results in devastating functional loss below
the level of the injured spinal cord. The pathophysiology
of SCI consists of primary mechanical injury and a sub-
sequent cascade of inflammation, ischemia, and secre-
tion of cytotoxic substances that aggravates SCI damage
[2-4].

Neurons play a central role in transducing biological sig-
nals [5], but they fail to receive and send electrical and chem-
ical signals following injury. Even though SCI patients
achieve certain recovery of locomotion [6, 7], injured axons
rarely reconnect to the same extent as axons in the normal
spinal cord, and patient motor function never returns to nor-
mal [8]. A failed neuronal reconnection of two severed axons
mainly occurs for the following reasons [8]: (a) loss of intrin-
sic outgrowth capacity of neurons, (b) deterioration of the
microenvironment, and (c) inhibition of fibrous scar and glial
scar formation. Therefore, promoting neurite outgrowth and
improving the microenvironment of the remaining neurons
should be essential for locomotor recovery in SCI patients.

TrkA, a critical member of the receptor tyrosine
kinase (RTK) family composed of TrkA, TrkB, TrkC,
and p’°NTR, can be phosphorylated and induced to
form intracellular dimers in the structural domain by
coupling with NGF, which subsequently initiates sig-
naling cascades through phosphorylating Ras protein.
Based on previous studies on the mechanism of ac-
tion of NGF/TrkA, which is indispensable in the de-
velopment and maturation of the nervous system [9].
Exosomes, important paracrine factors of stem cells,
are nanosized particles with a diameter of 20 to 150
nm and consist of a lipid bilayer that encapsulates
RNAs, DNAs, and soluble proteins [10, 11]. Currently,
an increasing number of researchers have demon-
strated that stem cell-derived exosomes share similar
therapeutic effects as stem cells, such as inhibition of
proinflammatory cytokines [12], inactivation of Al
astrocytes [13], and conversion of macrophages to the
M2 phenotype [14].

Through preliminary experiment, we demonstrated
that UC-MSC exosomes can help to stimulate the NGF/
TrkA signaling pathway and promote the neuronal
markers expression (NF-H, Neu-N, and p-tubulin-III)

inhibited by LPS in PC12 cells. Subsequently, we con-
ducted this study to confirm the specific mechanisms of
exosomes in inducing neurite outgrowth in vivo and
in vitro and the efficacy of exosomes in treating SCI.

Materials and methods

Ethical statement

Ethical approval for the experiment was obtained from
the Ethics Committee of the Third Affiliated Hospital of
Sun Yat-sen University, China (Ethic number: IACUC-
F3-19-0401). All experiments were performed following
relevant laws and guidelines and the institutional guide-
lines of the Third Affiliated Hospital of Sun Yat-sen Uni-
versity. This article does not involve any human studies.

Animal experimental protocol

We purchased adult female Sprague-Dawley rats (6-7
weeks old), all specific pathogen-free (SPF), from Shang-
hai SLAC Laboratory Animal Co., Ltd. (Shanghai,
China). All rats were housed in an SPF environment
(temperature, 22 + 1 °C; humidity, 65-70%) with free ac-
cess to food and water, and five rats were assigned per
cage. All animal experiments were approved by the ani-
mal ethics committee of the Third Affiliated Hospital of
Sun Yat-sen University and in accordance with the
guidelines included in the Guide for the Care and Use of
Laboratory Animals published by the National Institutes
of Health (Eighth Edition). In total, seventy-six rats were
sacrificed by CO, suffocation (detailed animal informa-
tion is provided in Additional file 1).

Exosome purification and characterization

Exosomes were isolated from the supernatants of pas-
sage 5 hUC-MSCs according to the Total Exosome
Extraction Reagent (Invitrogen, Carlsbad, California,
USA) instructions. Before being subjected to transmis-
sion electron microscopy (TEM; Tokyo, Japan) and the
gNano nanoparticle analysis system (Izon, Christchurch,
New Zealand), exosomes in suspension were filtered
using a 220-nm filter and stained with 3% aqueous phos-
photungstic acid. Exosomes were lysed with radioimmu-
noprecipitation assay (RIPA) buffer (Beyotime, Shanghai,
China) supplemented with a protease and phosphatase-
inhibitor cocktail (CST, Boston, MA, USA). The protein
concentration of exosomes was quantified using the
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BCA Protein Assay Kit (Thermo Fisher, Boston, MA,
USA). Primary antibodies against CD63 (Abcam, Cam-
bridge, UK), CD9 (Abcam, Cambridge, UK), and B-actin
(CST, Boston, MA, USA) were used to characterize exo-
somes (detailed methods and materials are provided in
Additional file 2).

Statistical analysis

Statistical analysis was performed, and graphs were gen-
erated by using Graph Pad Prism 8.0 (San Diego, CA,
USA). All data are presented as the mean + standard
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deviation (SD) and the range from min to max, and
differences were analyzed using one-way analysis of
variance (one-way ANOVA). P<0.05 was considered
statistically significant.

Results

Exosomal miRNA profile analyzed by absolute
quantitative sequencing

We obtained hUC-MSCs from Guangzhou Selera Stem
Cell Technology Co., Ltd., and the cells that presented a
long spindle shape were identified by flow cytometry.
Stem cell markers (CD73, CD90, CD105) (Fig. 1a) were
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Fig. 1 MSC and MSC-Exo characterization and exosomal miRNA profiles. h(UC-MSCs were characterized by CD73, CD90, CD105 (a), CD45, CD34,
and HLA-DR (b) expression by using flow cytometry. ¢ Representative images and quantitative analysis of western blots to assess CD9, CD63, and
B-actin expression in MSCs and MSC-Exo (n = 3). Data are represented as mean + SD. d The morphology of exosomes detected by transmission
electron microscopy (n = 3). Scale bar =500 nm. e The diameters and concentrations of exosomes analyzed by the nanoparticle tracking method.
f Top 20 miRNAs expressed in MSC-Exo. MSC mesenchymal stem cell, MSC-Exo MSC-derived exosomes. *p < 0.05; **p < 0.01
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highly expressed, while non-stem cell markers (CD45,
CD34, HLA-DR) (Fig. 1b) were expressed at extremely
low levels on the cell surface. Then, we purified exo-
somes from the culture supernatants of MSCs by the
Total Cell Exosome Extraction Kit. Analysis of the
morphology and surface markers confirmed that the
obtained pellet were exosomes. First, CD9 and CD63
were detected in these particles, which did not express
B-actin (Fig. 1c). Nanoparticle tracking analysis (NTA)
revealed the concentration and size of the particles ran-
ging from 30 to 150 nm (Fig. 1d). Furthermore, a typical
cup-shaped morphology of these nanoparticles was
observed by transmission electron microscopy (TEM)
(Fig. 1e).

miRNAs are the most abundant nucleic acids in MSC-
derived exosomes (MSC-Exo) and play important roles in
regulating cell activities. To obtain a better understanding
of the exosomal miRNA profile, we performed small RNA
absolute quantitative sequencing (see Additional file 6) of
MSC-Exo, and the results are deposited in the GEO data-
base of NCBI (GEO database: GSE 159814). The sequence
results are provided in Additional file 6. Small RNA se-
quencing identified approximately 990 miRNAs in MSC-
Exo. Further analysis showed a linear relationship between
log-transformed standard deviation (SD) and transcripts
per million (TPM) values (see Additional file 7A).

The top 20 miRNAs (plus miR-145-5p) and the miRNA-
target network are provided (Fig. 1f, see Additional file 7B).
miR-199a-3p (Fig. 1f) and miR-145-5p [15] were very abun-
dant in MSC-Exo. We presumed that miR-199a-3p/145-5p
regulate the TrkA turnover, because we found the direct
relationship between miR-199a-3p and Cblb, miR-145-5p,
and Cbl through on-line bioinformatic analysis (see
Additional file 7B). As for Cbl and Cblb, they are critical
enzyme in the modulation of TrkA degradation by lyso-
some. Subsequently, we examined how the exosomal miR-
199a-3p/145-5p impact the neuronal differentiation
through the regulation of Cblb and Cbl genes.

miR-199a-3p/145-5p acted as critical effectors in MSC-
Exo-mediated neuronal differentiation of PC12 cells

in vitro and in vivo

To investigate the synergistic effects of miR-199a-3p/
145-5p in exosomes, we cotransfected MSCs with
miR-199a-3p/145-5p antisense RNAs and then puri-
fied exosomes from the culture supernatants of non-
treated MSCs (Exo) and cotransfected MSCs (Exo-K).
First, we confirmed that PC12 cell viability increased
dose-dependently with exosome concentrations (0, 1,
3, 5, 7, 10, 13, 15, 17, 20, 25 pg/ml), and 20 pg/ml
was the most effective concentration in PC12 cells
(1.6 times higher viability than that of the control)
(Fig. 2a). The successful endocytosis of MSC-Exo by
PC12 cells was confirmed by PKH26-labeled
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exosomes (See Additional file 8A). Subsequently, we
confirmed that the total RNA content was positively
associated with the amount of exosomal proteins (40,
60, 80, 100, 120, 150, 180, 200, 250, 280, 300 pg)
quantified by BCA assay (Fig. 2b). Moreover, the
levels of miR-199a-3p (Fig. 2c) and miR-145-5p
(Fig. 2d) showed a linear relationship with the
amount of exosomal proteins.

Interestingly, we found different miR-199a-3p/145-5p
expression profiles between primary neurons, astrocytes,
endothelial cells, and meningeal fibroblasts. Among
these four types of primary cells, neurons had the high-
est levels of miR-145-5p and the lowest levels miR-199a-
3p (see Additional file 8B). All primary cells were iso-
lated from rats (see Additional file 8C). Moreover,
through QRT-PCR analysis, we also discovered more
miR-199a-3p transcripts than miR-145-5p transcripts in
PC12 cells (See Additional file 8D).

Then, miR-199a-3p/145-5p expression was success-
fully inhibited in MSC-Exo (Exo-K) (Fig. 2e). Experi-
ments were conducted to determine the optimal
concentration of LPS, and the results demonstrated that
the LPS concentration (0, 1, 3, 5, 7, 10, 11, 13, 15, 17,
20 pg/ml) had a dose-dependent effect on PC12 cell
viability; 11 pg/ml LPS was selected to establish an injury
model in PC12 cells (Fig. 2f). Furthermore, when PC12
cells were pretreated with 20 pg/ml MSC-Exo, cell viabil-
ity was rescued (Fig. 2f). However, 20 pg/ml Exo-K could
not rescue PC12 cell viability (Fig. 2f).

Furthermore, we pretreated PC12 cells, which were
subsequently stimulated by NGF and LPS, with MSC-
Exo to investigate whether exosomal miR-199a-3p/145-
5p were indispensable in NGF-induced PC12 differenti-
ation. Our results showed that neuronal marker expres-
sion (NF-H, B-tubulin-III, Neu-N) suppressed by LPS
could be upregulated by Exo; however, this protective ef-
fect was partially abolished by knockdown of miR-199a-
3p/145-5p in MSC-Exo (Fig. 2g—i). The results also
showed that the downregulation of p-Akt and p-Erk
induced by LPS was also reversed by increasing doses of
MSC-Exo (Fig. 2k, 1). Moreover, the inhibition of PC12
neurite outgrowth induced by LPS, which was partially
reversed by MSC-Exo, was closely related to exosomal
miR-199a-3p/145-5p expression (Fig. 2m, n). More
importantly, we observed that neurons were greatly pre-
served at 3- and 35-days post injury (DPI) as demon-
strated by Neu-N staining (Fig. 3). The compromised
effect of Exo-K on the promotion of neurite outgrowth,
which was inhibited by LPS, was also observed in pri-
mary neurons in vitro (see Additional file 9A). Thus, the
presence of miR-199a-3p/145-5p recapitulated the neu-
roprotective effects of MSC-Exo, while miR-199a-3p/
145-5p knockdown suppressed these effects. Moreover,
we found that miR-199a-3p/145-5p levels in MSC-Exo
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Fig. 2 Exosomal miR-199a-3p/145-5p acted as critical effectors in the promotion of PC12 cell differentiation inhibited by LPS by regulating
downstream factors of NGF/TrkA. a Viability of PC12 cells treated with increasing doses of MSC-Exo (n = 3). Data are represented as mean + SD. b
The linear relationship between total RNA and exosomal proteins. The linear relationship between miR-199a-3p (c), miR-145-5p (d), and exosomal
proteins. e Relative miR-199a/145-5p expression in control MSC-Exo and MSC-Exo with the inhibition of miR-199a/145-5p (Exo-K) (n = 6). Data are
represented from min to max. f Cell viability of LPS-treated PC12 cells pre-stimulated with Exo and Exo-K. Data are represented as mean + SD. g—
j)Representative western blot images and quantitative analysis of NF-H, B-tubulin-Ill, and Neu-N expression in LPS- and NGF-stimulated PC12 cells
pretreated with Exo and Exo-K (n = 3). Data are represented as mean + SD. (k-l) Representative western blot images quantitative analysis of p-Akt
and p-Erk expression in LPS- and NGF-stimulated PC12 cells pretreated with different doses of exosomes (n = 3). Data are represented as mean +
SD. (m-n) Representative images and quantitative analysis of PC12 cell neurite growth (red arrow) in LPS- and NGF-stimulated PC12 cells treated
with Exo and Exo-K. Scale bar =50 um. Data are represented as mean + SD. *, p < 0.05; **, p < 0.01. LPS lipopolysaccharide, MSC mesenchymal
stem cell, MSC-Exo MSC-derived exosomes, Exo-K MSC-Exo with miRNA inhibition

were correlated with increased endothelial cell migration
and tube formation abilities, which were suppressed by
LPS (see Additional file 9B-E), while these effects were
compromised by MSC-Exo-K. This finding may explain

miR-199a-3p/145-5p promoted PC12 cell differentiation
by regulating downstream factors of NGF/TrkA

To investigate whether exogenous miR-199a-3p/145-5p
showed similar positive effects on neurite outgrowth, we

why exosomes are often administered in the early stage of
SCI, as the blood supply is potentially impacted as well. In
summary, miR-199a-3p/145-5p participated in MSC-Exo-
mediated neurite outgrowth in vitro and in vivo.

pretransfected miR-199a-3p/145-5p mimics into PC12
cells before treatment with LPS or NGF. The results re-
vealed that LPS dramatically reduced neuronal marker
(NF-H, B-tubulin-III, Neu-N) expression at the protein
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and mRNA levels, which was rescued by miR-199a-
3p/145-5p mimics in a dose-dependent manner
(Fig. 4a, b; Fig. 5a, b). The significant suppression of
p-Akt and p-Erk by LPS, which could be highly acti-
vated by NGF, was also partially promoted by miR-
199a-3p/145-5p mimics in a dose-dependent manner
(Fig. 4c, d; Fig. 5¢, d). Furthermore, increasing doses
of miR-199a-3p/145-5p mimics also led to dose-
dependent promotion of LPS-stimulated PC12 neurite
outgrowth, and neuronal markers (NF-H, B-tubulin-
III, Neu-N) were examined and visualized by confocal
microscopy (Fig. 4e, f; Fig. 5e, f). This observation
suggests that miR-199a-3p/145-5p are involved in the
NGEF/TrkA pathway and PC12 cell differentiation.

miR-199a-3p and miR-145-5p targeted the Cblb and Cbl
genes, respectively

Through bioinformatics prediction, we hypothesized that
Cblb and Cbl were direct targets of miR-199a-3p and

miR-145-5p, respectively (Fig. 6a, b). To investigate
whether miR-199a-3p regulated Cblb gene expression at
the transcriptional or posttranscriptional level, we trans-
fected both miR-199a-3p/145-5p mimics and inhibitors
into PC12 cells. Western blotting and QRT-PCR showed
that Cblb, and Cbl protein and mRNA expressions
decreased with increasing doses of the mimics and in-
creased with increasing doses of the inhibitors (Fig. 6¢c—e).
These results suggested that miR-199a-3p/145-5p sup-
pressed Cblb and Cbl expression in PC12 cells at the tran-
scriptional and posttranscriptional levels.

Furthermore, we cloned the two predicted wild-type
binding sites (WT-1/-2) and the mutant sites into plas-
mids and cotransfected the pGL3-reporter and pRL-TK
vector with miRNA mimics or inhibitors into HEK293
cells. A previous study predicted a relationship between
miR-199a-3p and Cblb, while our results demonstrated a
direct interaction between them. Significant changes in
relative luciferase activity in HEK293 cells transfected



Wang et al. Stem Cell Research & Therapy (2021) 12:117 Page 7 of 14

NF-H e 180-220KD p-Akt = — — — 60KD
Akt | — o —-— | 55 K]
B-tubulin-TIT 55KD p-Erk A | 44/42 KD
Neu-N [ 46-55KD Erk | =—-esesemes |44/42 KD
Practin [ e ——— | 455 et M ————] 45 KD
LPS - - + + + LPS - -+ +
Mimic - = = 50 100 Mimic = - = 50 100
NGF -+ + + + NGF - + + + o+
B protein expression mRNA expression
S > > S > ° N i S - -Erk/Erk
R af N S irs vimie NGE S o A K- S D pakvake P

..h - - = . - . QP of oF oF OLPS Mimic NGF o ¢® > \?
; . ———— 1 1
- - - - —a =)
*
X *
- - - -

".,.“-_ L&mmﬂ

-.T\ + 50
.,..j + 100

+ 4+ o+ o+
i

LPS - + + +
Mimic - - 50 100
NGF + + + +

Fig. 4 miR-199a-3p promoted the LPS-induced inhibition of PC12 cell differentiation by regulating downstream factors of NGF/TrkA. a, b
Representative western blot images and quantitative analysis of NF-H, 3-tubulin-lll, and Neu-N gene expressions in LPS- and NGF-stimulated PC12
cells pre-transfected with different doses of miR-199a-3p mimics. Data are represented as average value of 3 independent experiments. ¢, d
Representative western blot images and quantitative analysis of western blots of p-Akt and p-Erk expression (n = 3). Data are represented as
mean + SD. e, f Representative immunofluorescence images and quantitative analysis of cell neurite growth (red arrow) and neuronal marker
expression (NF-H, B-tubulin-lll, and Neu-N) in LPS- and NGF-stimulated PC12 cells pretreated with different doses of miR-199a-3p mimics (n = 3).
Data are represented as mean + SD. Scale bar =50 um. *p < 0.05; **p < 0.01, LPS lipopolysaccharide, NGF neuronal growth factor

with scramble sequence (Si NC group) were not mutant site was not significantly changed (Fig. 6h). The

observed, while decreased luciferase activity along with  scramble control did not influence luciferase activity in

increasing doses of the miR-199a-3p mimic was deter- HEK293 cells. These results suggested that miR-199a-

mined (Fig. 6f, g). Increased luciferase activity in  3p/145-5p suppressed Cblb and Cbl expression via direct

HEK293 cells was also observed when cells were trans-  binding to their predicted mRNA seed regions.

fected with 150 nm miR-199a-3p mimics (Fig. 6f, g).

Regardless of whether the cells were transfected with

miR-199a-3p mimics or inhibitors, the luciferase activity =~ Cblb and Cbl regulated the NGF/TrkA pathway through

of HEK293 cells transfected with a vector carrying modulation of TrkA ubiquitination

mutant sites was not affected (Fig. 6f, g). To further explore how Cblb and Cbl interact with the
Regardless of whether the cells were transfected with ~ NGF/TrkA pathway, we knocked down or overexpressed

miR-145-3p mimics or inhibitors, the luciferase activity these two genes in PC12 cells. First, we designed three

of HEK293 cells transfected with a vector carrying the siRNAs against the Cblb and Cbl genes, two of which (Si
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PC12 cells pre-transfected with different doses of miR-145a-5p mimics. Data are represented as average value of 3 independent experiments. ¢, d
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transfected with different doses of miR-145-5p mimics (n = 3). Data are represented as mean + SD. e, f Representative immunofluorescence
images and quantitative analysis of cell neurite growth (red arrow) and neuronal marker expression (NF-H, B-tubulin-lll, and Neu-N) in LPS- and
NGF-stimulated PC12 cells pretreated with different doses of miR-145a-5p mimics (n = 3). Data are represented as mean =+ SD. Scale bar =50 um.
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#1 and Si #2) were more effective in suppressing Cblb
and Cbl mRNA expression (see Additional file 10A-B;
10D-E). When Cblb and Cbl were knocked down by the
siRNAs, total ubiquitinated proteins in PC12 cells were
greatly reduced; however, a marked increase in TrkA
was observed compared with that in nontreated cells
(Fig. 7a, b). Single knockdown of Cblb or Cbl caused up-
regulation of p-Erk and p-Akt, and NGF activated p-Erk
and p-Akt (Fig. 7c, d), subsequently promoting NGF-
induced neurite outgrowth in PCI12 cells (see
Additional file 10C; 10F).

Then, we successfully upregulated Cblb and Cbl
expression in PC12 cells (see Additional file 11).
Overexpression of Cblb and Cbl led to higher ubiquiti-
nation levels of total proteins and lower expression of
TrkA (Fig. 7e, f). NGF stimulation accelerated the deg-
radation process of TrkA when Cblb and Cbl were
overexpressed, but this process was inhibited by the
proteasome inhibitor MG-132 (Fig. 7e, f). We also
found that NGF-activated p-Erk and p-Akt were fur-
ther upregulated in Cblb- and Cbl-overexpressing cells
by the protease inhibitor MG-132 (Fig. 7g, h). More
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importantly, we pulled down Cblb and Cbl proteins in
PC12 cells with knockdown and overexpression of
Cblb and Cbl by using a primary antibody against
TrkA, further confirming the direct interaction be-
tween Cblb and TrkA (Fig. 7i, j).

Exosomal miR-199a-3p/145-5p alleviated damage to the
lesion site and facilitated locomotor function in SCI rats
In vivo, we injected the rats with PBS, Exo, and Exo-K
via the tail vein. The high expression of miR-199a-3p
and miR-145-5p in rats receiving Exo injection was

partially downregulated in rats receiving Exo-K injection,
which implied the successful delivery of the miRNAs by
exosomes (Fig. 8a). Furtherly, track of PKH26-labeled
exosomes by immunofluorescence in vivo proved this
point (see Additional file 12). We also observed that the
increase in TrkA in rats receiving Exo injection was
partly downregulated in rats receiving Exo-K injection at
3 DPI (Fig. 8b). Exo injection exerted an antiapoptotic
effect on the lesion site, while this effect was abrogated
with the inhibition of miR-199a-3p/145-5p (Fig. 8c, d).
Decreased inflammatory levels in vivo were also partially
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attributed to exosomal miR-199a-3p/145-5p levels (see
Additional file 13).

The Basso, Beattie and Bresnahan (BBB) scale was
used to assess the locomotor function of the hindlimbs
of rats, and the values were recorded from onset to 35
DPI. Strongly impaired locomotor function of the hin-
dlimbs of rats was observed on the 1st DPI, and signifi-
cant improvement was detected on the 7th DPI (Fig. 8e).
Hematoxylin-eosin (HE) staining showed that the dam-
age at the lesion site of SCI rats was smaller than that of
SCI + Exo rats. Interestingly, this protective effect was
partially suppressed when miR-199a-3p/145-5p were
inhibited in MSC-Exo (Fig. 8f, g). We further detected
spinal cord damage in vivo, and the MRI results

indicated that MSC-Exo greatly decreased the lesion size
of the injured spinal cord, while Exo-K exerted weaker
protective effects on the damaged spinal cord (Fig. 8h).
These data indicated the pivotal roles of miR-199a-3p/
145-5p in MSC-Exo-mediated treatment of SCI in vivo
(Fig. 9). Cbl and Cbl inhibition by exosomal miR-199a-
3p/145-5p emphasized the neuroprotective effect of
MSC-Exo.

Discussion

miRNAs, noncoding RNAs of approximately 22 nucleo-
tides, depending on the exosomal origins, are markedly
enriched in exosomes and target mRNAs by binding to
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their 3'UTRs [16, 17]. The hUC-MSC-derived exosomal
miRNA expression profiles first identified by Fang using
QRT-PCR (miR-21, -23a, -125b, -145) [18] and then
quantified by us using absolute quantitative sequencing
shared similar results. Cargo miRNAs, as the most abun-
dant nucleotides in exosomes, are receiving increasing
attention from researchers, mainly owing to the

improved understanding of miRNAs and advances in the
techniques used to investigate miRNAs.

Findings showing attenuated central inflammation
in rats through detection of IL-1, IL-6, and TNF-q;
upregulation of proinflammatory cytokines (IL-4, IL-
10); and reduction in apoptotic neurons in the early
process of exosomal treatment [14] were consistent



Wang et al. Stem Cell Research & Therapy (2021) 12:117

Page 12 of 14

TrkA

MHC

Degraded
TrkA

Y p-Erk ]

and neurite outgrowth

Cbl mRNA

2
Chlb h/\/\}' i‘

Cblb mRNA

N 7

b ~ - ¢ "u
p-Akt \ /Akt Erk >
. s INING\
Sustained . =7
e SE eI
Activation ~  T~—0  _— =TT o= e * B-tubulin-

Fig. 9 Signaling pathways affected by exosomal miR-199a-3p/145-5p. Exogenous exosomes from human umbilical cord mesenchymal stem cells
are taken up by damaged neurons and release abundant levels of miRNA-199a-3p/145-5p, which target Cblb and Cbl mRNAs to inhibit the
ubiquitination-mediated degradation of TrkA. Sustained activation of p-Erk and p-Akt leads to persistent expression of Neu-N, NF-H, 3-tubulin-Ill,

miR-1992-3p

p- p-

Neurite
Outgrowth

I

with our results. Improvement of the microenviron-
ment at the lesion site enhanced neurite outgrowth-
related p-Akt/p-Erk pathway activation by NGF in
PC12 cells and decreased secondary apoptosis of neu-
rons. However, there is less evidence that exosomal
miRNAs are involved in the protection of neurons at
the early stage of SCI, and the underlying mechanism
remains unclear. The injury model of PC12 cells was
established by using LPS instead of other inflamma-
tory cytokines as previously reported [19] because
both LPS model and other inflammatory models truly
reflect the damaged status of neurons under inflam-
mation [20, 21]. Through knockdown of mir-199a-3p/
145-5p in exoxomes, we demonstrated the crucial role
of mir-199a-3p/145-5p in the neuronal differentiation
promoted by exosomes. Furtherly, we predicted that
Cblb and Cbl genes are targeted by miR-199a-3p and
miR-145-5p.

The protooncogenes Cbl and Cblb have been sug-
gested to have a negative effect on RTKs, and the regula-
tion of both genes is analogous to that of T cell receptor
and epidermal growth factor (EGFR) [22-25]. As dem-
onstrated for RTKs, E3 ubiquitin ligases such as
NEDD4-2, tumor necrosis factor receptor-associated fac-
tor 6 (TRAF6), Cbl, and Cblb facilitate TrkA ubiquitina-
tion, internalization, and turnover [26-28]. Ubiquitins

(Cbl and Cblb) are conjugated onto TrkA along with the
onset of self-phosphorylation of intracellular peptide
fragments of TrkA, which can be suppressed by exoso-
mal miR-199a-3p/145-5p in vivo and in vitro. Through
an in vitro study, we determined that the Cbl mRNA 3’
UTR was the target of miR-145-5p and that the Cblb
mRNA 3'UTR was the target of miR-199a-3p. The pre-
dicted biding site of Cbl mRNA for miR-145-5p is first
reported and proved by us; interestingly, the predicted
biding site of Cblb mRNA for miR-199a-3p was previ-
ously reported but not examined in RAW264.7 cells by
Rong [29].

In the absence of the Cbl and Cblb genes, an activa-
tion of the p-Akt/p-Erk pathways and increased neurite
growth stimulated by NGF were observed. However,
both the p-Akt/p-Erk pathways were soon downregu-
lated, which was associated with rapid degradation of
TrkA in response to NGF stimulation and the overex-
pression of Cblb and Cbl genes. Similar to Takahashi’s
results [27-30], our co-IP data showed that TrkA ubi-
quitination and degradation were statistically affected by
Cbl, but the domain of TrkA required for ubiquitination
by Cbl remains unclear. The mechanisms of the TrkA-
Cblb interaction may involve the TKB domain (an SH2-
like domain) promoting the binding of phosphorylated
tyrosine on activated TrkA and Src homology 2 adapter
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protein 2 (SH2B2, also known as APS) [31]. We showed Additional file 8. Images of MSC-Exo taken up by PC12 cells and miR-
from two aspects that the levels of Cblb and Cbl pro- 199a-3p and miR-145-5p expression profiles in different cells. (A) Repre-

teins, which could be Clearly reduced by exosomal miR- sentative images of MSC-Exo taken up by PC12 cells. Scale bar=25 pm.
(B) The morphology of primary neurons, astrocytes, endothelial cells and

NAs, were associated with neurite outgrOWth in PCI2 meningeal fibroblasts visualized by an inverted fluorescence microscope.
cells and were potential influencing factors for SCI by af- Scale bar=50 pm. MSC-Exo, MSC-derived exosomes; QRT-PCR, quantitative
fecting the turnover and/or activation of TrkA and | reaktime polymerase chain reaction.
maintaining sustained activation of p-Erk/p—Akt and Additional file 9. The effects of exosomal miR-199a-3p/miR-145-5p on
. N . . . endothelial cell migration, tube formation, and neurite outgrowth of pri-
neurite OUtgrOWth' Intrlgl’ungly’ this theory 18 potentlally mary neurons in vitro. (A) Representative images of neurite outgrowth
suitable for other E3 ubiquitin ligases, other Trk mem- (red arrow) in LPS-stimulated primary neurons pretreated with Exo and
bers regulating neurite outgrowth, and these E3 ubiqui- Exo-K. Scale bar=50 pm. (B) Representative images of cell migration in
. . . LPS-stimulated endothelial cells pretreated with Exo and Exo-K (n=3).
tin hgases are underlylng targets of exosomes that are Scale bar=50 pm. (C) Representative images of tube formation in LPS-
enriched for regulatory noncoding RNAs. Furthermore, stimulated endothelial cells pretreated with Exo and Exo-K (n=3). Scale
knockdown of both miRNAs in exosomes directly led to bar=50 um. (D) Quantitative analysis of migrated cells in (B) and (E) the
. . . . . length of the tubes in (C). Data are represented as mean + SD. LPS, lipo-
lower expression of TrkA in vivo and 1mpa1red neuro- polysaccharide; MSC, mesenchymal stem cell; MSC-Exo, MSC-derived exo-
logical function in SCI rats, which emphasized the ef- somes; Exo-K, MSC-Exo with the inhibition of miRNAs.
fects of miR-199a-3p/145-5p in vivo. Additional file 10. Knockdown of Cblb and Cbl increased NGF-induced
Even though multiple drugs’ such as nonsteroidal anti- neurite outgrowth in PC12 cells. Cblb mRNA level in nontransfected PC12
. . . . cells and PC12 cells transfected with scramble sequence, Cblb SIRNA #1,
lnﬂammatory drugs (NSAIDS)’ anti-CD11d antlbOdles’ SIRNA #2, and SiRNA #3 as detected by QRT-PCR (A). Data are repre-
minocycline, progesterone, estrogen, riluzole, polyethyl- sented as mean + SD. Quantitative analysis (B) and representative images
ene gly’COl (PEG), astatin and inosine, are ah«eady used in (O) of cell neurite growth in NGF-stimulated PC12 cells transfected with
.. c c . scramble sequence, Cblb SiIRNA #1 and SIRNA #2. Scale bar=50 um. Data
human - clinical apphcatlons, SatISfylng outcomes are are represented as mean + SD. Cbl mRNA level in nontransfected PC12
rarely obtained [32]. The use of exosomes in treating cells and PC12 cells transfected with scramble sequence, Cbl SIRNA #1,

SCI is mainly due to the therapeutic effect of stem cells, SIRNA #2, and SIRNA #3 as detected by QRT-PCR (D). Data are repre-

. . . . sented as mean + SD. Quantitative analysis (E) and representative images
which is thought to be a result of paracrine meChanlsms’ (F) of cell neurite growth in NGF-stimulated PC12 cells transfected with

and an increasing number of researchers speculate that scramble sequence, Cblb SIRNA #1 and SIRNA #2. Scale bar=50 pm. Data
exosomes are a promising next—generation cell-free agent. are represented as mean + SD. NGF, neuronal growth factor; QRT-PCR,

. . . uantitative real-time polymerase chain reaction.
However, rigorous assessment of their efficacy and safety i oy

d detailed hani £ acti tl ded Additional file 11. Overexpression of Cblb and Cbl in PC12 cells. (A)
an ctalled mechanisms oI action are urgently neede Quantitative analysis of Cblb mRNA expression by QRT-PCR (B) and repre-

before or in conjunction with clinical application. sentative western blot images of Cblb. (C) Quantitative analysis of Cbl

mMRNA expression by QRT-PCR (B) and representative western blot images

of Cbl. Data are represented as mean + SD. QRT-PCR, quantitative real-

Conclusions time polymerase chain reaction.; EGFP; enhanced green fluorescent

In summary, miR-199a-3p/145-5p derived from hUC- prOte_'?‘ ) o

MSCs could promote locomotor functional recovery of Additional file 12. Track of PKH26-labelled exosomes in vivo by con-

p ry focal microscope. The nucleus (blue), Neu-N (green) and PHK26 (red and

SCI rats POtentiaHY bY targeting the Cblb and Cbl genes, indicated by the red arrow) were stained to identify the uptake of exo-

which resulted in modulation of the turnover and/or acti- somes by the injured neurons.

vation of TrkA. Furthermore, exosomes tended to pro- Additional file 13. Exosomal 199a-3p/145-5p strongly reduced inflam-
ted it torowth by d . the infl t mation levels. Representative western blot images (A) and quantitative

moted neurite outgro Yy decreasing the inflammatory analysis of IL-1 (B), IL-6 (C) and TNF-a (D). Data are represented as mean

level at the lesion site of the spinal cord, creating a favor- +5D.

able environment for neurite outgrowth.
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