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Abstract

Background: Exosomes are extracellular vesicles of nano-structures and represent an emerging nano-scale acellular
therapy in recent years. Tendon regeneration is a sophisticated process in the field of microsurgery due to its poor
natural healing ability. To date, no successful long-term solution has been provided for the healing of tendon injuries.
Functional recovery requires advanced treatment strategies. Human umbilical cord mesenchymal stem cell-derived
exosomes (HUMSC-Exos) are considered as promising cell-free therapeutic agents. However, few studies reported
their potential in the tendon repair previously. In this study, we explored the roles and underlying mechanisms of
HUMSC-Exos in the tendon regeneration.

Results: Expression of tendon-specific markers in, and collagen deposition by, tendon-derived stem cells (TDSCs)
treated with HUMSC-Exos increased in vitro. In a rat Achilles tendon injury model, treatment with HUMSC-Exos
improved the histological structure, enhanced tendon-specific matrix components, and optimized biomechanical
properties of the Achilles tendon. Findings in miRNA sequencing indicated a significant increase in miR-29a-3p in
HUMSC-Exo-treated Achilles tendons. Next, luciferase assay in combination with western blot identified phosphatase
and tensin homolog (PTEN) as the specific target of miR-29a-3p. Furthermore, we applied a miR-29a-3p-specific ago-
nist to engineer HUMSC-Exos. These HUMSC-Exos overexpressing miR-29a-3p amplified the gain effects of HUMSC-
Exos on tendon healing in vivo. To explore the underlying mechanisms, a transforming growth factor-31 (TGF-31)
inhibitor (SB-431542), mTOR inhibitor (rapamycin), and engineered HUMSC-Exos were employed. The results showed
that TGF-B1 and mTOR signaling were involved in the beneficial effects of HUMSC-Exos on tendon regeneration.

Conclusion: The findings in our study suggest that PTEN/mTOR/TGF-f1 signaling cascades may be a potential path-
way for HUMSC-Exos to deliver miR-29a-3p for tendon healing and implicate a novel therapeutic strategy for tendon
regeneration via engineered stem cell-derived exosomes.
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Introduction

Tendon injuries including tendon rupture are common
in sports and workplaces. However, the hypocellular and
hypovascular nature of tendon makes the healing a slow
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in understanding the pathogenesis of tendon develop-
ment and tendon injury have hampered the advances
in clinical treatments. Although conventional surgery-
based therapy methods are in use at present, they require
long-term recovery and bring pain and inconvenience to
patients [1, 3, 4]. Therefore, alternative treatment strate-
gies are urgently required.

Exosomes are small (diameter of ~30-200 nm) single-
membrane vesicles derived from intracellular bodies. A
number of evidences show that exosomes exist in almost
all mammalian cells [5-7]. In cellular communication,
exosomes deliver effectors such as proteins, mRNAs, or
microRNAs (miRNAs/miRs) to regulate the functions
of recipient cells or tissues [8]. It’s known that exosomes
have huge potential in tissue regeneration and effectively
reduce the side effects of cell therapy [9-13]. In recent
years, various cell-derived exosomes have attracted
considerable attention in musculoskeletal pathologies.
Currently it is known that exosomes in musculoskel-
etal systems alleviate osteoarthritis [14—16], rheumatoid
arthritis [17] and osteoporosis [18, 19] and promote oste-
ointegration [20, 21], skeletal muscle or ligament repair
[22]. However, there are currently short of exosomes
associated with tendon regeneration. Among all the cell
sources, stem cell-derived exosomes are most promising
concerning their effects in tissue regeneration and repair
[23-25].

Human umbilical cord mesenchymal stem cells (HUM-
SCs) are considered to have broad application pros-
pects. Umbilical cords represent an attractive source of
cells from available MSCs for their cost-effectiveness,
efficiency, feasibility, acceptability, and universality [26,
27]. In recent years, human umbilical cord mesenchy-
mal stem cells-derived exosomes (HUMSC-Exos) have
emerged in the field of tissue regeneration and repair
due to its unique advantages. The currently proven roles
of HUMSC-Exos included promoting skin healing [28],
vaginal epithelial regeneration [29] and fracture healing
[30], alleviating type-2 diabetes [31], heart failure [32],
and wound inflammation [33]. Therefore, we hypothe-
sized that HUMSC-Exos may effectively promote tendon
healing.

MiRNAs are a class of noncoding small RNAs. They
may regulate gene expression at the post-transcriptional
or translational level [34]. Emerging research has high-
lighted miRNAs as important regulators of musculoskel-
etal diseases, although their acting mechanisms in these
complex diseases remain unclear [35]. The miR-29 fam-
ily has been considered a key regulator of tissue fibrosis
[36]. Recently, genome-wide and genetic analyses have
revealed that miR-29a plays an important role in ten-
don differentiation [37]. In particular, it is suggested that
miRNAs may serve as key regulators of certain molecular

Page 2 of 18

pathways (involving Wnt, NF-kB, mTOR, TGF-p, and
sirtuins) [38]. Transcriptome analysis of mouse tendons
revealed that TGF-P signaling was modified to a great
extent among many pathways. Furthermore, other stud-
ies showed that the transforming growth factor-B1 (TGE-
B1)/Smad 2/3 pathway regulated the development of limb
tendons [39, 40]. It is widely believed that the mTOR
pathway plays an important role in regulating musculo-
skeletal stem cell differentiation [41-44]. Notably, some
latest researches suggests that mTOR signaling is effec-
tive in regulating tendon differentiation [45, 46].

In the present study, we demonstrated that HUMSC-
Exos promoted tendon healing in vivo and in vitro. We
further carried out deep RNA sequencing and found that
HUMSC-Exos promoted higher expressions of endog-
enous miR-29a-3p in rat tendons. In addition, specific
agonist targeting miR-29a-3p are used for HUMSCs to
harvest engineered HUMSC-exos that overexpress miR-
29a-3p. Later, we pleasantly revealed that HUMSC-Exos
overexpress miR-29a-3p amplified the effect of ten-
don healing by regulating the phosphatase and tensin
homolog (PTEN) /mTOR/TGF-B1 signaling pathway.
The findings provide a novel alternative treatment strat-
egy based on cell-free exosomes for tendon regeneration.

Materials and methods

Isolation and characterization of exosomes

Exosomes derived from HUMSCs were extracted by
ultracentrifugation, as shown in a previous study [47].
In brief, the serum-free medium was collected from pas-
sages 3—6 of the HUMSCs. The collected medium was
centrifuged at 1000xg for 10 min at 4 °C and then fil-
tered with a 0.2-mm filter. This filtered medium was then
ultracentrifuged at 100,000xg at 4 °C for 4 h, the pellet
was then suspended in PBS, and re-ultracentrifuged at
100,000 x g for 20 min. Finally, the pellet was resuspended
in 50 uL PBS. The HUMSC-Exos were stored at —80 °C,
and their concentrations were measured using a bovine
serum albumin (BSA) kit (Gibco, USA). Electron micros-
copy (Hitachi H7500, Tokyo, Japan) was employed to
identify the morphology of the exosomes. Exosome par-
ticle size were determined using nanoparticle tracking
analysis (NTA) and ZetaView PMX 120 (Particle Metrix,
Meerbusch, Germany). The surface markers of HUMSC-
Exos were determined by western blot analysis.

Cell culture and treatment

Tendon-derived stem cells (TDSCs) were extracted
according to established protocols [20]. Patellar tendon
tissues were harvested from 4 to 6-week-old male SD
rats, the tissues were minced and digested using colla-
genase type 1 (Sigma-Aldrich, MO, USA). The cell sus-
pension was incubated with Dulbecco’s Modified Eagle
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Medium (DMEM) Low Glucose, 10% fetal bovine serum
(FBS), 100 U/mL penicillin, and 100 pg/mL streptomycin
(all from Gibco, USA), the medium was replaced every
2-3 days. The differentiation potentials of TDSCs were
determined by osteogenic, adipogenic, and chondrogenic
differentiation assays in vitro. The surface antigens of
TDSCs were detected by flow cytometry (Beckman Coul-
ter, CA, USA). Fourth generation cells were used for all
experiments.

HUMSCs were purchased from the Shanghai Institute
of Life Sciences, Chinese Academy of Sciences. The cells
were cultured in a-MEM (Gibco, USA) supplemented
with 5% UltraGRO" (AventaCell, USA) and 1% penicil-
lin and streptomycin (Gibco, USA), the medium was
changed every 2-3 days. The 3—-6th generation cell cul-
ture supernatant was used for the test. For in vitro assays,
we collected the supernatant of serum-free medium
with a count of 5x 10° HUMSCs, which corresponded
to ~1.2 x 10 '° particles of the donor, as determined by
NTA. Four groups were assigned for in vitro studies: (1)
the TDSCs without any treatment; (2) the TDSCs treated
with supernatants in the presence of HUMSC-Exos; (3)
the TDSCs treated with supernatants in the absence of
HUMSC-Exos; (4) the TDSCs treated with HUMSC-Exos
alone; all treatments were lasts for 72 h.

In the other part of the in vitro assay, agomir-NC-Exo,
agomir-29a-Exo, 10 uM TGEF-B1 inhibitor (SB-431542,
Cell Signaling Technology, MA, USA), and 20 pM mTOR
inhibitor (rapamycin, Cell Signaling Technology, MA,
USA) were employed to treat TDSCs for 72 h.

For exploration of the role of miR-29a-3p in tenogen-
esis, specific agonist, antagonist and negative control tar-
geting hsa-miR-29a-3p (100 nM, RiboBio, Guangzhou,
China) were used to treat HUMSCs for 72 h, followed
by the collection of supernatants and extraction of the
€xosomes.

Luciferase assay

Full length of wild-type and mutant 3’'UTR of PTEN
mRNA were amplified using PCR and inserted into
the pmiR-RB-Report’" double luciferase report vec-
tors (Ribobio Co, Guangzhou, China). Cells were trans-
fected with luciferase report vectors and agomir-29a or
agomir-NC using Lipofectamine 2000 (Invitrogen). After
72 h, the luciferase activity was determined using the
dual-luciferase reporter assay system (Promega, USA)
according to the manufacturer’s instructions. Normal-
ized luciferase activity was calculated as the relative value
of Firefly luciferase activity to Renilla luciferase activity.

Flow cytometry
The surface antigens of TDSCs were detected by flow
cytometry (Beckman Coulter, CA, USA). The antibodies
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were incubated with TDSCs for 30 min at room tem-
perature using standard procedures [48]. The cells were
washed twice with PBS and resuspended in 500-uL PBS.
Primary antibodies included anti-CD90 (Abcam, ab225),
anti-CD34 (Abcam, ab81289), anti-CD44 (Abcam,
ab157107), and anti-CD45 (Abcam, ab10558). The per-
centage of cells was analyzed using FlowJo Software (Tri
Star Inc, Ashland, USA).

Sirius red staining

Collagen content was determined by Sirius Red stain-
ing. TDSCs were randomly divided into the supernatant,
supernatant without HUMSC-Exos, HUMSC-Exos, and
the control groups. When TDSCs reached 80% conflu-
ence after culturing for 72 h, the cells were first fixed with
4% PFA for 10 min, and then washed thrice with PBS. The
Sirius Red reagent (Hyclone, USA) was then added for
30 min at room temperature. The color was eluted with a
1-mL mixed solution of NaOH and absolute methanol at
an equal ratio. The fluorescence was measured at a wave-
length of 540 nm using a spectrophotometer (BioTek
Instruments Inc., VT, USA).

Western blot analysis

Tensile tissue, cells, or exosomes were lysed in radioim-
munoprecipitation buffer (RIPA) as previously described
to collect proteins [49]. They were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis gel
(SDS-PAGE). The protein was transferred to a polyvi-
nylidene fluoride (PVDE, Millipore, USA) membrane via
an electroporation system, blocked with 5% nonfat milk
and then incubated at 4 °C overnight with the following
primary antibodies: anti-CD9 (Abcam, ab92726), anti-
CD63 (Abcam, ab217345), anti-Alix (Abcam, ab117600),
anti-COL1A1 (Abcam, ab34710), anti-COL3A1 (Abcam,
ab7778), anti-decorin (DCN; Affinity Biosciences,
DF6543), anti-scleraxis (SCXA; Abcam, ab58655),
anti-tenomodulin (TNMD; Abcam, ab203676), anti-
mohawk (MKX; Santa Cruz Biotechnology, sc-515878),
anti-TGF-B1 (Abcam, ab92486), anti-p-Smad3 (Abcam,
ab52903), anti-p-mTOR (Cell Signaling Technology,
#5536). Anti-p-actin (Abcam, ab8226) was used as con-
trol. The Bands were scanned using an enhanced chemi-
luminescence detection system and quantified using
Image] software.

Quantitative RT-PCR analysis (Q-RT-PCR)
For miRNA detection, miRNA was extracted using a
miRNA Isolation Kit (BioFlux, Japan), and then, PCR
reactions were performed, U6 was used as the standard-
ized internal reference.

The primer sequences used for the analysis were as
follows:
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hsa-miR-29a-3p: forward 5-CTCAACTGGTGT
CGTGGAGTCGGCAATTCAGTTGAGTAACCG
AT-3’, reverse 5-ACACTCCAGCTGGGTAGC
ACCATCTGAAAT-3'

rno-miR-29a-3p: forward 5-CTCAACTGGTGT
CGTGGAGTCGGCAATTCAGTTGAGTAACCG
AT-3/, reverse 5-ACACTCCAGCTGGGTAGC
ACCATCTGAAAT-3’

U6  primers: forward 5-CTCGCTTCGGCA
GCACA-3, reverse 5-AACGCTTCACGAATT
TGCGT-3'.

Exosomal repair of rat tendon defects in vivo

Animal procedures in this study were approved by the
Animal Care Committee of Shanghai Jiao Tong Univer-
sity Affiliated Sixth People’s Hospital (No. DWLL2019-
0290). Adult male Sprague—Dawley (SD) rats (weight:
200-220 g) were randomly assigned to different treat-
ment groups (n=30 per group). The animals were
anesthetized with a 3% pentobarbital intraperitoneal
injection, and then, a 5x 1-mm? rectangular full-thick-
ness defect was introduced to the left Achilles tendon
of the rats. In the first part of the animal experiment,
rats subjected to the surgical operation were randomly
divided into three groups: (1) sham group: no other treat-
ment after surgical procedures, (2) fibrin group: implan-
tation with 50 pL fibrin glue at the tendon defect site, and
(3) HUMSC-Exo group: implantation with 50 pL fibrin
glue+100 pg HUMSC-Exos at the tendon defect site.
The regenerated tendons were collected at 2 and 4 weeks
for histology, immunochemistry, and biomechanical
analysis.

In the second part of the animal experiment, the rats
subjected to the surgical operation were randomly allo-
cated into three groups: (1) sham group: no other treat-
ment after surgical procedures, (2) Agomir-NC-Exo
group: implantation with 50 pL fibrin glue+100 pg
agomir-29a-Exo at the tendon defect site, and (3) Ago-
mir-29a-Exo group: implantation with 50 pL fibrin
glue+ 100 pg agomir-29a-Exo at the tendon defect site.
The treated tendons were collected at 4 weeks for immu-
nochemistry and biomechanical evaluation.

Small RNA sequencing

The total RNAs of the Achilles tendons were extracted
and used for miRNA sequencing (miRNA-seq). Library
preparation and miRNA-seq were performed by Shang-
hai Jiao Tong University. After fractionating the total
RNA from the tendon tissues, small RNAs ranging from
18 to 30 nucleotides (nt) were used for library prepara-
tion. The PCR products were sequenced using the HiSeq
2500 platform (Illumina, San Diego, CA, USA).
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Histological staining and evaluation

Rats were euthanized at 2 and 4 weeks to collect tendon
tissues. The tissues were fixed in 10% buffered formalin
for 48 h to obtain paraffin sections (5 um). The paraf-
fin sections were processed for hematoxylin and eosin
(H&E) staining or Masson trichrome staining and were
observed under an optical microscope (Leica Microsys-
tems, Wetzlar, Germany). Semiquantitative analysis was
conducted as published previously (n=6 per group) [24].

Immunohistochemistry and cellular immunofluorescence
Tendon sections were stained using a standardized pro-
cedure and incubated overnight at 4 °C with primary
antibodies: anti-COL1A1 (Abcam, ab34710), anti-SCXA
(Abcam, ab58655), and anti-TNMD (Abcam, ab203676).
The sections were washed three times with PBS the
next day and incubated with the secondary antibod-
ies for 30 min at room temperature. 4/,6-Dimercapto-
2-phenylindole (DAPI, Gibco, USA) was used for nuclear
staining.

For cellular immunofluorescence (IF), cell slides were
fixed with 4% paraformaldehyde (PFA) and incubated
overnight at 4 °C with primary antibodies: anti-COL1A1
(Abcam, ab34710), anti-COL3A1 (Abcam, ab7778), anti-
DCN (Affinity Biosciences, DF6543), and anti-TNMD
(Abcam, ab203676). The slides were incubated with flu-
orescently conjugated secondary antibodies for 30 min
at room temperature in the dark. DAPI was used for
nuclear staining. The image was observed and captured
with a fluorescence microscope (Olympus, Tokyo, Japan).
Image] software was used for semi-quantitative analysis.

Biomechanical test

Achilles tendons were collected at 2 and 4 weeks (n=6
per group). The tendon tissues were preserved in a moist
gauze to prevent drying. The proximal and distal ends of
the tendon were respectively attached to the special fix-
ture. The proximal end was first frozen with liquid nitro-
gen and was fixed with a clamp [23]. All tendons were
mounted on the Instron 5569 Universal Testing System
(Instron, MA, USA). The tendons were subjected to a ten-
sile test (axial velocity: 30 mm/min, with 0.1-N preload
using a 100-N load cell) until maximum load failure was
achieved. The biomechanical properties of the Achilles
tendon were evaluated by ultimate tensile strength (UTS)
(N), stiffness (N/mm), and Young’s modulus.

Statistical analysis

All data are presented as mean =+ standard deviation (SD).
The comparisons of data between multiple groups were
analyzed using one-way analysis of variance (ANOVA)
and those between two groups were analyzed using
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Student’s ¢-test to assess the significance of differences.
All data analyses were performed with Prism 7.0 (Graph-
Pad). The level of significance was set at P value <0.05.

Results

Identification and characterization of HUMSC-Exos

and TDSCs

As shown in Fig. 1, an electron microscope was employed
to observe the morphology of the exosomes (Fig. 1A).
The NTA indicated an abundance of HUMSC-derived
vesicles with an average diameter of 137.6 nm (Fig. 1B),
further, the western blot analysis showed that exosomal
specific markers including CD9, CD63, and Alix were
positive (Fig. 1C). The above results indicated their iden-
tity as exosomes. Additionally, PKH67 staining of Exos
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for cellular uptake observation showed that HUMSC-
Exos were effectively absorbed by TDSCs (Fig. 1D).

To identify whether cells cultured using low-density
plating were TDSCs, we examined the multipotential dif-
ferentiation of cells. Osteogenic differentiation showed
that most cells had mineralized calcium deposits (Fig. 1F)
and Oil Red O staining results confirmed adipogenic dif-
ferentiation (Fig. 1G). The ability of the cultured cells to
differentiate into chondrocytes was demonstrated by
Alcian Blue staining (Fig. 1H). In addition, we employed
flow cytometry to identify the surface antigens of TDSCs.
The results showed that CD34 and CD45 were negatively
expressed, while CD90 and CD44 had highly positive
expressions (Fig. 1E). The above results indicated that the
cells isolated from the rat patellar tendons were TDSCs.
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Fig. 1 Identification of exosomes and TDSCs. A Representative image of HUMSC-Exos observed by electron microscopy. Scale bar: 200 nm. B

107

NTA observation of the size of the HUMSC-Exos. C Surface markers of HUMSCs and HUMSC-Exos measured using western blot. D Cellular uptake
of HUMSC-Exos by TDSCs observed using PKH67 staining, scale bar: 20 um. E Flow cytometry analysis of the surface antigens of TDSCs (n=5 per
group). TDSCs could differentiate into osteoblasts, adipocytes, and chondrocytes. F Alizarin Red S staining, scale bar: 50 um. G Oil Red O staining,
scale bar: 25 um. H Alcian Blue staining, scale bar: 25 um
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HUMSC-Exos promoted the expression of tendon markers
in TDSCs in vitro

To determine the effect of HUMSC-Exos on TDSCs,
a serum-free medium supernatant with a count of
5x 10° HUMSCs was collected, which corresponds to
~1.2x10% particles of the donor, as determined by NTA.
TDSCs were treated with supernatants in the presence or
absence of HUMSC-Exos or with HUMSC-Exos alone for
72 h. HUMSC-Exos and HUMSC supernatant-containing
exosomes (HUMSC-Sup) promoted the expression of
tendon-specific markers such as COL1A1, SCXA, DCN,
and TNMD compared with the control group, and there
was no statistical difference between the previous two
groups. However, COL3A1 expression did not show any
significant difference among the four groups. The level
of MKX significantly increased in the supernatant group
compared with that in the control group, however, no
increase was observed in the HUMSC-Exo group. For all
indicators, the HUMSC-Exo group obtained significantly
better results than the supernatant without exosomes
(Sup) group except for COL3A1 (Fig. 2F). The results
of IF also reached similar conclusions. Specifically, the
staining density of COL1A1 in HUMSC-Sup or HUMSC-
Exo group was both much stronger than that in the Con-
trol or Sup group, though no significant difference was
found between the HUMSC-Sup and HUMSC-Exo group
(Fig. 2A, B). The same is true for DCN and TNMD stain-
ing (Fig. 2A, D, E), while the staining density of COL3A1
was similar among groups (Fig. 2A, C). We next per-
formed Sirius Red staining to assess the collagen expres-
sion of TDSCs. The results showed that HUMSC-Exos
significantly increased collagen deposition (Fig. 2G, H).
All the above results indicated that HUMSC-Exos sig-
nificantly promoted the differentiation of TDSCs into the
tendon and accelerated the expression of tendon-specific
genes.

HUMSC-Exos accelerated tendon healing in vivo

We validated the effect of HUMSC-Exos in a rat ten-
don repair model. The HUMSC-Exos were transplanted
at the site of the tendon defect with fibrin glue as the
carrier, and the rat tendon specimens were collected
at 2 and 4 weeks, respectively. Histological analysis
showed that HUMSC-Exo-treated tendons exhibited
more regular and dense connective tissue filling. Mas-
son staining showed that the collagen deposition in the
HUMSC-Exo group was significantly higher than that
in the sham and fibrin groups (Fig. 3A, B). The histolog-
ical scores of the HUMSC-Exo group were significantly
lower than those of the sham and fibrin groups. The
results were similar at 2 and 4 weeks postoperatively
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(2 weeks: 14.1£+1.7 vs. 20.8+1.7, P<0.05, 4 weeks:
59+1.9 vs. 12.5+1.5, P<0.05) (Fig. 3C, D). Cells in
the HUMSC-Exo-treated group were distributed in a
spindle-like arrangement and the collagen fibers were
dense and regular, while for the other two control
groups, they were loose and relatively sparse.

We evaluated the expression of tendon markers by
immunohistochemistry at 4 weeks after surgery. The
results showed that the relative expressions of tendon
markers COL1A1, TNMD, and SCXA in the HUMSC-
Exo group were 2.1-fold, 1.6-fold, and 2.2-fold higher
than that of the sham group, respectively (Fig. 4A-D).
In addition, we further performed immunofluorescence
staining of COL1A1 and TNMD. The results were
similar with those of immunohistochemical staining
(Fig. 5A—-D). These results indicated that HUMSC-Exos
significantly promoted the deposition of the extracellu-
lar matrix (ECM) of the tendon and accelerated tendon
healing.

Next, we examined the biomechanical properties of
the healing tendons. During the test, five samples were
discarded because of slippage (2 from the HUMSC-Exo
group, 2 from the fibrin group, and 1 from the sham
group), and a total of 36 samples were tested (n=6
per group). The biomechanical properties of the ten-
dons in the HUMSC-Exo group were superior to those
in the sham group. In particular, in the HUMSC-Exo
group, the UTS was significantly higher than that in the
sham group at 2 weeks (41.3+£12.3 N vs. 25.0+£7.9 N,
P<0.05), however, there was no statistical differ-
ence between the HUMSC-Exo and the fibrin groups
(41.3+£12.3 N vs. 26.94+8.3 N, P>0.05). At 4 weeks,
there was no statistical significance among three groups
in terms of UTS, however, the highest tensile strength
was obtained in the HUMSC-Exo group (59.7+13.7 N
vs. 46.5+10.0 N vs. 442+11.0 N, P>0.05) (Fig. 4E).
In terms of stiffness, the HUMSC-Exo group was
significantly better than the sham group at 2 and
4 weeks, respectively (12.1+3.5 N/mm vs. 4.5+2.1 N/
mm, P<0.05 and 18.5+£5.5 N/mm vs. 11.1+4.8 N/
mm, P<0.05). The HUMSC-Exo group was superior
to the fibrin group at 2 weeks (12.1+3.5 N/mm vs.
5.04+2.0 N/mm, P<0.05), however, there was no sta-
tistically significance at 4 weeks (18.5+5.5 N/mm
vs. 13.7£4.5 N/mm, P>0.05) (Fig. 4F). The Young’s
modulus of the HUMSC-Exo group was higher than
that of the sham group at 2 weeks (16.0+7.4 MPa vs.
6.7 £4.3 MPa, P<0.05), but there was no significant dif-
ference at 4 weeks (40.2 + 14.0 MPa vs. 29.3 + 14.0 MPa,
P>0.05) (Fig. 4G). All of the above data indicated that
HUMSC-Exos enhanced biomechanical properties.
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MiRNA sequencing showed a significant increase
in miR-29a-3p expression in HUMSC-Exo-treated tendons
To investigate the detailed mechanism of HUMSC-

Exos accelerating tendon repair, we performed

high-throughput miRNA-seq of tendon tissues treated
with or without HUMSC-Exos, wherein 85 of the known
miRNAs were differentially expressed, with miR-29a-3p
being one of the most distinctly differentially expressed
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Fig. 3 Histological examination after application of HUMSC-Exos at injured tendons. A, B Representative H&E staining and Masson staining. C, D
Histology score of tendons at 2 and 4 weeks after injury. HUMSC-Exo-treated tendons showed better tendon morphology and density than the
sham and fibrin groups. Histological evaluation, the HUMSC-Exo group scores were lower than those of the sham group (n=6 per group). Scale bar:
100 pm. W: wound region, T: normal region. The yellow dotted line indicates the boundary between the new tendon tissue and normal tissue after

miRNAs (Fig. 6A). Next, we examined the expression
of miR-29a-3p between HUMSCs and HUMSC-Exos as
well as among differently treated tendons using Q-RT-
PCR. The results showed that the level of hsa-miR-29a-3p
was significantly higher in HUMSC-Exos than that in
HUMSC:s (Fig. 6B), and rno-miR-29a-3p expression was
also significantly elevated in the HUMSC-Exo-treated
tendon compared with that in the sham group (Fig. 6C).
For HUMSC-Exo-treated TDSCs, the expression of rno-
miR-29a-3p was also significantly enhanced compared
with that in the control group (Fig. 6D). Interestingly, we
found the hsa-miR-29a-3p and rno-miR-29a-3p shared
the same sequence, thus the upregulated rno-miR-29a-3p

presence in HUMSC-Exo-treated tendon is likely directly
granted by HUMSC-Exos.

In recent years, the miR-29 family has attracted
increasing attention for its role in tendinopathy and ten-
don development. Our miRNA-seq results also suggest a
potential role for miR-29a-3p in tendon healing, though
the downstream mechanism yet to be determined. How-
ever, in view of the results of the KEGG analysis of bio-
informatics, as shown in Fig. 6E, the mTOR signaling
pathway are highly enriched and thus became a candidate
target for our focus. Accordingly, WB results confirmed
an increase in p-mTOR expression in HUMSC-Exo-
treated tendons (Fig. 6F), indicating the activation
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Fig. 4 HUMSC-Exos improved histochemical and biomechanical performance in vivo. A-D Representative immunohistochemical staining and
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of mTOR signaling. Therefore, we hypothesized that
HUMSC may promote tendon healing by delivering
exosomal miR-29a-3p to regulate the mTOR signaling
pathway.

MiR-29a-3p targeted PTEN to mediate the effects

of HUMSC-Exos on mTOR signaling

In order to find the direct binding target of miR-29a-3p
that might modulate the mTOR signaling pathway, we
used the Targetscan algorithm to predict the binding
domain of miR-29a-3p and found PTEN as a potential
candidate. To confirm this, we constructed luciferase
vectors containing the PTEN 3'UTR sequence or mutant
PTEN 3'UTR sequence and transfected the TDSCs. After
treated with the miR-29a-3p agonist, we could observe
that the luciferase activity of the wild-type vector was
significantly inhibited while the luciferase activity of
the mutant vector remained unchanged, successfully
verifying the direct interaction between PTEN and
miR-29a-3p (Fig. 7A, B). In view of this finding, we next

determined whether the PTEN bridged the miR-29a-3p
containing HUMSC-Exos and the mTOR signaling. As
expected, HUMSC-Exos effectively downregulated the
PTEN expression in TDSC. However, administration
of miR-29a-3p inhibitor significantly rescued the PTEN
expression, indicating the miR-29a-3p dependence of
above effects by HUMSC-Exos (Fig. 7C, D). Accord-
ingly, downstream of PTEN, the AKT signaling was dra-
matically activated by the HUMSC-Exos, manifested
by the elevated phosphorylation of AKT protein, which
accounted for the upregulated mTOR phosphorylation
(Fig. 7C, F, Q). Likewise, these effects were also promi-
nently reversed by the miR-29a-3p inhibitor. Moreover,
as an important effector of mTOR signaling and anabolic
cytokine, TGF-B1 synthesis could be efficiently pro-
moted by the HUMSC-Exos but blocked by miR-29a-3p
(Fig. 7C, E). To sum up, it could be postulated that miR-
29a-3p mediated the promoting effects of HUMSC-Exos
on mTOR signaling through directly targeting PTEN.
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Fig. 6 MiRNA sequencing analysis. A Heat map of miRNA sequencing (miRNA-seq) analysis of rat tendons treated with or without HUMSC-Exos
(red: high expression, green: low expression, A1-A3 sham group, B1-B3 HUMSC-Exo group (n=3 per group), and red arrow: rno-miR-29a-3p.
B, C, D The expression of hsa-miR-29a-3p and rno-miR-29a-3p determined by Q-RT-PCR (n =5 per group). ***P<0.001. E KEGG analysis chart of
miRNA-seq. F Representative western blot image of p-mTOR and mTOR
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HUMSC-Exos activated PTEN/mTOR/TGF-f31 signaling

via exosomal miR-29a-3p to promote the expression

of tendon markers in vitro

Previous evidence supported that TGF-1 was one of the
classical effectors downstream of the mTOR pathway. We
found that TGF-f1 was significantly upregulated after
HUMSC-Exo treatment but downregulated in the miR-
29a-3p agonist engineered group, along with the similar
changes in mTOR signaling, suggesting an underlying
correlation between the mTOR/TGF-B1 pathway and
miR-29a-3p. We next validated our conjecture that the
mTOR/TGEF-P1 pathway caused the beneficial effects of
HUMSC-Exo on tendon markers expression of TDSCs.
We treated TDSCs with different combinations of TGF-
B1 inhibitor (SB-431542), mTOR inhibitor (rapamycin),
agomir-29a and agomir-NC engineered HUMSC-Exos
for 72 h. WB results showed that the agomir-29a sig-
nificantly enhanced the effect of HUMSC-Exos on

the expression of tendon markers including COL1A1l,
COL3A1, DCN, and SCXA. Rapamycin partially reversed
the gain effect of HUMSC-Exos on the tendon mark-
ers. The TGF-P1 inhibitor suppressed the gain effect of
HUMSC-Exos on the tendon markers as well (Fig. 7H-L).
The above results indicated that HUMSC-Exos regulated
the PTEN/mTOR/TGEF-B1 pathway to promote tendon
healing by delivering miR-29a-3p.

MiR-29a-3p agonist amplified HUMSC-Exos’ effect

on improving tendon healing in vivo

Based on abovementioned findings, to test whether miR-
29a-3p agonist could further enhanced the HUMSC-
Exos’ effect for tendon healing in vivo, a specific
agonist and negative control targeting hsa-miR-29a-3p
was employed to treat HUMSCs for 72 h, and then
extracted agomir-NC-Exo and agomir-29a-Exo, respec-
tively. At 4 weeks, we collected rat tendon specimens for
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Fig. 9 The underlying mechanism of HUMSC-Exos dependent tendon repair

immunohistochemistry. The results showed that agomir-
29a-Exo significantly increased the expression of the
tendon markers, TNMD and SCXA (Fig. 8A, D, E). Fur-
ther, agomir-29a-Exo significantly elevated the expres-
sion of COL1A1 compared with that in the sham group,
however, there was no statistical difference between
the agomir-29a-Exo group and agomir-NC-Exo group
(Fig. 8A, B). In particular, agomir-29a-Exo significantly
reduced the expression of COL3A1, and agomir-29a-Exo
decreased it further (Fig. 8A, C). These findings essen-
tially indicate that miR-29a-3p-agonist-treated HUMSC-
Exos further promote the expression of tendon markers
compared with normal HUMSC-Exos.

The biomechanical data showed that the agomir-
29a-Exo-treated tendons had higher average scores
in terms of UTS, stiffness, and Young’s modulus than
agomir-NC-Exo-treated tendons, however, none of the
properties were significantly different between the two
groups (Fig. 8F—H). This may be due to the relatively lim-
ited sample size (n=6). Further, all mechanical proper-
ties of agomir-29a-Exo-treated tendons were significantly
improved compared with those in the sham group. These
findings suggested that agomir-29a-Exo-Exos further
promoted tendon healing in vivo and miR-29a-3p may be
a potential mediator for optimized exosomes. A proposed

underlying mechanism of HUMSC-Exos in promotion of
tendon repair was presented as Fig. 9.

Discussion

In this study, we demonstrated that HUMSC-Exos might
promote the expression of tendon markers and increase
collagen secretion in TDSCs. In vivo, we found that
HUMSC-Exos accelerated the tendon healing process
and demonstrated excellent biomechanical properties.
The miRNA-seq analysis showed that HUMSC-Exos pro-
moted higher expressions of endogenous miR-29a-3p
in rat tendons. Further, specific agonist targeting miR-
29a-3p were employed to modify HUMSC-Exos to obtain
engineered exosomes that overexpress miR-29a-3p. Sub-
sequent in vivo and in vitro assays showed that HUMSC-
Exos overexpressing miR-29a-3p further amplified the
gain effect on tendon healing, and it might be accom-
plished by manipulating the PTEN/mTOR/TGE-p1 path-
way. Our study suggested that HUMSCs may promote
tendon healing by delivering exosomal miR-29a-3p to
regulate the PTEN/mTOR/TGEF-p1 pathway, thus provid-
ing a new therapeutic potential for tendon healing.

Stem cell transplantation from different sources such
as embryos, fats, and tendons combined with tissue
engineering has led to the rise of stem cell therapies for
tendon injuries or tendinopathy [50]. In fact, cell-free
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exosome therapy is emerging as a new generation of
research focus and is increasingly being used in tissue
regeneration because of its unique immune exemption,
non-tumorigenicity, high stability, and ease of engineer-
ing modification [51, 52]. However, there are few reports
on stem cell-derived exosomes in tendon injury healing.
In this study, we demonstrated that HUMSC-derived
exosomes promoted tendon healing in vivo and in vitro.
The results of this study would act as footnotes to the
potential of HUMSC-Exos in the field of tissue regenera-
tion and injury repair, while providing a novel therapeu-
tic strategy for tendon regeneration.

Recent studies have emphasized that miRNAs deter-
mine the ECM composition by regulating leukocyte
function and stromal cell differentiation [35, 53]. It is
well-recognized that the miR-29 family exerts anti-
fibrotic activity [36, 54—56]. The latest, exosome-medi-
ated miR-29 metastasis attenuated muscle atrophy and
renal fibrosis in a mouse model of unilateral ureteral
obstruction [57]. Some scholars believe that fibrosis char-
acterized by type-3 collagen hyperplasia hinders tendon
repair or reversal of tendinopathy [58]. Recent work sug-
gested the potential beneficial effect of miR-29a on ten-
dinopathy. In a randomized, double-blind trial using the
horse tendon model, Watts et al. improved early tendon
injury with miR-29a local treatment [59]. Millar et al.
reported that miR-29a regulated tissue remodeling in
tendinopathy by targeting type-3 collagen [60]. After
observing that HUMSC-Exos improved tendon healing,
we further analyzed the underlying mechanism of the
action using miRNA-seq technology. The data indicated
that HUMSC-Exos had differentially higher expression
of miR-29a-3p than their donors, whereas rat tendons
treated with HUMSC-Exos showed elevated expression
of miR-29a-3p. This suggested that the role of HUMSC-
Exos in improving tendon healing was closely related to
miR-29a-3p expression. To validate this hypothesis, we
subsequently treated HUMSCs with specific agonist tar-
geting miR-29a-3p to obtain engineered exosomes that
specifically overexpressed miR-29a-3p, for the subse-
quent in vivo and in vitro assays. The results showed that
HUMSC-Exos overexpressing miR-29a-3p further ampli-
fied the gain effects on tendon healing. Notably, in pre-
vious studies, topical miR-29a treatment alone reduced
type-3 collagen level without altering the expression
of type-1 collagen [59, 60]. However, our data showed
that HUMSC-Exos overexpressing miR-29a-3p not only
decreased type-3 collagen expression, but also increased
the content of tendon markers such as COL1A1, SCXA,
and TNMD. One possible explanation might be that
exosomes carried a collection of many miRNAs, of which
miR-29a-3p is not the only one beneficial for tendon
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repair in potentially favorable miRNAs. This provides
supporting evidence for the application of engineered
exosomes to tendon healing.

In view of the results of the KEGG analysis, mTOR
signaling was one of the most significant pathways in
the differentially treated tendon tissues, which allowed
us to focus on the mTOR pathway in this investiga-
tion. We employed WB to verify tendon tissues with or
without HUMSC-Exos intervention and found that the
p-mTOR level was significantly elevated in HUMSC-Exo-
treated tendons. This suggested that HUMSC-Exos might
improve tendon healing by activating the mTOR path-
way. It is well known that the mTOR signaling regulates
protein synthesis, metabolism, and cell growth [61]. Liu
et al. reported that in the rat rotator cuff injury model,
the AKT/mTOR signaling pathway was downregulated
after crosscutting the tendon, which resulted in reduced
protein synthesis, and ultimately, muscle atrophy [46].
Cong et al. found that the inhibition of the mTOR sign-
aling pathway significantly reduced the production of
type-1 collagen and impaired the ability of MSCs to
differentiate into tendons. In addition, they observed
tendon defects and type-1 collagen reduction in tendon-
specific mTOR-deficient mice. These results indicated
that the AKT-mTOR axis might be a key mediator of ten-
don differentiation [45]. We found in vitro that HUMSC-
Exos overexpressing miR-29a-3p significantly increased
the expression of tendon markers in TDCSs, meanwhile,
the level of p-mTOR also increased significantly. Notably,
rapamycin, a kind of mTOR pathway inhibitor, inhibited
the above performances significantly. These results sug-
gested that HUMSC-Exos might improve tendon heal-
ing by activating the mTOR pathway. This was consistent
with the results of previous research, where the long-
term use of the mTOR inhibitor rapamycin delayed the
aging process of the mouse tendon ECM [62]. Further, we
identified PTEN as the direct target of miR-29a through
the TargetScan prediction and dual luciferase assay and
demonstrated the downregulation of PTEN expression
in HUMSC-Exos treated TDSCs, which was reversed by
the miR-29a antagonist. Given the evidences that PTEN
is one of the critical negative regulators of mTOR sign-
aling, the promoting effects of HUMSC-Exos on mTOR
signaling could thus be explained. Accordingly, the
phosphorylation of AKT was significantly elevated after
HUMSC-Exos treatment and act as the upstream induc-
ing event for mTOR phosphorylation, whereas miR-29a
antagonist produced the opposite results. In line with
these results, PTEN/AKT signaling was also reported
to be closely related to the TDSCs senescence and ten-
don atrophy [63], while decreasing PTEN/AKT signal-
ing yielded benefits for inhibiting TDSCs adipogenesis
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and tendon fatty infiltration [64]. Thus, our results in this
study collectively proposed that HUMSC-Exos might
enhanced the tenogenic potential of TDSCs through
modulating PTEN/AKT/mTOR pathway by transferring
miR-29a.

Substantial evidences show that TGF-1 is one of the
important downstream effectors of the mTOR signal-
ing pathway, which is also a master regulator of tissue
remodeling [45, 65, 66]. In this study, we found that
HUMSC-Exos significantly elevated the TGF-f1 pro-
duction in TDSCs, and HUMSC-Exos overexpressing
miR-29a-3p further enhanced this effect in vitro. Fur-
ther experiments showed that the TGEF-B1 inhibitor
(SB-431542) inhibited HUMSC-Exo-mediated changes
in DCN, SCXA, and collagen expression levels signifi-
cantly. Notably, rapamycin also inhibited the change in
p-mTOR expression mediated by HUMSC-Exos. These
results suggested that the PTEN/mTOR/TGE-B1 sign-
aling cascade might be a key signal in HUMSC-Exos
mediated delivery of miR-29a-3p for promoting tendon
healing. Our findings above indicate that HUMSC-Exos
and engineered HUMSC-Exos will have great potential
in tendon defect regeneration in preclinical and clinical
application.

Conclusions

In summary, our findings confirmed that HUMSC-Exos
promoted tendon healing. MiR-29a-3p might be a key
miRNA for HUMSC-Exos to exert beneficial effects
on tendon healing. Finally, the PTEN/mTOR/TGE-
B1 signaling cascade might serve as a key mediator of
HUMSC-Exos to improve tendon healing by delivering
miR-29a-3p. The findings provide a theoretical basis for
the application of stem cell-derived engineered exosomes
in tendon injury regeneration.

Abbreviations

HUMSC: Human umbilical cord mesenchymal stem cell; HUMSC-Exos: Human
umbilical cord mesenchymal stem cell-derived exosomes; TDSC: Tendon-
derived stem cell; TGF-31: Transforming growth factor-31; ECM: Extracellular
matrix; MiRNA/miR: MicroRNA; SCXA: Scleraxis; MKX: Mohawk; DCN: Decorin;
TNMD: Tenomodulin; UTS: Ultimate tensile strength; NTA: Nanoparticle track-
ing analysis; PTEN: Phosphatase and tensin homolog.

Acknowledgements

We appreciate the support from Base for Interdisciplinary Innovative Talent
Training Shanghai Jiao Tong University and Youth Science and Technology
Innovation Studio of Shanghai Jiao Tong University School of Medicine.

Authors’ contributions

ZXY, JHL and HX equally contributed to this work. ZXY designed the study,
performed the experiments, and drafted the manuscript. JHL performed the
experiments and drafted the manuscript. HX designed the study, performed
the experiments. HMC contributed to collect samples. JXN contributed to
analyzed the data. SKW and XYOY contributed to analyzed the data. YQ
interpreted data and approved the final version of manuscript. CYF designed
and supervised the experiment. All authors read and approved the final
manuscript.

Page 16 of 18

Funding

The study was supported by the National Natural Science Foundation of
China (Nos. 81830076 and 82002290), and the Shanghai Sailing Program (No.
20YF1436000).

Availability of data and materials
All data generated or analyzed during this study are included in this article.

Declarations

Ethics approval and consent to participate
Not applicable for this study.

Consent for publication
We give our consent for the manuscript to be published in Journal of
Nanobiotechnology.

Competing interests
The authors declare no conflicts of interest.

Author details

'Department of Orthopaedics, Shanghai Jiao Tong University Affiliated Sixth
People’s Hospital, Shanghai 200233, China. ?Department of Plastics, Binzhou
People’s Hospital, Binzhou 256610, China.

Received: 31 March 2021 Accepted: 21 May 2021
Published online: 05 June 2021

References

1. Sharma P, Maffulli N. Tendon injury and tendinopathy: healing and repair.
JBone Joint Surg Am. 2005;87(1):187-202.

2. XuY, Murrell GA. The basic science of tendinopathy. Clin Orthop Relat
Res. 2008;466(7):1528-38.

3. Andres BM, Murrell GA. Treatment of tendinopathy: what works,
what does not, and what is on the horizon. Clin Orthop Relat Res.
2008;466(7):1539-54.

4. Chang HJ, Burke AE, Glass RM. JAMA patient page Achilles tendinopathy.

JAMA. 2010;303(2):188.

Pegtel DM, Gould SJ. Exosomes. Annu Rev Biochem. 2019;88:487-514.

6. Mangiapane G, Parolini |, Conte K, Malfatti MC, Corsi J, Sanchez M, Pietran-
toni A, D'Agostino VG, Tell G. Enzymatically active apurinic/apyrimidinic
endodeoxyribonuclease 1 is released by mammalian cells through
exosomes. J Biol Chem. 2021;296:100569.

7. Sunl, Fan M, Huang D, Li B, Xu R, Gao F, Chen Y. Clodronate-loaded lipo-
somal and fibroblast-derived exosomal hybrid system for enhanced drug
delivery to pulmonary fibrosis. Biomaterials. 2021;271:120761.

8. Pluchino S, Smith JA. Explicating exosomes: reclassifying the rising stars
of intercellular communication. Cell. 2019;177(2):225-7.

9. Rani§, Ritter T. The exosome—a naturally secreted nanoparticle and its
application to wound healing. Adv Mater. 2016;28(27):5542-52.

10. Zhang Y, Kim MS, Jia B, Yan J, Zuniga-Hertz JP, Han C, Cai D. Hypotha-
lamic stem cells control ageing speed partly through exosomal miRNAs.
Nature. 2017,548(7665):52-7.

11. Yang PC. Induced pluripotent stem cell (iPSC)-derived exosomes for
precision medicine in heart failure. Circ Res. 2018;122(5):661-3.

12. Livingston MJ, Wei Q. MicroRNAs in extracellular vesicles protect kidney
from ischemic injury: from endothelial to tubular epithelial. Kidney Int.
2016;90(6):1150-2.

13. Nojima H, Freeman CM, Schuster RM, Japtok L, Kleuser B, Edwards MJ,
Gulbins E, Lentsch AB. Hepatocyte exosomes mediate liver repair and
regeneration via sphingosine-1-phosphate. J Hepatol. 2016;64(1):60-8.

14. Zhang S, Chu WG, Lai RC, Lim SK, Hui JH, Toh WS. Exosomes derived from
human embryonic mesenchymal stem cells promote osteochondral
regeneration. Osteoarthr Cartil. 2016;24(12):2135-40.

15. ZhouY, Ming J, LiY, Li B, Deng M, Ma Y, Chen Z, Zhang Y, Li J, Liu S.
Exosomes derived from miR-126-3p-overexpressing synovial fibroblasts
suppress chondrocyte inflammation and cartilage degradation in a rat
model of osteoarthritis. Cell Death Discov. 2021;7(1):37.

v



Yao et al. J Nanobiotechnol

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

(2021) 19:169

Zhang S, Teo KYW, Chuah SJ, Lai RC, Lim SK, Toh WS. MSC exosomes
alleviate temporomandibular joint osteoarthritis by attenuating inflam-
mation and restoring matrix homeostasis. Biomaterials. 2019;200:35-47.
Yan F, Zhong Z, Wang Y, Feng Y, Mei Z, Li H, Chen X, Cai L, Li C. Exosome-
based biomimetic nanoparticles targeted to inflamed joints for enhanced
treatment of rheumatoid arthritis. J Nanobiotechnol. 2020;18(1):115.

Zuo R, Liu M, Wang Y, Li J, Wang W, Wu J, Sun C, Li B, Wang Z, Lan W,
Zhang C, Shi C, Zhou Y. BM-MSC-derived exosomes alleviate radiation-
induced bone loss by restoring the function of recipient BM-MSCs and
activating Wnt/B-catenin signaling. Stem Cell Res Ther. 2019;10(1):30.

. Song H, Li X, Zhao Z, Qian J, Wang Y, Cui J, Weng W, Cao L, Chen X, Hu Y,

Su J. Reversal of osteoporotic activity by endothelial cell-secreted bone
targeting and biocompatible exosomes. Nano Lett. 2019;19(5):3040-8.
Zhang Z, Xu R, Yang Y, Liang C, Yu X, Liu Y, Wang T, Yu Y, Deng F. Micro/
nano-textured hierarchical titanium topography promotes exosome
biogenesis and secretion to improve osseointegration. J Nanobiotechnol.
2021;19(1):78.

XuT, LuoY,Wang J, Zhang N, Gu C, Li L, Qian D, Cai W, Fan J, Yin G.
Exosomal miRNA-128-3p from mesenchymal stem cells of aged rats
regulates osteogenesis and bone fracture healing by targeting Smad5. J
Nanobiotechnol. 2020;18(1):47.

Murphy C, Withrow J, Hunter M, Liu Y, Tang YL, Fulzele S, Hamrick MW.
Emerging role of extracellular vesicles in musculoskeletal diseases. Mol
Aspects Med. 2018;60:123-8.

Lee SY, Kwon B, Lee K, Son YH, Chung SG. Therapeutic mechanisms of
human adipose-derived mesenchymal stem cells in a rat tendon injury
model. Am J Sports Med. 2017;45(6):1429-39.

Chen X, Song XH, Yin Z, Zou XH, Wang LL, Hu H, Cao T, Zheng M, Ouyang
HW. Stepwise differentiation of human embryonic stem cells promotes
tendon regeneration by secreting fetal tendon matrix and differentiation
factors. Stem Cells. 2009;27(6):1276-87.

Ni M, Rui YF, Tan Q, Liu Y, Xu LL, Chan KM, Wang Y, Li G. Engineered
scaffold-free tendon tissue produced by tendon-derived stem cells.
Biomaterials. 2013;34(8):2024-37.

Capelli C, Gotti E, Morigi M, Rota C, Weng L, Dazzi F, Spinelli O, Cazzaniga
G, Trezzi R, Gianatti A, Rambaldi A, Golay J, Introna M. Minimally manipu-
lated whole human umbilical cord is a rich source of clinical-grade
human mesenchymal stromal cells expanded in human platelet lysate.
Cytotherapy. 2011;13(7):786-801.

Baksh D, Yao R, Tuan RS. Comparison of proliferative and multilineage
differentiation potential of human mesenchymal stem cells derived from
umbilical cord and bone marrow. Stem Cells. 2007;25(6):1384-92.

ShiH, Xu X, Zhang B, Xu J, Pan Z, Gong A, Zhang X, Li R, Sun Y, Yan Y,

Mao F, Qian H, Xu W. 3,3’-Diindolylmethane stimulates exosomal Wnt11
autocrine signaling in human umbilical cord mesenchymal stem cells to
enhance wound healing. Theranostics. 2017;7(6):1674-88.

Zhu Z,ZhangY, Zhang Y, Zhang H, Liu W, Zhang N, Zhang X, Zhou G,

Wu L, Hua K, Ding J. Exosomes derived from human umbilical cord
mesenchymal stem cells accelerate growth of VK2 vaginal epithelial cells
through MicroRNAs in vitro. Hum Reprod. 2019;34(2):248-60.

Zhang Y, Hao Z, Wang P, Xia Y, Wu J, Xia D, Fang S, Xu S. Exosomes from
human umbilical cord mesenchymal stem cells enhance fracture healing
through HIF-Ta-mediated promotion of angiogenesis in a rat model of
stabilized fracture. Cell Prolif. 2019;52(2):e12570.

SunY, ShiH,Yin'S, Ji C, Zhang X, Zhang B, Wu P, ShiY, Mao F, Yan Y, Xu W,
Qian H. Human mesenchymal stem cell derived exosomes alleviate type
2 diabetes mellitus by reversing peripheral insulin resistance and reliev-
ing B-cell destruction. ACS Nano. 2018;12(8):7613-28.

Bartolucci J, Verdugo FJ, Gonzalez PL, Larrea RE, Abarzua E, Goset C, Rojo
P, Palma I, Lamich R, Pedreros PA, Valdivia G, Lopez VM, Nazzal C, Alcayaga-
Miranda F, Cuenca J, Brobeck MJ, Patel AN, Figueroa FE, Khoury M. Safety
and efficacy of the intravenous infusion of umbilical cord mesenchy-
mal stem cells in patients with heart failure: a phase 1/2 randomized
controlled trial (RIMECARD Trial [randomized clinical trial of intravenous
infusion umbilical cord mesenchymal stem cells on cardiopathy]). Circ
Res. 2017;121(10):1192-204.

Li X, Liu L, Yang J, YuY, Chai J, Wang L, Ma L, Yin H. Exosome derived

from human umbilical cord mesenchymal stem cell mediates MiR-181c

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

51

52.

Page 17 of 18

attenuating burn-induced excessive inflammation. EBioMedicine.
2016;8:72-82.

He L, Hannon GJ. MicroRNAs: small RNAs with a big role in gene regula-
tion. Nat Rev Genet. 2004,5(7):522-31.

Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell.
2009;136(2):215-33.

Jiang X, Tsitsiou E, Herrick SE, Lindsay MA. MicroRNAs and the regulation
of fibrosis. FEBS J. 2010,277(9):2015-21.

Dubin JA, Greenberg DR, Iglinski-Benjamin KC, Abrams GD. Effect of
micro-RNA on tenocytes and tendon-related gene expression: a system-
atic review. J Orthop Res. 2018;36(11):2823-9.

Olivieri F, Rippo MR, Monsurrd V, Salvioli S, Capri M, Procopio AD,
Franceschi C. MicroRNAs linking inflamm-aging, cellular senescence and
cancer. Ageing Res Rev. 2013;12(4):1056-68.

Havis E, Bonnin MA, Olivera-Martinez I, Nazaret N, Ruggiu M, Weibel
J,Durand C, Guerquin MJ, Bonod-Bidaud C, Ruggiero F, Schweitzer R,
Duprez D. Transcriptomic analysis of mouse limb tendon cells during
development. Development. 2014;141(19):3683-96.

Pryce BA, Watson SS, Murchison ND, Staverosky JA, Diinker N, Sch-
weitzer R. Recruitment and maintenance of tendon progenitors by
TGFbeta signaling are essential for tendon formation. Development.
2009;136(8):1351-61.

Chen J, Long F. mTORC1 signaling controls mammalian skeletal

growth through stimulation of protein synthesis. Development.
2014;141(14):2848-54.

Risson V, Mazelin L, Roceri M, Sanchez H, Moncollin V, Corneloup C,
Richard-Bulteau H, Vignaud A, Baas D, Defour A, Freyssenet D, Tanti JF,
Le-Marchand-Brustel Y, Ferrier B, Conjard-Duplany A, Romanino K, Bauché
S, Hantai D, Mueller M, Kozma SC, Thomas G, Riiegg MA, Ferry A, Pende
M, Bigard X, Koulmann N, Schaeffer L, Gangloff YG. Muscle inactivation
of mTOR causes metabolic and dystrophin defects leading to severe
myopathy. J Cell Biol. 2009;187(6):859-74.

Yan B, Zhang Z, Jin D, Cai C, Jia C, LiuW,Wang T, Li S, Zhang H, Huang B,
Lai P Wang H, Liu A, Zeng C, Cai D, Jiang Y, Bai X. mTORC1 regulates PTHrP
to coordinate chondrocyte growth, proliferation and differentiation. Nat
Commun. 2016;7:11151.

Xian L, Wu X, Pang L, Lou M, Rosen CJ, Qiu T, Crane J, Frassica F, Zhang L,
Rodriguez JP, Xiaofeng J, Shoshana Y, Shouhong X, Argiris E, Mei W, Xu C.
Matrix IGF-1 maintains bone mass by activation of mTOR in mesenchy-
mal stem cells. Nat Med. 2012;18(7):1095-101.

Cong XX, Rao XS, Lin JX, Liu XC, Zhang GA, Gao XK, He MY, Shen WL, Fan
W, Pioletti D, Zheng LL, Liu HH, Yin Z, Low BC, Schweitzer R, Ouyang H,
Chen X, Zhou YT. Activation of AKT-mTOR signaling directs tenogenesis
of mesenchymal stem cells. Stem Cells. 2018;36(4):527-39.

Liu X, Joshi SK, Samagh SP, Dang YX, Laron D, Lovett DH, Bodine SC, Kim
HT, Feeley BT. Evaluation of Akt/mTOR activity in muscle atrophy after
rotator cuff tears in a rat model. J Orthop Res. 2012;30(9):1440-6.

CuiH, HeY, Chen S, Zhang D, Yu Y, Fan C. Macrophage-derived miRNA-
containing exosomes induce peritendinous fibrosis after tendon

injury through the miR-21-5p/Smad7 pathway. Mol Ther Nucleic Acids.
2019;14:114-30.

LiuY, Xu J, Xu L, WuT, Sun', Lee YW, Wang B, Chan HC, Jiang X, Zhang

J, Li G. Cystic fibrosis transmembrane conductance regulator mediates
tenogenic differentiation of tendon-derived stem cells and tendon repair:
accelerating tendon injury healing by intervening in its downstream
signaling. FASEB J. 2017;31(9):3800-15.

QianY,Han Q, Zhao X, Song J, Cheng Y, Fang Z, Ouyang Y, Yuan WE, Fan C.
3D melatonin nerve scaffold reduces oxidative stress and inflammation
and increases autophagy in peripheral nerve regeneration. J Pineal Res.
2018,65(4):12516.

Pas H, Moen MH, Haisma HJ, Winters M. No evidence for the use of stem
cell therapy for tendon disorders: a systematic review. Br J Sports Med.
2017;51(13):996-1002.

De Jong OG, Van Balkom BW, Schiffelers RM, Bouten CV, Verhaar MC.
Extracellular vesicles: potential roles in regenerative medicine. Front
Immunol. 2014;5:608.

Colao IL, Corteling R, Bracewell D, Wall I. Manufacturing exosomes: a
promising therapeutic platform. Trends Mol Med. 2018,;24(3):242-56.



Yao et al. J Nanobiotechnol

53.

54.

55.

56.

57.

58.

59.

60.

(2021) 19:169

Brown BD, Naldini L. Exploiting and antagonizing microRNA regula-

tion for therapeutic and experimental applications. Nat Rev Genet.
2009;10(8):578-85.

Kogure T, Costinean S, Yan I, Braconi C, Croce C, Patel T. Hepatic miR-
29ab1 expression modulates chronic hepatic injury. J Cell Mol Med.
2012;16(11):2647-54.

Cushing L, Kuang PP, Qian J, Shao F, Wu J, Little F, Thannickal VJ, Cardoso
WV, LU J. miR-29 is a major regulator of genes associated with pulmonary
fibrosis. Am J Respir Cell Mol Biol. 2011;45(2):287-94.

van Rooij E, Sutherland LB, Thatcher JE, DiMaio JM, Naseem RH, Marshall
WS, Hill JA, Olson EN. Dysregulation of microRNAs after myocardial infarc-
tion reveals a role of miR-29 in cardiac fibrosis. Proc Natl Acad Sci USA.
2008;105(35):13027-32.

Wang H, Wang B, Zhang A, Hassounah F, Seow Y, Wood M, Ma F, Klein JD,
Price SR, Wang XH. Exosome-mediated miR-29 transfer reduces muscle
atrophy and kidney fibrosis in mice. Mol Ther. 2019,27(3):571-83.

Millar NL, Murrell GA, McInnes IB. Inflammatory mechanisms in tendi-
nopathy—towards translation. Nat Rev Rheumatol. 2017;13(2):110-22.
Watts AE, Millar NL, Platt J, Kitson SM, Akbar M, Rech R, Griffin J, Pool R,
Hughes T, McInnes IB, Gilchrist DS. MicroRNA29a treatment improves
early tendon injury. Mol Ther. 2017;25(10):2415-26.

Millar NL, Gilchrist DS, Akbar M, Reilly JH, Kerr SC, Campbell AL, Murrell
GAC, Liew FY, Kurowska-Stolarska M, McInnes IB. MicroRNA29a regulates
IL-33-mediated tissue remodelling in tendon disease. Nat Commun.
2015;6:6774.

61.

62.

63.

64.

65.

66.

Page 18 of 18

Saxton RA, Sabatini DM. mTOR signaling in growth, metabolism, and
disease. Cell. 2017;169(2):361-71.

Zaseck LW, Miller RA, Brooks SV. Rapamycin attenuates age-associated
changes in tibialis anterior tendon viscoelastic properties. J Gerontol A
Biol Sci Med Sci. 2016;71(7):858-65.

Wang Y, He G, Wang F, Zhang C, Ge Z, Zheng X, Deng H, Yuan C, Zhou B,
Tao X, Zhang J, Tang K. Aspirin inhibits adipogenesis of tendon stem cells
and lipids accumulation in rat injury tendon through regulating PTEN/
PI3K/AKT signalling. J Cell Mol Med. 2019;23(11):7535-44.

Chen P, Chen Z, Mitchell C, Gao J, Chen L, Wang A, Leys T, Landao-
Bassonga E, Zheng Q, Wang T, Zheng M. Intramuscular injection of Botox
causes tendon atrophy by induction of senescence of tendon-derived
stem cells. Stem Cell Res Ther. 2021;12(1):38.

Chen C, Akiyama K, Wang D, Xu X, Li B, Moshaverinia A, Brombacher F,
SunL, ShiS. mTOR inhibition rescues osteopenia in mice with systemic
sclerosis. J Exp Med. 2015;212(1):73-91.

Le Pabic H, L'Helgoualc'h A, Coutant A, Wewer UM, Baffet G, Clément

B, Théret N. Involvement of the serine/threonine p7056 kinase in TGF-
betal-induced ADAM12 expression in cultured human hepatic stellate
cells. J Hepatol. 2005;43(6):1038-44.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	MicroRNA engineered umbilical cord stem cell-derived exosomes direct tendon regeneration by mTOR signaling
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Isolation and characterization of exosomes
	Cell culture and treatment
	Luciferase assay
	Flow cytometry
	Sirius red staining
	Western blot analysis
	Quantitative RT-PCR analysis (Q-RT-PCR)
	Exosomal repair of rat tendon defects in vivo
	Small RNA sequencing
	Histological staining and evaluation
	Immunohistochemistry and cellular immunofluorescence
	Biomechanical test
	Statistical analysis

	Results
	Identification and characterization of HUMSC-Exos and TDSCs
	HUMSC-Exos promoted the expression of tendon markers in TDSCs in vitro
	HUMSC-Exos accelerated tendon healing in vivo
	MiRNA sequencing showed a significant increase in miR-29a-3p expression in HUMSC-Exo-treated tendons
	MiR-29a-3p targeted PTEN to mediate the effects of HUMSC-Exos on mTOR signaling
	HUMSC-Exos activated PTENmTORTGF-β1 signaling via exosomal miR-29a-3p to promote the expression of tendon markers in vitro
	MiR-29a-3p agonist amplified HUMSC-Exos’ effect on improving tendon healing in vivo

	Discussion
	Conclusions
	Acknowledgements
	References




