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Abstract

Rotator cuff tendon injuries often lead to shoulder pain and dysfunction. Traditional treatments such as surgery and
physical therapy can provide temporary relief, but it is difficult to achieve complete healing of the tendon, mainly because
of the limited repair capacity of the tendon cells. Therefore, it is particularly urgent to explore new treatment methods.
In vitro experiments were performed to explore the mechanism of differentiation of umbilical cord mesenchymal stem
cells (UCMSC:s) to tendon cells and to evaluate their potential in promoting rotator cuff injury repair. Growth factors
such as CTGF, GDF-6, and GDF-7 were used to induce the differentiation of UCMSCs, and gene expression changes
during the differentiation process were analyzed by single-cell sequencing. Hes| overexpression and animal models were
constructed to study its role in UCMSCs differentiation and rotator cuff injury repair. CTGF was the optimal factor for
inducing the differentiation of UCMSCs into tendon cells. With increasing induction time, UCMSCs exhibited obvious
tendon cell characteristics, such as changes in cell morphology and increased expression of tendon-specific proteins
(MKX, SCX, and TNC). Single-cell sequencing analysis revealed key cellular subpopulations and signaling pathways during
differentiation. Furthermore, overexpression of the Hes| gene significantly promoted the differentiation of UCMSCs to
tendon cells and showed its therapeutic effect in rotator cuff injury repair in an animal model. This study confirmed the
potential of UCMSCs in tendon injury repair, especially the critical role of Hes| in promoting UCMSCs differentiation
and rotator cuff tendon-bone healing, which provides a theoretical basis and experimental rationale for the development
of new cellular therapeutic strategies.
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and the increasing number of people participating in
sports, over 30million skeletal muscle system injuries
occur worldwide every year, which is a common disease in
the field of sports medicine, with 30%-50% of all sports
injuries being tendon related.’

Despite advances in current treatments, complete heal-
ing of tendon injuries remains a challenge for most
patients. Traditional conservative treatment methods, such
as corticosteroid injections, low-intensity pulsed ultra-
sound and shock wave therapy, have achieved certain suc-
cess in relieving pain and promoting initial healing.®’
However, these therapies often fail to effectively promote
the complete recovery of tendon tissues and may have side
effects, such as tissue degeneration and immunosuppres-
sion caused by the long-term use of corticosteroids.® In
addition, although surgical treatment can repair the rup-
tured parts through direct suture or transplantation, its
effect also has certain limitations. Surgery can only
restore the basic structure of the tendon and cannot recon-
struct its functional tissues. Moreover, the recurrence rate
after surgery is relatively high, especially after high-
intensity or overloaded exercise.” The high recurrence
rate after surgery has always been a scientific problem
faced by sports medicine doctors, mainly because tendon
cells have a low proliferation ability and the blood supply
in the damaged area is insufficient, resulting in the lim-
ited self-repair ability of tendon tissues, a slow repair
process and often accompanied by the formation of scar
tissues. %12 Therefore, the current treatment methods still
cannot effectively meet clinical needs.

Amidst the rapid development in the field of medicine
and biotechnology, cell therapy, as an emerging therapeu-
tic approach, demonstrates the potential to cure tendon
injuries.'* Mesenchymal stem cells have strong self-repli-
cation and multidirectional differentiation ability, and can
differentiate into osteoblasts, chondrocytes, tendon cells,
and many other cells under specific induced conditions. !5
Stem cell technology is one of the most promising biologi-
cal approaches to promote rotator cuff healing, and has
shown excellent results in in vitro and animal experiments,
as well as in a number of clinical studies.'®!7 With the
deeper understanding of stem cells and other multi-energy
cell types, there is a growing optimism about their poten-
tial application in tissue engineering and regenerative
medicine. Umbilical Cord Mesenchymal Stem Cells
(UCMSCs), as an emerging stem cell type, are considered
as an ideal cell source especially suitable for translation to
clinical applications due to their wide source, easy acces-
sibility and low immunogenicity.'®!° UCMSCs were rela-
tively stable in vitro proliferation and long-term storage,
no adverse effects were found, and there was a low inci-
dence of graft rejection and graft-versus-host disease, and
a very low incidence of infection after transplantation into
animal models.?’ Wang et al.?! found that exosomes from
human umbilical cord mesenchymal stem cells promote

carly damaged endometrial repair through miR-202-3p
mediated extracellular matrix (ECM) formation. Thus,
UCMSCs are stem cells with pluripotency that can be
applied to organ regeneration and have a wide range of
potential for tissue engineering and regenerative medi-
cine. All in all, stem cell therapy has effectively over-
come the limitations of tendon self-repair by enhancing
cell proliferation, promoting the differentiation of tendon
cells, improving the local microenvironment, reducing
immune rejection reactions and enhancing tissue func-
tion recovery.

The study aims to investigate the molecular mecha-
nisms underlying the induction and differentiation of
umbilical cord mesenchymal stem cells into tendons in
vitro, identify key signaling pathways and genes related to
tendon differentiation, and explore whether targeted induc-
tion of tendons in vivo could be achieved by regulating
key genes involved in tendon differentiation. This study
reveals the complexity of UCMSCs differentiation and the
role of key regulatory genes, providing clinically relevant
solutions for the treatment of tendon lesions.

Materials and methods

Main materials and reagents

Rat umbilical cord mesenchymal stem cells (UCMSCs,
CP-R302, Pricella, China), 293T cells (Pricella, China),
DMEM medium (L110KJ, Yuanpei, China), Fetal
bovine serum(ACO03L055, life-ilab, China), GDF-6 (HY-
P79333, MedChemexpress, USA), GDF-7 (92004ES10,
Yisheng, China), CTGF (HY-P72154, MedChemexpress
Biotechnology, USA), Goldenstar™ RT6 cDNA
Synthesis Kit Ver.2 (TSK302M, Tsingke, China), qPCR
Mix (SYBR Green I) kit and PCR primer (TSE002,
Tsingke, China), RIPA lysis buffer (Beyotime, China),
TNC (A1927, abclonal, China), MKX (ab236400, abcam,
UK), SCX (ab58655, abcam, UK), GAPDH (A19056,
abcam, UK), Hesl (ab71559, abcam, UK), Hras
(ab32417, abcam, UK), GAPDH Rabbit mAb (A19056,
abclonal, China), Lentiviral Packaging Kit (41102ES10,
Yisheng, China), Fetal bovine serum (26050070, Thermo,
USA), trypsin (LP0042, Thermo, USA), PBS (10010001,
Thermo, USA). Anti-CD34 antibody (PE), Anti-CD44
antibody (APC), Anti-CD45 antibody (APC-Cy7) Anti-
integrin B1 (CD29)-FITC conjugate antibody were pur-
chased from BD Pharmingen, USA.

UCMSC culture and group induction

Rat UCMSCs were cultured in DMEM medium contain-
ing 10% fetal bovine serum with 1% penicillin and 1%
streptomycin incubated at 37°C in a humidified incubator
containing 95% air and 5% CO, Depending on the inducer,
the UCMSCs were divided into control group (DMEM
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medium), GDF-6 group (25ng/ml GDF-6), GDF-7 group
(25ng/ml GDF-7), and CTGF group (25ng/ml CTGF).
Observation and detection were performed 14 days after
induction. After determining the best inducer, the stem
cells were treated at different time points (0, 3, 7, and
14 days) and the corresponding samples were collected for
testing.

Lentivirus packaging and stable cell line
establishment

The constructed plasmid was transfected into 293T to col-
lect lentivirus. Lentivirus infection was carried out when
the UCMSCs reached around 50%-80%. It was then
replaced with fresh complete culture medium containing
5pg/ml puromycin. When all cells had been killed by
puromycin, the stable transformed strains were obtained.

Take the well-grown constructs of empty vector and
Hesl-overexpressing UCMSCs stably transfected cells,
and prepare the cell suspension. The above cell suspen-
sions were mixed well and plated according to the group-
ing. After the cells were wall-plated, the cells were grouped
according to the following groups: (1) Overexpression
empty vector group (oe-NC): the constructed Hesl over-
expression empty UCMSCs stable transplants cells were
cultured for 14days in DMEM complete medium; (2)
Hesl overexpression vector group (oe-Hesl): the con-
structed Hes1 overexpression UCMSCs stable transplants
cells were cultured for 14days in DMEM complete
medium; (3) CTGF-induced + o0e-NC vector group
(CTGF + 0e-NC): constructed empty UCMSCs stable
transplants cells, cultured with DMEM complete culture
medium containing a final concentration of 25ng/ml
CTGF for 14days, changing the liquid every 3 days, cul-
tured up to 14 days to collect samples according to the sub-
sequent detection.

Establishment and treatment of a rat rotator
cuff tear model

The SPF-grade male SD rats (8 weeks old) were pur-
chased from Byrness weil biotech Ltd (Chongqing, China)
and were housed individually in a clean and open room
maintained at a stable temperature (22°C) on a 12/12h
light/dark cycle. The study was conducted in accordance
with the experimental norms and standards approved by
the Animal Welfare and Research Ethics Committee.
After 1 week of adaption, rats were randomly divided into
four groups.

Supraspinatus tendon injury and repair was performed
in rats bilaterally.Briefly, the supraspinatus tendon was
sharply detached from the humeral head and repaired to its
original attachment site by placing a modified Mason-
Allen stitch on the tendon and passing a suture through the
bone tunnel in the humeral head below the growth plate.

Sham operated group was sutured immediately after inci-
sion of supraspinatus tendon without rotator cuff tear.
Animals either received no treatement (sham operated
group, model group) or UCMSC:s stabilized cell line treat-
ment. After treatment, the rats were anesthetized by intra-
peritoneal injection of sodium pentobarbital, and the
tissues of the supraspinatus tendon were obtained and
stored for future use.

Single-cell RNA sequencing (scRNA-seq)

The tested cells were washed, resuspended, and prepared
into single-cell suspension of appropriate concentration.
According to the number of target cells for the correspond-
ing up-sampling, after the up-sampling, observe whether
the Gel Beads in Emulsions (GEMs) can be formed nor-
mally, if so, the GEMs will be sucked out and transferred
to the PCR tube for reverse transcription and library con-
struction. After the library check was qualified, sequenc-
ing was performed on the machine.

Quality control, dimensionality reduction, and
cluster analysis

For the processing of single-cell data, we first performed
data quality control analysis to remove doublet as well as
low-quality cells, Seurat for downstream analysis, louvain
algorithm for cluster analysis of normalized data, ¢-distrib-
uted stochastic neighbor embedding (tSNE) algorithm for
visualization of cell clustering in two-dimensional space,
and SingleR for automatic annotation of cell types.

Mimetic sequencing analysis

The proposed temporal analysis was performed using
Monocle3 software, which first generates cell clusters by
dimensionality-decreasing clustering, then annotates the
cell types by finding Marker genes and inferring the cell
developmental trajectories based on the changes in the
expression of the genes in each cell.

Gene differential expression and functional
enrichment analysis

Marker genes for all clusters were analyzed using the wil-
coxon algorithm, and genes that were highly expressed
specifically in each cluster, had logFC>0.25 and were
expressed in at least 20% of the cells were selected as dif-
ferentially expressed genes. Differences between groups
were analyzed by FindMarks function for each cell clus-
ters and differential volcano plots were drawn. Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses were performed
using the ClusterProfiler package.Pathways with p
adj <0.05 were considered to be significantly enriched.
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Table I. Primer information.

Gene 5'-3' Primer sequence

name

MKX Forward CCTAGTCCTGAGACCGGACA
Reverse CAGCTCCCCCAAGCTTGTTA

SCX Forward AACACCCAGCCCAAACAGAT
Reverse TATACTGCAGCACAGCCGAA

TNC Forward CGCAAAAATGGACGTGAGGA
Reverse AGGTTATCCAGTCCAAGCCAG

Hesl Forward AGCGCTACCGATCACAAAGT
Reverse GTTTGTCCGGTGTCGTGTTG

Hras Forward GGTAGTCATTGATGGGGAGACGTG
Reverse GTTGCCCACCAGCACCATTG

GAPDH Forward CAATCCTGGGCGGTACAACT
Reverse TACGGCCAAATCCGTTCACA

Real-time quantitative polymerase chain
reaction (qPCR)

Total RNA was extracted using Trizol reagent. According
to Goldenstar ™ RT6 cDNA Synthesis Kit Ver.2 instruc-
tion manual for reverse transcription synthesis of comple-
mentary DNA (cDNA). Real-time quantitative PCR
(qPCR) was prepared using a 2X T5 Fast qPCR Mix
(SYBR Green I) kit to prepare a reaction system. The reac-
tion was then performed in a real-time fluorescence quan-
titative PCR instrument to detect the Ct values of Hesl,
MKX, SCX, and TNC. The housekeeping gene GAPDH
was used for normalization, and the relative expression
level of the gene was calculated using the 274 method.
The primers used were displayed in Table 1.

Western blot (WB)

Total cellular protein was extracted using RIPA lysate. The
protein extract was diluted with one-fourth of the 5X SDS
loading buffer and heated to 100°C for 6 min for denatura-
tion. Samples were separated by sodium dodecyl sulfonate
polyacrylamide gelelectrophoresis and then transferred
onto a polyvinylidene fluoride (PVDF) membrane. The
primary antibodies TNC, MKX, SCX, and GAPDH were
diluted 1:1000 and incubated at 4°C overnight. The next
day, the secondary antibody GAPDH Rabbit mAb was
diluted 1:2000 and incubated at room temperature for 1 h.
The membranes were covered evenly using ECL exposure
solution and detected in a nucleic acid protein gel imager.
Gray scale values of the bands were determined using
Imagel.

Flow cytometry

Cells from each experimental group were collected sepa-
rately by trypsin, centrifuged, supernatant discarded and
resuspended. Set up isotype control: take a tube of

uninduced UCMSCs cells and add SuL IgG2a-FITC
Isotype Control from murine myeloma, 5 uL. Mouse IgG1
K, PE, Isotype Control, 5 uL. Mouse 1gG2b, APC, Isotype
Control and 5SuL Mouse IgGl x, APC-Cy7, Isotype
Control, shake and mix well, incubate at room temperature
away from light, centrifuge, discard the supernatant and
resuspend. In the experimental group, one tube of cells
was taken separately, 5SuL of Anti-integrin B1 (CD29)-
FITC conjugate antibody was added to each tube, shaking
and mixing, incubated at room temperature away from
light, centrifuged, supernatant discarded and resuspended.
Repeat the above steps, add 5SpL Anti-CD34 antibody
(PE), 5uL Anti-CD44 antibody (APC), 5uL Anti-CD45
antibody (APC-Cy7) in a single addition, shake and mix
well, incubate at room temperature away from light, cen-
trifugation, discarding the supernatant, and resuspension,
and then use a flow cytometer (CytoFLEX, Beckman,
USA).

Immunofluorescence

UCMSCs were inoculated on culture plates or slides and
cultured to appropriate density. Cells were fixed with 4%
paraformaldehyde for 20min. Cells were treated with
0.1% Triton X-100 for 5 min to increase membrane perme-
ability. Closed with 5% bovine serum albumin (BSA) for
1h to reduce non-specific binding. Add specific primary
antibodies (e.g. anti-COL I, COL III antibodies) and incu-
bate overnight at 4°C. Subsequently, fluorescently labeled
secondary antibodies were added and incubated at room
temperature and washed again to remove unbound second-
ary antibodies. Finally, the nuclei were stained using
DAPI, blocked with an anti-fluorescence quencher and the
fluorescent signals were observed and recorded by fluores-
cence microscopy to analyze the expression and localiza-
tion of the antigen.

Hematoxylin-eosin (HE) staining

The supraspinatus tendons were fixed with 4% paraform-
aldehyde, embedded them in paraffin and sectioned into
5um thick slices. The sections were sequentially depar-
affinized in xylene and rehydrated with 100%, 95%, 88%,
and 75% ethanol. After hematoxylin and eosin staining
were done, the sections were analyzed under the micro-
scope to the histological structure of supraspinatus
tendon.

Masson staining

The supraspinatus tendons were fixed, embedded, sec-
tioned to appropriate thickness, and adhered to slides. The
sections were sequentially placed in xylene and gradient
ethanol for deparaffinization and rehydration. The slices
were first stained with turquoise blue and Mayer
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hematoxylin staining solution for 3min. After staining
with mayer hematoxylin, 1% hydrochloric acid alcohol
was used for differentiation. Then the slices were sequen-
tially immersed in Ponceau staining solution, phosphomo-
lybdic acid solution and aniline blue solution for 10, 10,
and 5 min. Finally, after dehydration and transparency with
alcohol and xylene, the slices were sealed with neutral
gum. The slices were examined microscopically and the
images were captured and analyzed.

Biomechanical analysis

After obtaining the tissues of the humerus-supraspinatus
site, all the peritendinous tissues except the supraspinatus
tendon were excised and preserved in 4% paraformalde-
hyde solution. For biomechanical testing, the shoulder
tissues were securely fastened to an instrumented biome-
chanical tester (Instron 5548; Instron, Norwood, MA,
USA), and the supraspinatus tissues were tested for the
maximal failure load at a displacement rate of 5 mm/min.
The loaded load at the time of supraspinatus tendon rup-
ture was observed and recorded in detail as the maximum
failure load (N). The linear slope of the load-displacement
curve was used as the stiffness.

Statistics analysis

Single-cell sequencing analyses were performed using the
R (version 4.3.2) language, and descriptive statistical val-
ues of the data were expressed as mean = standard devia-
tion, and the data were analyzed by one-way ANOVA and
Tukey’s post-hoc tests with p <0.05 as the level of signifi-
cance of the difference using GraphPad prism 8.0 statisti-
cal software, and plotted using Origin 2017 software.

Results

The optimal inducer of CTGF for the
differentiation of UCMSCs into tendon cells

To select the inducer with the best differentiation effect,
we treated UCMSCs with GDF-6, GDF-7, and CTGF for
14 days. The induced cells are shown in Figure 1(a). Before
induction, it presents a stem cell like appearance, with
cells arranged in a spiral and radial pattern. The cell vol-
ume is large, irregular, and has many branches. After
induction, compared with the control group, the cells
treated with the inducer showed a spindle shaped morphol-
ogy, with long protrusions extending from the cytoplasm
of spindle shaped cells toward both poles, and the protru-
sions were obvious.

The results of qPCR and WB assays showed that the
mRNA and protein expression levels of MKX, SCX, and
TNC were significantly higher in the GDF-6, GDF-7, and
CTGF treatment groups compared to the control group

(» <0.05), with the CTGF group showing the most signifi-
cant induction effect (Figure 1(b) and (c)). The immuno-
fluorescence results showed that the expression of COL I
and COL III was increased after induction treatment with
GDF-6, GDF-7, and CTGF, and the CTGF group had the
best induction effect (Figure 1(d)). Therefore, we chose
CTGF for subsequent induction experiments.

Differentiation of UCMSCs to tendon cells after
CTGF induction

In order to further explore the induction effect of CTGF on
UCMSCs, cells at different time points after induction
(day 0, day 3, day 7, and day 14) were observed and
detected accordingly. We can see that in terms of cell mor-
phology changes, with the increase of induction time, the
nucleus became smaller, the cytoplasm became larger, and
the cell differentiation was obvious (Figure 2(a)). The flow
cytometry results showed that the UCMSCs cultured in
this study were positive for the expression of markers
CD29 (positive rate>93.7%) and CD44 (positive
rate>97.5%), and negative for CD34 (positive
rate <2.48%) and CD45 (positive rate < 1.42%) expres-
sion (Figure 2(b) and (c)). It verified the presence of ten-
don-lineage proteins in UCMSCs cultures undergoing
tenogenic induction. The results of gPCR and WB showed
that the mRNA and protein expression levels of MKX,
SCX, and TNC on the 3, 7, and 14 days after CTGF induc-
tion were all significantly increased than those in the con-
trol group (p<0.05), and the improvement effect was
most obvious on the 14day (Figure 3(a) and (Db)).
Immunofluorescence results demonstrated that COL I and
COL III expression increased with induction time
(» <0.05, Figure 3(c)).

ScRNA-seq analysis of potential mechanism
and microenvironment of CTGF induced
transformation of UCMSCs into tendon cells

ScRNA-seq is a powerful tool for studying cellular biol-
ogy, characterizing cell heterogeneity, identifying cell
types, and exploring intercellular communication and
interactions. To further explore the potential effects of
CTGF on induced tendon cells, scRNA-seq was performed
on UCMSCs induced by CTGF on 0, 3, 7, and 14 days. The
results demonstrated that the cells were clustered into four
cell subpopulations (Figure 4(a)) and annotated as three
types of cells: Attachment cell, stem cell, and tendon cell
(Figure 4(b)). In the early stage of induction, attachment
cells are mainly involved in cell attachment and migration,
providing support for the subsequent differentiation pro-
cess. On day 0, the cells are mainly in an undifferentiated
state, possessing the potential for self-renewal and multi-
directional differentiation. As the induction time extends,
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Figure 1. Analysis of the induction effect of BMP-12, GDF-7, and CTGF on the differentiation of UCMSCs: (a) morphological
changes of UCMSC:s after induction treatment, (b) mRNA expression of MKX, SCX, and TNC detected by qPCR, (c)
bands and protein expression of MKX, SCX, and TNC detected by WB, and (d) COL-I and COL-IIl expression detected by

immunofluorescence (400X). ¥ <<0.01 and *** p <0.00] compared with the control group.
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tissue cells, mainly responsible for the formation and maintenance of tendons.

the proportion of stem cells significantly decreases starting
from day 3, while the proportion of tendon cells increases
significantly, indicating that the induction of CTGF pro-
motes the differentiation of stem cells into tendon cells
(Figure 4(c) and (d)). The results of the proposed chrono-
logical analysis indicate that over time, stem cells gradu-
ally differentiate into tendon cells (Figure 4(e)).

The results of differential gene analysis showed that,
compared with day 0, 539 genes were significantly upreg-
ulated and 3508 genes were significantly downregulated
on day 3. Among the upregulated genes, genes such as
Actal and Acta2 play roles in the process of CTGEF-
induced differentiation of UCMSCs into tendon cells.
They are involved in functions such as muscle contraction,
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cytoskeleton regulation, transcriptional regulation, choles-
terol synthesis, and extracellular matrix construction, ena-
bling cells to acquire contraction and movement abilities,
determine differentiation fates, reshape their morphology,
and construct the extracellular environment. On day 7, 723
genes were significantly upregulated and 3413 genes were
significantly downregulated. Among the upregulated
genes, genes like Hes1 and Sox9 are involved in functions
such as transcriptional regulation, cholesterol and fatty
acid synthesis, substance transport regulation, and cytokine

signal transduction during the CTGF-induced differentia-
tion of UCMSCs into tendon cells. They play roles in
determining the differentiation direction, providing an
energy and material basis, constructing the extracellular
matrix, and maintaining the orderliness of differentiation.
On day 14, 1353 genes were significantly upregulated and
1099 genes were significantly downregulated (Figure
5(a)). Among the upregulated genes, genes such as Lcn2
and Nr4a2 are involved in functions such as iron metabo-
lism and antibacterial defense regulation, transcriptional
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Table 2. Gene list (Top 15).

log,FC (7 days vs 0days)

Genes log,FC (3 days vs 0days)
Mvd 3.43269150181448
Dher7 2.92961042935789
Scd 2.72372360021513
Hmgcs| 2.70820879708009
Fdps 2.53877879606592
Acta2 2.53648176839534
Cyp5I 2.49485748833613
Idil 2.45845819052401
Msmol 2.41103499464316
Slc2aé 2.16364922940956
LOC102549542 2.1481384929411 |
Hesl 2.08257022862328
Ldir 2.0717597756045
Hmgcr 2.04671471676073
Tent5b 2.0272311850968

3.20388522646424
2.09436432795233
3.06956513469183
2.49715303545338
1.81235009953154
1.49899597985026
1.7950306 1259686
1.60129701508813
1.874486767661 | |
1.63364495026023
1.32092896713172
2.14056934762437
2.50072492132375
2.02427112227691
2.2155460017214

regulation, cholesterol uptake, antioxidant stress response,
immune regulation, mTOR signaling pathway regula-
tion, and energy metabolism during the CTGF-induced
differentiation of UCMSCs into tendon cells. They create
a stable micro-environment for cells, guide the differen-
tiation direction, and meet the energy and metabolic
needs of cells. We took the intersection of the number of
up-regulated genes in the 3 day versus 0 day, 7 day versus
0day, and 14 day versus 0day groups, screened 124 dif-
ferential genes, and analyzed the functions of the genes
(Figure 5(b)).

The GO enrichment analysis comparing 3 day and 0 day
demonstrated the 10 most significantly enriched pathways,
where Biological Process (BP) were mainly involved in
muscle tissue development, ameboidal-type cell migration
and regulation of cellular macromolecule biosynthetic pro-
cess, Cellular Component (CC) were mainly associated
with collagen-containing extracellular matrix, cell leading
edge and nuclear envelope pathways, Molecular Function
(MF) were mainly involved in transcription coregulator
activity, ubiquitin-like protein transferase activity and
RNA polymerase Il-specifc DNA-binding transcription
factor binding pathway. binding and other pathways. GO
enrichment analysis comparing 7day and Oday showed
that BP were mainly involved in ameboidal-type cell
migration, response to radiation and negative regulation of
cell cycle pathways, CC were mainly involved in chromo-
somal region, membrane raft and membrane microdomain
pathways, and MF were mainly involved in transcription
coregulator activity, GTPase regulator activity and nucleo-
side- triphosphatase regulator activity and nucleoside-
triphosphatase regulator activity pathways. GO enrichment
analysis comparing 14day and Oday displayed that BP
were mainly involved in pathways such as ameboidal-type
cell migration, regulation of apoptotic signaling pathway
and small GTPase mediated signal transduction, CC were

mainly involved in nuclear envelope, intrinsic component
of organelle membrane and collagen-containing extracel-
lular matrix pathways, and MF were mainly involved in
pathways such as phospholipid binding, GTPase regulator
activity and nucleoside-triphosphatase regulator activity
(Figure 5(c)). KEGG pathway analysis showed that the
pathways significantly enriched on 3day compared to
Oday included chemical carcinogenesis reactive oxygen
species, oxytocin signaling pathway, and diabetic cardio-
myopathy pathway. The pathways significantly enriched
on 7day compared to Oday include protein processing
intrinsic plasticity, PPAR signaling pathway, and parathy-
roid hormone synthesis, secretion and inhibition pathways.
The pathways significantly enriched on 14day compared
to Oday include the HIF-1 signaling pathway, ribosome,
and mineral absorption pathways (Figure 5(d)).

We took the intersection of the number of upregulated
genes in the 3 versus 0 and 7 versus 0 groups, screened out
80 differential genes, and analyzed the functions of these
genes. The genes were sorted in descending order accord-
ing to the log,FC value. The list of the top 15 differential
intersection genes is shown in Table 2. Based on previous
research findings, Hesl can induce the differentiation of
stem cells.”>? In addition, among these upregulated
KEGG pathways, we found that the Oxytocin signaling
pathway ranked high and was involved in the process of
stem cell differentiation. We analyzed the genes enriched
in the Oxytocin signaling pathway and predicted the bind-
ing of the transcription factor Hesl to the genes enriched
in the Oxytocin signaling pathway through the JASPAR
database. The prediction results showed that Hras in this
pathway could bind to Hesl, and there were 13 binding
sites. We hypothesized that after induction, Hesl is upreg-
ulated in umbilical cord stem cells, activating the Oxytocin
signaling pathway, thus affecting the tenogenic differentia-
tion of stem cells. Moreover, the qPCR results showed that
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the mRNA expression level of Hesl on the 3rd, 7th, and
14th days after CTGF induction was significantly higher
than that of the control group (p<0.05, Figure 5(e)).
Therefore, we selected Hes1 for subsequent experiments.

Hesl, as a key gene in CTGF promoting the
differentiation of UCMSCs into tendon cells

By comparing the scRNA-seq results of the control group
and the induced group, we identified Hesl as a key gene
for CTGF induced differentiation of UCMSCs into tendon
cells. To further investigate the effect of Hes1 on the dif-
ferentiation of UCMSC:s into tendon cells, we constructed
a Hes1 overexpression model. It can be seen from the cell
images that the cells in the oe-Hes1 group showed an obvi-
ous differentiation state. While in the oe-NC + CTGF
group, although the cells had a certain degree of differen-
tiation, the degree of differentiation was not significant
(Figure 6(a)). The results of qPCR and WB showed that
the mRNA and protein expressions of Hesl, Hras, MKX,
SCX, and TNC in the oe-Hesl group were significantly
higher than those in the oe-NC group (p<<0.05). The
mRNA and protein expressions of Hesl, Hras, MKX,
SCX, and TNC in the oe-NC + CTGF group were lower
than those in the oe-Hesl group but higher than those in
the oe-NC group (Figure 6(b)—(d)). In addition, the expres-
sions of COL I and COL III detected by immunofluores-
cence also showed similar results (Figure 6(e)). These
result suggested that Hesl is one of the key genes that can
promote the differentiation of UCMSCs into tendon cells.

Effect of Hes| on rotator cuff tears at the
animal level

To validate the role of Hesl at the animal level, we con-
structed a rotator cuff tear model with SD rats and treated
with UCMSCs-stabilized strains. Finally, we collected
supraspinatus tendon to detect changes in the associated pro-
teins and genes. As shown in Figure 7(a) and (b), compared
with the sham group, the levels of Hes1, Hras, MKX, SCX,
and TNC proteins were significantly decreased in the model
group at 2 and 4 postoperative weeks (p <0.05). Similarly,
RT-PCR analysis also revealed that rotator cuff tear signifi-
cantly decreased the mRNA expression of Hesl, Hras,
MKX, SCX, and TNC (p<0.05, Figure 7(c)), while treat-
ment with oe-Hes1 stable UCMSCs significantly increased
their expression, and oe-NC group also showed significant
increase after 4weeks of treatment. These results suggest
that UCMSCs therapy can improve rotator cuff tears and that
Hesl is a key gene in regulating rotator cuff tears.
Histological observations at 2 and 4 weeks post-surgery
revealed that the tendon-bone interface in the sham-
operated group revealed thick, regular, columnar collagen
fibers, fewer capillaries, and less inflammatory cell

infiltration. In contrast, the tendon-bone interface in the
model group showed mesenchymal cells proliferation, a
large amount of loose connective tissue, infiltration of
inflammatory cells, capillary proliferation and fibroblasts
proliferation. The tendon bone interface of the oe-NC
group exhibited mesenchymal cell proliferation, along
with loose connective tissue and inflammatory cell infil-
tration, as well as capillary proliferation. However the ten-
don bone interface of the oe-Hesl group showed thick,
regular, and tight collagen fibers arranged in a columnar
pattern, with a small amount of infiltration of adipocytes
and inflammatory cells, and a large number of newly
formed capillaries (Figures 8 and 9(a)). Masson staining
result showed that the collagen volume fraction in the
model group was significantly higher than the sham group
at 2 and 4 weeks post surgery, while the collagen volume
fraction in both the oe-NC and oe-Hesl groups was sig-
nificantly lower than model group (Figure 9(b)).
Immunofluorescence detection results indicated that at the
2 and 4 weeks post-surgery, the expression of COL I and
COL III in both the oe-NC and oe-Hesl groups was sig-
nificantly higher than in the model control group, with the
oe-Hesl group showing the most prominent increase
(p <0.05, Figures 10(a), (b), 11(a), and (b)). Biomechanical
testing results showed that at the 2 and 4 weeks post-sur-
gery, the ultimate failure load and stiffness in the oe-NC
and oe-Hes1 groups were significantly higher than in the
model control group, with the oe-Hesl group showing a
more significant increase (p <0.05, Figure 12(a) and (b)).

Discussion

This study aims to explore the molecular mechanism of
UCMSCs differentiating into tendon cells in response to
the clinical needs of rotator cuff tendon injury treatment.
Through optimized in vitro induction conditions, we suc-
cessfully promoted the differentiation of tendon cells in
UCMSCs and validated their potential to promote rotator
cuff tendon bone healing in animal models. The findings
of this study not only provide scientific basis for the feasi-
bility of UCMSCs in tendon repair, but also point out the
direction for future clinical translational research.

The ability of CTGF to induce UCMSCs toward a ten-
don cell phenotype is a significant advancement. Previous
studies have explored the role of growth differentiation
factors (GDFs) and bone morphogenetic proteins (BMPs)
in tenogenic differentiation with varied success.!®?42> Our
work demonstrates that CTGF is more effective than
GDF-6 and GDF-7, suggesting a more potent role in ten-
don healing. This is exemplified in studies where CTGF
has been shown to enhance collagen production and
improve the biomechanical properties of tendons,?®?’
thereby highlighting its critical role in extracellular matrix
remodeling. This may be related to the function of CTGF
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Figure 6. Analysis of the induction of the Hes| gene on the differentiation of UCMSCs to tendon cells: (a) changes in cell
morphology (scale bar: 100 um), (b) WB protein bands, (c) protein expression of Hesl, Hras, MKX, SCX, and TNC detected by

WB, (d) mRNA expression of Hes|, Hras, MKX, SCX, and TNC detected by qPCR, and (e) COL-l and COL-lIl expression detected

by immunofluorescence (400X). ** < 0.001 and **p < 0.0] compared with the oe-NC group.
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Figure 7. The effect of Hes| gene on rotator cuff tear at the animal level: (a) VB protein bands in 2 and 4 weeks, (b) protein
expression of Hes|, Hras, MKX, SCX, and TNC in 2 and 4 weeks detected by WB, and (c) mRNA expression of Hes|, Hras, MKX,
SCX, and TNC in 2 and 4weeks detected by qPCR. **p < 0.001, **» < 0.0] compared with the sham group, and ##p < 0.001

compared with the model group.

in regulating extracellular matrix formation and tendon
cell maturation.

MKX is a transcription factor that plays a critical role in
tendon and ligament genesis and development. It controls
tendon cell proliferation, differentiation and ECM synthe-
sis by regulating the expression of downstream target
genes.?#?” MKX interacts with other transcription factors
(e.g. SCX and TNC) to synergistically regulate tendon cell
fate and function. SCX promotes tendon mechanical
strength by regulating the expression of collagen and pro-
teoglycans in the ECM.3%3! TNC, an extracellular matrix
protein that plays an important role in tendon formation
and repair, affects the mechanical properties of tendons by

regulating the expression of other ECM proteins.3? Hras,
as an important signaling molecule, plays a key role in the
proliferation and differentiation of tendon cells as well as
in the synthesis of extracellular matrix, and the regulation
of'its activity has a potential impact on tendon tissue repair
and regeneration.’> Under CTGF induction, UCMSCs
exhibited distinct morphological features of differentia-
tion. Flow cytometry was used to verify changes in the
surface markers of UCMSCs during the induction process,
further confirming that these cells were indeed differenti-
ating into tenocyte lineage. As the induction time increased
(3, 7, and 14 days), the expression of MKX, SCX, TNC,
and other markers continued to rise, with the most
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significant expression observed at day 14. This suggests
that the differentiation of UCMSCs into tenocytes is a
gradual process, and the longer the induction time, the
more pronounced the differentiation effect.

The results of single-cell sequencing provided us with
dynamic changes of the cells at different time points.
Analysis revealed that, with the increase in induction time,
the proportion of the stem cell population in UCMSCs
gradually decreased, while the proportion of the tenocyte
population significantly increased. This change indicates
that UCMSCs, under the induction of CTGF, gradually
differentiate from a stem cell state into tenocytes. In the
differential gene analysis, we found that many genes
related to tendon formation, such as Hras, were signifi-
cantly upregulated, further confirming the key role of
CTGF in cell differentiation. Moreover, GO enrichment
analysis revealed significant enrichment of pathways
related to biological processes such as muscle tissue devel-
opment, cell migration, and transcriptional regulation,
suggesting that these processes may play important roles
in the differentiation of UCMSCs into tenocytes. According
to the prediction of the JASPAR database, the transcription
factor Hesl can directly bind to the Hras gene in the

oxytocin signaling pathway, and there are 13 binding sites.
This binding may regulate the expression of the Hras gene,
thereby affecting the expression of tendon cell markers
(such as MKX, SCX, and TNC) and the differentiation
process of tendon cells. Some studies have found that oxy-
tocin and its receptor affect the functions of cells in bone
tissue, such as osteoblasts, osteoclasts, and bone marrow
mesenchymal stem cells, thus regulating the processes of
bone growth, remodeling, and metabolism.3* This further
corroborates the possibility that Hes1 may exert its effect
through this pathway.

In this study, we established a Hesl overexpression
model and found that it significantly promoted the differ-
entiation of UCMSC:s into tendon cells. We also observed
that the mRNA and protein levels of Hesl, Hras, MKX,
SCX, and TNC in the oe-Hes! group were significantly
higher than those in the control group. SCX and MKX, as
key transcription factors for tendon cells, have been widely
validated for their roles in tendon differentiation. Therefore,
their upregulation in this study further supports the func-
tion of Hesl in promoting UCMSCs tendon differentia-
tion. In the animal experiments, we established a rotator
cuff tear model in SD rats and explored the role of Hesl
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Figure 1 1. Immunofluorescence detection analysis of different groups in 4weeks: (a) mean fluorescence intensity of COL-l and
COL-Ill and (b) COL-I and COL-lIl expression detected by immunofluorescence (400X). *¥*p < 0.001 compared with the sham
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overexpression in tendon repair. HE staining and Masson
staining results showed that in the oe-Hes1 group, tendon
injury repair was significantly accelerated, with tissue
structure reconstruction being more complete and orderly
compared to other groups. Immunofluorescence results
revealed that at the tendon-bone interface in the oe-Hesl
group, collagen fibers were well-organized, and the
expression levels of COL I and COL III were significantly
higher than those in the model group. Numerous studies
have shown that COL I and COL III are the major collagen
types in tendon and bone tissues and play a crucial role in
the formation of the tendon-bone interface and tissue
repair.’>3® This suggests that Hesl not only promotes
UCMSC differentiation at the cellular level but also accel-
erates overall tissue repair. Further biomechanical testing
showed that the ultimate failure load and stiffness in the
oe-Hes1 group were significantly higher than those in the
model group. The improvement in biomechanical perfor-
mance indicates that Hesl has significant potential in
enhancing the mechanical stability and functional recov-
ery of tendon tissue.

Moreover, our findings on the role of Hesl in tendon
regeneration are groundbreaking. Prior research has pri-
marily focused on the role of Hesl in neurogenesis and
stem cell maintenance.’”* Our study shifts this paradigm
by demonstrating that Hesl overexpression significantly
promotes UCMSCs differentiation into tendon cells,
thereby enhancing tendon repair. This is corroborated by
findings where modulation of Hesl has been linked to
changes in cell fate decisions and differentiation capabili-
ties, suggesting a broader role for Hesl in regenerative
medicine. The test results also suggest that UCMSCs ther-
apy combined with growth factors such as connective tis-
sue growth factor (CTGF) can further enhance the efficacy
of UCMSC:s in tendon repair.

However, this study also has certain limitations.
Although in vitro experiments and animal models support
the application of UCMSCs, their efficacy and safety in
human treatment still need to be verified through large-
scale clinical trials. Specifically, the application of
UCMSC:s first requires evaluation of its safety in a Phase |
trial to ensure there is no toxicity and immune rejection.
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Figure 12. Biomechanical testing of tendon tissue changes at 2 and 4 weeks in different groups: (a) ultimate failure load (N) and (b)
stiffness (N/mm). ¥*p <0.001 compared with the sham group and ###p <0.00| compared with model group.

Subsequently, its efficacy is evaluated in a Phase II trial,
and a Phase III trial is used to verify its effectiveness in a
large-scale population. At the same time, the production of
UCMSCs must strictly follow GMP (Good Manufacturing
Practice) standards to ensure the quality and stability of the
product. Although UCMSCs have low immunogenicity,
the risk of immune reactions still needs to be evaluated for
allogenic transplantation. The regulatory approval of cell
therapy involves multiple aspects such as clinical trial

design, ethical review, and product quality. In addition, the
molecular mechanism by which Hes! promotes the differ-
entiation of UCMSC:s still needs further study.

Conclusion

In this study, we successfully revealed the molecular
mechanism of the differentiation of UCMSCs into tendon
cells and evaluated their potential application in promoting
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rotator cuff tendon-bone healing. Through in vitro experi-
ments, we found that CTGF was a potent inducer of the
differentiation of UCMSCs into tendon cells. Single-cell
sequencing analysis further revealed key cellular subpopu-
lations and signaling pathways during differentiation, pro-
viding molecular-level insights into the targeted induction
of UCMSC:s. In addition, overexpression of Hes1 signifi-
cantly promoted the differentiation of UCMSCs and
showed the potential to improve the healing of rotator cuff
injuries in animal models. These findings provide a theo-
retical basis and experimental rationale for the develop-
ment of stem cell-based therapeutic strategies, which are
expected to be a new approach for the treatment of rotator
cuff tendon injuries. Future studies will focus on optimiz-
ing the induction conditions of UCMSCs and validating
their therapeutic effects in a wider range of preclinical
models to facilitate the translation of this therapy to clini-
cal applications.
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