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ABSTRACT

Objective: This study aimed to investigate effects of TGF-B1-containing exosomes derived from bone
marrow mesenchymal stem cells (BMSC) on cell function of rotator cuff tenocytes and its implication to
rotator cuff tear.
Methods: The primary BMSC and rotator cuff tenocytes were extracted and cultured. Identification of
BMSC were performed by observing cell morphology and measurement of surface biomarkers by flow
cytometry. BMSC-derived exosomes were extracted and identified by using electron microscopy,
nanoparticle-tracking analysis (NTA) and western blotting. Cell proliferation and cell cycle were
measured by CCK-8 assay and flow cytometry assay, respectively. Transwell assay was used for detection
of tenocytes migration. The fibrotic activity of tenocytes was determined via qPCR and western blotting
assays.
Results: BMSC and BMSC-derived exosomes were successfully extracted. Treatment of BMSC-derived
exosomes or TGF-1 promoted cell proliferation, migration and increased cell ratio of (S + G2/M) pha-
ses in tenocytes, as well as enhanced the expression levels of fibrotic activity associated proteins.
However, inhibition of TGF-B1 by transfection of sh-TGF-f1 or treatment of TGFBR I/II inhibitor partially
reversed the impact of BMSC-derived exosomes on tenocytes function.
Conclusion: Taken together, TGF-B1-containing exosomes derived from BMSC promoted proliferation,
migration and fibrotic activity in rotator cuff tenocytes, providing a new direction for treatment of rotator
cuff tendon healing.
© 2020, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

Rotator cuff tear is a commonly clinical problem in elderly pa-
tients, which can cause either acute or chronic tear condition in
rotator cuff tear as well as other tissue injuries [1,2]. Since there are
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a lot of healing failure factors which increases repair failure risk,
such as tendon degeneration, tear size and patients age [3—5],
chronic rotator cuff tear injury is still difficult to heal and easy to
recur. Thus, to find novel potential treatment strategies for rotator
cuff tear is of great significance.

Tenocytes possessed typically quiescent, non-dividing feature
and are reported to be involved in rotator cuff disease [6,7]. It was
found tenocytes proliferation and migration took part in tendon
repair [8]. In recent years, novel repair technologies are explored in
order to reduce the repair failure rate of rotator cuff tear [9,10].
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However, the post-surgery rotator cuff re-tear from poor tendon
bone quality is not eradicated, so this challenge clinical problem is
urgent to be solved.

Some reports demonstrated that engineered mesenchymal stem
cells (MSC) can reduce rotator cuff re-tear. It was found after pio-
glitazone pretreatment, the healing effect of MSC on tendon repair
was increased [11]. Another study also showed MSC with over-
expression of VEGFA had a positive function on tendon-bone
healing of rotator cuff tear [12]. Moreover, exosomes mediated
intercellular communication and biomolecules transporter (pro-
tein, DNA and RNA families) function as crucial regulators in mul-
tiple biological processes. MSC-derived exosomes could target
inflammatory cells by suppressing inflammatory mediators and
NLRP3 inflammasome activation [13]. It was also reported that
lipopolysaccharide (LPS)-induced acute lung injury was inhibited
by MSC-exosomes with overexpression of miR-30b-3p [14]. Be-
sides, some reports demonstrated that MSC exosomes have po-
tential function in tissue regeneration [15]. However, there is little
report on bone marrow mesenchymal stem cell (BMSC)-derived
exosomes targeting rotator cuff tenocytes.

Transforming growth factor f1 (TGF-B1) is an important cyto-
kine in cell activities and participates in the regulation of healing of
tendon tear [16]. Furthermore, studies demonstrated TGF-1 could
promote tenocytes proliferation [17]. However, the role of TGF-$1
in tenocytes migration and fibrotic activity is not supported by
sufficient roofs.

In the present study, we firstly demonstrated that BMSC derived
exosomes with rich TGF-B1 might regulate tenocyte migration and
fibrotic activity as well as tenocytes proliferation. The results might
provide novel insights on rotator cuff tear healing therapy.

2. Materials and method
2.1. Animals and primary isolation and culture of rat tenocytes

Rotator cuff tendons were obtained from healthy Sprague
Dawley (SD) rats purchased from Shanghai SLAKE Experiment
Animal Limited Company (Shanghai, China). Briefly, all animals
were Kept in a light-controlled room under a 12 h/12 h light/dark
cycle and controlled temperature (23—25 °C), and had free access to
food and water according to the Guide for the Care and Use of
Laboratory Animals. The experiments were approved by the Insti-
tutional Animal Care and Use Committee of Beijing Friendship
Hospital, Capital Medical University.

After obtaining the rotator cuff tendons, tendons were cut into
small pieces of 2—3 mm?, distributed into six-well culture plates,
followed by addition of 2.5 ml Dulbecco's modified Eagle's medium
(DMEM, Gibco, Gaithersburg, MD, USA) with 10% FBS (Hyclone,
Logan, UT). The culture plate was placed in a humidified 5% CO,
incubator at 37 °C for 5 days. After tenocytes are trypsinized, the
tenocytes were cultured in DMEM with 10% FBS at 5% CO, and
37 °C, the cells from passage 3 were used in this study.

2.2. Isolation and identification of BMSC

BMSC were isolated from femurs by flushing the femurs and
tibias of the rats with D-Hanks' solution. The cells were placed in
low-glucose DMEM supplemented with 10% FBS, 2 mM glutamine,
100 U/ml penicillin and 100 pg/ml streptomycin. 24 h after plating,
non-adherent cells are removed by replacing the medium. When
the BMSC conform 70%—80% confluence, BMSC were split (0.05%
trypsin/EDTA) and further enriched by passage cultures. Cells from
passage 3 were used in this study. For identification of BMSC, sur-
face markers of CD44, CD90, CD45 and CD34 were characterized by
flow cytometry analysis as described previously [11].

2.3. Cell transfection

To silence the expression of TGF-B1, short hairpin RNA against
TGF-B1 (sh-TGF-B1) and the negative control shRNA (sh-NC) were
purchased from RiboBio, Guangzhou, China. Cells were transfected
with sh-TGF-B1 (5 nM) or sh-NC (5 nM) by using Lipofectamine
3000 (Invitrogen, Waltham, MA, USA). The transfection efficacy was
evaluated by quantitative real-time PCR (qPCR) assay after 48 h of
transfection.

2.4. Extraction and identification of BMSC-derived exosomes

For extraction of BMSC-derived exosomes, after 48 h of trans-
fection, the supernatant was collected, centrifuged and resus-
pended in 200 ul PBS as described elsewhere [18]. After fixed with
2% paraformaldehyde and loaded on parafilm, the exosome sam-
ples were observed under a transmission electron microscopy
(TEM; JEM-1400PLUS, Japan) at 100 KV and the nanoparticle-
tracking analysis (NTA) software was used to evaluate the size of
exosomes.

A BCA protein assay kit (Beyotime, China) was used to measure
the protein concentration of the exosomes. The identification of
exosomes was performed by Western blot assay for analysis of
exosome markers CD9, CD63, CD81 and TSG101. Briefly, exosome
proteins were separated by 10% SDS-PAGE, transferred onto PVDF
membrane and then incubated with primary antibodies of anti-CD9
(ab92726, Abcam) and anti-CD63 (ab108950, Abcam), anti-CD81
(ab109201, Abcam) and anti-TSG101 (ab125011, Abcam) at 4 °C
overnight, following with incubation of corresponding secondary
antibodies at 37 °C for 45 min. Proteins were visualized on an
Odyssey Infrared Imaging System (Li-Cor, Lincoln, NE). For treat-
ment of tenocytes, the extracted exosomes (20 pg/ml) were added
into the plates and the control cells were untreated.

2.5. CCK-8 assay

The proliferation of tenocytes was determined using CCK-8 assay.
Briefly, tenocytes (1 x 10% cells/well) were cultured overnight in 96-
well plates. After treatment, cells were treated with 10 ul of CCK-8
reagent (Dojindo, Japan) for 4 h at room temperature. Then absor-
bance was recorded on a microplate reader at a wavelength of 450 nm.

2.6. Cell cycle analysis

For cell cycle analysis, the tenocytes were digested by trypsin,
washed with PBS, and fixed in 70% ethanol. Then, fixed cells were
stained using PI (20 pg/ml; BD Biosciences, MA, USA) for 20 min
according to manufacturer's instruction. The cell cycle was
analyzed with a FACS Canto flow cytometer (BD Biosciences, USA).

2.7. Transwell assay

For analysis of cell migration, the cell transwell assay was con-
ducted. Briefly, 1 x 10% cells in 0.2 ml free-serum DMEM medium
were seeded into the insert upper-chamber with the non-coated
membrane (24-well insert; pore size 8 pm, Corning, USA). Cells
were cultured in serum-free media for 24 h, stained with 0.1%
crystal violet, and then counted and photographed.

2.8. qPCR assay

The expression levels of Collagen I (Col I), Collagen III (Col III), a-
smooth muscle actin (¢-SMA), Scleraxis (Scx), Tenascin C (TnC) and
TGF-B1 were determined by qPCR. Briefly, Cell sample RNAs were
extracted using TRIzol reagent (Tiangen Biotech, Beijing, China).
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Fig. 1. Identification of morphology and phenotype in BMSC and BMSC-derived exosomes. A) Cell morphology was photographed under optical microscope. B) Cell surface
biomarkers of CD90, CD44, CD34 and CD45 were measured by flow cytometry. C) Morphology of BMSC-derived exosomes was observed using TEM. Scale bars, 100 nm. D) Dimeter
was calculated using NTA software. E) Expression of exosomal biomarkers CD9, CD63, CD81 and TSG101 was determined by western blot.
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Fig. 2. BMSC-derived exosomes promoted proliferation, migration and fibrosis of tenocytes. A) Cell proliferation of tenocytes was determined by CCK-8 assay for both control
cells and cells treated by BMSC-derived exosomes. B) Cell cycle of different groups of tenocytes was measured by flow cytometry. C) Cell migration was determined using transwell
assay. D) and E) Expression levels of Col I, Col III, a-SMA, Scx and TnC were determined by qPCR and western blot. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 3. TGF-B1 was expressed in BMSC-derived exosomes and was enhanced in exosomes treated tenocytes. A-B) mRNA and protein levels of TGF-B1 were determined by qPCR
and Western blot in BMSC or BMSC-derived exosomes. C) and D) mRNA and protein levels of TGF-B1 were determined by qPCR and Western blot in control tenocytes or tenocytes

treated with BMSC-derived exosomes. **P < 0.01, ***P < 0.001.

Then RNA was converted to cDNA using a Prime-Script™ One Step
RT-qPCR kit (Takara Biotechnology Co., Ltd., Dalian, China). PCR
reaction was performed using SYBR Green Master Mix (Solarbio
Science & Technology Co., Ltd., Beijing, China) in an Applied Bio-
systems 7500 Real Time PCR system (Applied Biosystems; Thermo
Fisher Scientific, Inc.). GAPDH was used as the internal control. The
relative expression level was calculated by the 278ACt method.

2.9. Western blot assay

Western blot assay was conducted for determination of Col I, Col
Ill, -SMA, Scx, TnC and TGF-B1. Similar to the procedure of deter-
mine of exosome proteins, samples were separated with 10% SDS-
PAGE, transferred onto a PVDF membrane, blocked by non-fat
milk for 1 h at room temperature and incubated with the
following primary antibodies at 4 °C overnight: anti-B-actin
(ab8227, Abcam) anti-Col I (ab34710, Abcam), anti-Col III (ab7778,
Abcam), anti-a-SMA (ab32575, Abcam), anti-Scx (ab58655, Abcam)
and anti-TnC (ab108930, Abcam), TGF-B1 (ab92486, Abcam). The
samples were then incubated with corresponding secondary anti-
body (Goat Anti-Rabbit IgG H&L, ab205718, Abcam) at 37 °C for
45 min. B-actin was used as the internal control. Protein brands
were visualized by Super Signal West Pico Chemiluminescent
Substrate kit (Pierce; Thermo Fisher Scientific, Inc., Waltham, MA,
USA), and the Image] software (Rasband; NIH, USA) was used for
quantification of the bands to assess relative proteins expression.

2.10. Statistical analysis

Experiments were performed in triplicate. Statistical differences
were analyzed by Student's t-test for two groups and one-way
analysis of variance (ANOVA) followed by Tukey's correction for
multiple comparisons using GraphPad Prism software (GraphPad
Software, California).

3. Results

3.1. Identification of phenotype in BMSC and BMSC-derived
exosomes

First, we identified the BMSC and BMSC-derived exosomes. As
shown in Fig. 1A, the cell morphology was shuttle, spindle and

polygon as typical morphology of BMSC. The results of Flow
cytometry revealed that obtained cells were positive for CD90 and
CD44, and negative for CD45 and CD34, indicating the character-
ization of BMSC (Fig. 1B). The TEM photograph showed the
extracted exosomes of round and elliptical vesicles with a complete
double-layer membrane and low electron density materials inside
(Fig. 1C). The exosomes size analysis revealed the mean diameter of
the exosomes within the range of 30—150 nm (Fig. 1D). Finally, the
marker proteins of CD9, CD63, CD81 and TSG101 were all expressed
in exosomes with significantly higher levels than the BMSC
(Fig. 1E). All these results indicated the successful isolation of BMSC
and BMSC-derived exosomes.

3.2. BMSC-derived exosomes promoted proliferation, migration and
fibrosis of tenocytes

Then we evaluated the effects of BMSC-derived exosomes on cell
function of tenocytes. Results showed that the cell proliferation of
tenocytes was remarkably promoted by treatment of BMSC-derived
exosomes (Fig. 2A). Meanwhile, exosomes treatment also markedly
induced the ratio of (S + G2/M) phase cells (Fig. 2B). Transwell
assay demonstrated that cells treated with BMSC-derived exo-
somes had significantly stronger migration ability than the control
cells (Fig. 2C). Additionally, both the mRNA and protein levels of Col
I, Col IIl, a-SMA, Scx and TnC were dramatically enhanced by
treatment of BMSC-derived exosomes (Fig. 2D and E). Collectively,
these findings suggested that the BMSC-derived exosomes could
promote cell proliferation, migration and fibrosis of tenocytes.

3.3. TGF-f31 was expressed in BMSC-derived exosomes and was
enhanced in exosomes treated tenocytes

Then the expression of TGF-B1 in BMSC-derived exosomes was
determined. It was observed that both mRNA and protein levels of
TGF-B1 were significantly higher in BMSC-derived exosomes than
that in BMSC (Fig. 3A and B). Similarly, in tenocytes treated by
BMSC-derived exosomes, the expression of TGF-31 was remarkably
increased in comparison with the untreated cells at both mRNA and
protein levels (Fig. 3C and D). Taken together, TGF-f1 was
expressed in BMSC-derived exosomes and BMSC-derived exosomes
might promote the expression of TGF-B1 in tenocytes.
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Fig. 4. Knockdown of TGF-B1 in suppressed the effects of BMSC-derived exosomes on proliferation, migration and fibrosis of tenocytes. A) Cell proliferation of tenocytes was
determined by CCK-8 assay. B) Cell cycle of different groups of tenocytes was measured by flow cytometry. C) Cell migration was determined using transwell assay. D) and E) mRNA
and protein levels of Col I, Col III, a-SMA, Scx and TnC were determined by qPCR and western blot. *P < 0.05, **P < 0.01, ***P < 0.001.

3.4. Knockdown of TGF-f1 suppressed the effects of BMSC-derived
exosomes on proliferation, migration and fibrosis of tenocytes

To further investigated the role of TGF-B1 in cell function of
tenocytes, we used sh-TGF-f1 to knock down its expression (not
shown). When cells were treated with BMSC-derived exosomes or
TGF-B1 (1 ng/ml), the cell proliferation, cell migration ability and
the ratio of (S + G2/M) phase cells were all remarkably enhanced
compared with the untreated cells (Fig. 4A—C). However, the
knockdown of TGF-B1 by transfection with sh-TGF-$1 dramatically
reversed all the above effects. Besides, both treatment of BMSC-
derived exosomes or TGF-B1 significantly increased the expres-
sion levels of Col I, Col III, a-SMA, Scx and TnC (Fig. 4D and E). And
the transfection of sh-TGF-Bf1 remarkably decreased the above
protein levels which was increased by BMSC-derived exosomes. All
these results demonstrated that TGF-B1 participated in the process

of cell proliferation, migration and fibrosis of tenocytes and the
effects of BMSC-derived exosomes on cell function might be
through regulation of TGF-1.

3.5. BMSC-derived exosomes regulated cell function of tenocytes
through TGF-(1 signaling

Finally, we confirmed the role of TGF-$1 in exosomes regulated-
cell function of tenocytes. The TGFfR I/II inhibitor LY2109761
(2 uM) was used to suppress TGFf signaling. As shown in Fig. 5A,
cell proliferation which was remarkably promoted by BMSC-
derived exosomes was significantly inhibited by treatment of
LY2109761. Besides, BMSC-derived exosomes enhanced ratio of
(S + G2/M) phase cells, cell migration and the protein levels of Col I,
Col 111, a-SMA, Scx and TnC, while treatment of LY2109761 reversed
all these effects (Fig. 5B—E). These data provided evidence that
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BMSC-derived exosomes regulated cell function tenocytes through
activation of TGF-B1 signaling.

4. Discussion

Despite numerous studies, the treatment and recovery of rotator
cuff tear tendon injury are still challenging in clinic. Thus, the
illumination of novel molecular mechanisms, as well as potential
new treatment methods for rotator cuff tear tendon injury are ur-
gent. In recent years, exosomes are reported in many studies as a
delivery system to transport specific molecules to the target cells or
organs. Zhang et al. showed BMSC-derived exosomal miRNAs could
promote metastasis and epithelial stromal transformation of lung
cancer cells [18]. It was also found MSC-derived exosomes sup-
pressed cell apoptosis of chondrocytes by regulation of p38, ERK,
and Akt pathways [19]. In the present study, we demonstrated for
the first time that BMSC-derived exosomes contained TGF-1 and
could promote proliferation, migration and fibrotic activity in ro-
tator cuff tenocytes.

BMSC-derived exosomes have been reported in many diseases
and bioprocesses as potential treatment methods, including tendon
function. Chen et al. reported that MSC-conditioned medium had a
potential ability on tendon injury healing through promotion of
proliferation and migration in tendon cells [20]. It was also found
the BMSC-derived secretome combined with an engineering ther-
apy could improve chronic massive rotator cuff tear [21]. Besides,

exosomes could also mediate intercellular communication and
biomolecules transporter (protein, DNA and RNA families) function
as crucial regulator [22]. Studies also demonstrated that BMSC
could improve recovery of traumatic brain injury [23], spinal cord
injury [24] and regeneration of cochlear fibrocytes [25]. However,
the functional roles of exosomes derived from BMSC in rotator cuff
tear are not known. In our study, we demonstrated for the first time
that BMSC-derived exosomes could promote cell proliferation,
migration and fibrotic activity in tenocytes of rotator cuff, providing
a potential treatment approach for rotator cuff tear.

TGF-B1 is a widely known factor which can facilitate the fibrosis.
In a recent study, TGF-B signaling was found to be essential for
tenocytes recruitment and functional neonatal tendon regenera-
tion [26]. Another research demonstrated that substance P and
acetylcholine could promote proliferation of tenocytes through
activation of TGF-B1 [17]. Similar results were observed in effects of
substance P on tenocytes through CCN2 dependent TGF-f signaling
pathways [27]. Besides, in a recent research, Xu et al. found that
TGF-p existed in tenocyte-derived exosomes, and tenocyte-derived
exosomes could activate TGF-p signaling and mediated the teno-
genic differentiation of mesenchymal stem cells [28]. Jiang et al.
also demonstrated that human BMSC-derived exosomes stimulated
cutaneous wound healing through activating TGF-B3 and mothers
against decapentaplegic homolog 7 (Smad7) signaling pathway
[29]. On the other hand, many researches have proven that exo-
somes express membrane-associated TGF-B1, which could interact
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with its receptor on the recipient cell [30,31]. In a recent research,
Zhu et al. demonstrated that TGF-f1 mRNA in exosomes served a
role between macrophages and mesangial cells by activating the
TGF-B1/Smad3 pathway [32]. In an early study, analysis of tumor
exosomes revealed membrane-associated TGF-1 participated in
the regulation of cell proliferation [33]. In this study, we also found
TGF-B1 could promote cell proliferation, migration and fibrotic
activity of tenocytes, furthermore, we observed TGF-f1 was
expressed in BMSC-derived exosomes. Importantly, blocking exo-
somes associated TGF-B1 with its receptor inhibitor was sufficient
to significantly reduce the role of BMSC-derived exosomes in
tenocytes, further supporting these findings.

In conclusion, we conducted an in vitro study to investigate the
effects of BMSC-derived exosomes on cell function of tenocytes in
rotator cuff. Results showed TGF-B1-containing exosomes derived
BMSC could promote proliferation, migration and fibrotic activity in
rotator cuff tenocytes, indicating novel potential treatment
methods for rotator cuff tear tendon injury. Nevertheless, some
limitations to this study still exist. Animal studies using rotator cuff
tear models and damaged cell experiments are needed to confirm
the therapeutic effects of BMSC-derived exosomes in the future.
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