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Tendon-derived stem cell (TDSC) is a subpopulation of residing stem cells within the intact tendon tis-
sues, with the capacities of self-renewal, clonogenicity, and three-lineage differentiation. Compared with
bone marrow derived mesenchymal stem cells (BMSCs), TDSCs are superior for tendon injuries repair as
they remain some tendon tissue-specific differentiation properties. In the present study, TDSC was found
to undergo spontaneous tenogenic differentiation in which the expression of tenogenic markers were
increased while the expression of stemness markers decreased with time in TDSCs culture (without
tenogenic induction medium). The further collagen synthesis ability was correspondingly increased
during this process. After a longer period of culture, the monolayer of TDSCs formed a “3D” layers with
rich extracellular matrices of typical tendon tissues. In addition, the key tenogenic transcription factors,
such as Scx, Mkx, Egr1 and Eyal were all up-regulated in this process. Finally, we compared the spon-
taneous tenogenic differentiation with TGF-B1-induced tenogenic differentiation of TDSCs, and the re-
sults showed that the spontaneous tenogenic differentiation of TDSCs was general character of TDSCs,
similar to but weaker than the effect of TDSCs under tenogenic induction. Taken together, the present
study identified that TDSCs had the potential of spontaneous tenogenic differentiation, which may be a
better cell source for the treatment of tendon injury.

© 2016 Elsevier Inc. All rights reserved.

Introduction

bone levers producing joint motion, act as shock absorbers, energy
storage sites, and help to maintain posture through their pro-

A tendon (or sinew) is a tough band of fibrous connective tissue
that usually connects muscle to bone and is capable of with-
standing tension. They can transmit forces from muscle to rigid

Abbreviations: TDSC,, Tendon-derived stem cell; ECM,, Extracellular matrix;
BMSCs,, Bone marrow mesenchymal stem cells; Scx, Scleraxis; Mkx, Mohawk
homeobox; Egrl, Early growth response 1; Eyal, Eyes absent homolog 1; NS, Nu-
cleostemin; EphA4, Ephrin type-A receptor 4; Col3al, Collagen type III; Lox, Lysyl
oxidase; TenC, Tenascin C; Collal, Collagen type I; Tnmd, Tenomodulin; Dcn,
Decorin; Fmod, Fibromodulin; Bgn, Biglycan; PAI-1, Plasminogen activator inhibitor
type 1

* Corresponding author at: Department of Orthopaedics & Traumatology, The
Chinese University of Hong Kong, Prince of Wales Hospital, Hong Kong SAR,
PR China.

** Corresponding author at: Room 904, 9/F, Li Ka Shing Institute of Health Sci-
ences, Prince of Wales Hospital, The Chinese University of Hong Kong, Shatin, Hong
Kong, SAR, PR China.

E-mail addresses: zhangjf06@cuhk.edu.hk (J.-F. Zhang),
gangli@cuhk.edu.hk (G. Li).

http://dx.doi.org/10.1016/j.yexcr.2016.01.007
0014-4827/© 2016 Elsevier Inc. All rights reserved.

prioceptive properties [1,2]. As an integral part of a musculo-
tendinous unit, tendon is consisting of 30% collagen and 2% elastin
embedded in an extracellular matrix (ECM) containing 68% water
and tenocytes [3]. Tenocytes are traditionally considered as the
main terminally differentiated cells, responsible for synthesis and
formation of tendon fibers and ground substance in a three-di-
mensional network [3]. Until 2007, tendon stem/progenitor cells
were firstly identified as a population of residing stem cell with
self-renewal, clonogenicity, and three-lineage differentiation ca-
pacity within the human and mouse tendon. These cells express
tendon-related genes and are able to form tendon and enthesis-
like tissues when implanted in vivo [4]. Our group also isolated
and identified this subpopulation from rat tendon and named as
tendon-derived stem cell (TDSC) [5].

Tendon injury heals slowly and often results in the formation of
inferior fibrotic scar tissue or fibrous adhesions [6,7]. These com-
promised healed tendons have the risk of reinjury at the repair site
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which remains a challenge for clinical doctors. Recent years, the
stem cell therapy for tendon repair has displayed positive out-
comes in laboratory studies [8-12]. Stem cells from various source
have various proliferation and differentiation capacities [13]. Just
as bone marrow mesenchymal stem cells (BMSCs), TDSCs remain
the tissue-specific differentiation potentials such as osteogenic,
adipogenic and chondrogenic differentiation; but they are more
easily to form tenocyte than BMSCs [4]. In addition, different from
the ectopic bone and tumor formation with BMSC transplantation
[14-16], in vitro tenogenic differentiation of TDSCs before trans-
plantation might be a good strategy to promote tendon healing
while minimizing the chance of ectopic bone and tumor formation
in tendons.

In the present study, TDSCs was found to undergo tenogenic
spontaneous differentiation in which the tenogenic markers were
increased while the stemness markers were decreased along with
TDSCs growing under normal condition. The collagen synthesis
ability were correspondingly increased during this process. The
key tenogenic transcription factors, Scleraxis (Scx), Mohawk
homeobox (Mkx), Early growth response 1 (Egr1) and Eyes absent
homolog 1 (Eyal) were demonstrated to be involved in this
spontaneous differentiation. In addition, by comparison of spon-
taneous tenogenic differentiation and TGF-P1-induced tenogenic
differentiation, we found spontaneous tenogenic differentiation
was an underlying trend, similar to but weaker than tenogenic
inducer’s effect.

Materials and methods
Tendon obtainment and TDSCs isolation

SD rats (6-8-week-old, male, weighting 150-220 g) were used for
dissection of Achilles tendon. TDSCs isolation was performed as
described previously [5]. Briefly, we stripped off the tendon sheath
and the surrounding paratenon, cut tendon tissues into small pieces
and digested them with 2 mg/ml collagenase type I (Sigma) for 2.5 h
at 37 °C. Single-cell suspensions were cultured in DMEM, supple-
mented with 10% FBS and antibiotics (50 pg/ml penicillin, 50 pg/ml
streptomycin, and 100 pg/ml neomycin, Invitrogen) at 5% CO,. TDSCs
from 3rd passage were used for all experiments with triplicate. The
clonogenicity and multi-lineage differentiation potential of these
cells were identified as described previously before usage [5].

Cell treatment

For spontaneous differentiation, 2 x 10°> TDSCs were seeded in
35 mm dishes with normal condition medium and the medium
was changed every other day. For morphology observation of long
cell culture, pictures were taken by microscope Leica DMIRB.
For gene expression analysis, cells were harvested at day 1, day 4,
day 7, day 10 and day 30 for quantitative RT-PCR (qRT-PCR) ana-
lysis. For TGF-P1 induction experiment, 2 x 10° cells were seeded
in 6-well plates and after 24 h, they were incubated with or
without 10 ng/ml TGF-P1 and harvested at 10 days. All the har-
vested cells were applied for gene expression assay.

qRT-PCR analysis

Total RNA was isolate from Achilles tendon and TDSCs using
TRIzol® Reagent (Invitrogen), and reversely transcribed using
PrimeScript ™ RT Master Mix (Takara). All of the quantitative real-
time polymerase chain reactions (qRT-PCR) were performed using
Power SYBR® Green Master Mix (Applied Biosystems) on a

StepOnePlus™ Real-Time PCR System (Life technologies). The
primer sequences are shown in Table 1. Rpl 19 was used as en-
dogenous control. The fold changes were calculated by means of
relative quantification (2~ *~Ct).

Sirius red staining

The treated cells were rinsed in cold PBS and fixed in 4% par-
aformaldehyde (PFA). The cells were then incubated with Picro-
sirius Red Solution (0.1 g Sirius red F3B in 100 ml 1.3% picric acid
solution) for 1 h at room temperature. The reaction substrate was
removed and the cells were rinsed thoroughly in acidified water
(0.5% acetic acid). Images were taken using microscope Leica
DMIRB.

Statistical analysis

Data are expressed as mean + SD. Statistical analysis was per-
formed using the two-tailed Student's t test. A p value less than
0.05 is considered to be statistically significant.

Results

The profile of tendon-related genes with comparison of monolayer
TDSCs and intact tendon

In order to screen out the tenogenic markers, the tendon-re-
lated genes were investigated in TDSCs (3rd passage) and the in-
tact tendon by qRT-PCR array (Table 2). All the genes listed in
Table 2 are divided in two groups: (1) the traditional markers for
stem cell such as CD90, CD73 and Nucleostemin (NS) [5,17] and
(2) the other genes encoding the main tendon-related collagen
and proteoglycan, or expressing in tendon lineage cells. Among
these stem cell markers, CD90 was up-regulated by 34-fold and NS
was slightly up-regulated by 1.58-fold in monolayer TDSC when
compared with tendon. However, CD73 remained unchangeable in
the TDSCs and tendon. Therefore, CD90 and NS are considered as
the suitable stem cell markers for TDSCs in our study. The ex-
pression of Ephrin type-A receptor 4 (EphA4), a tendon-related
marker, was showed no significant difference between the tendon
and monolayer TDSCs, while the Collagen type III (Col3a1), Lysyl
oxidase (Lox) and Tenascin C (TenC) were much higher in TDSCs
than that in tendon. On the other hand, Collagen type I (Collal)
was significantly decreased in TDSCs and the tendon-related genes
including Tenomodulin (Tnmd), Decorin (Dcn), and Fibromodulin
(Fmod) were also strikingly suppressed in TDSC, suggesting that
these factors could be considered as differentiation markers of
tendon.

In addition, the key tenogenic transcription factors Scx, MKkx,
Egrl and Eyal are investigated in TDSCs and tendon. As shown in
Fig. 1, these transcription factors were all significantly up-regu-
lated in tendon in comparison with those in TDSCs.

TDSCs had the spontaneous tenogenic differentiation potential

Previous study reported that MSCs had spontaneous osteogenic
differentiation [18], so we hypothesize that TDSCs also have the
spontaneous differentiation capacity to tenocyte. As shown in
Fig. 2A, TDSCs were flat in monolayer pattern before reaching
confluence. As the TDSCs were maintained for 30 days, “3D” strands
were formed suggesting that the cells had the stronger ability to
synthesize the extracellular matrix. And we observed no “3D”
strands formation in day 10. Furthermore, we examined the
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Table 1
Sequences of PCR primer sets used for qRT-PCR.

Gene Forward primer sequence Reverse primer sequence

CD90 CCGTCATGAGAATAACACCA CCCAACCAGTCACAGAGAAAT

CD73 GCAGCCATCAAAGCAGACAT AGCGGAGCCATTCAGGTAGA

NS AGGATGGTGATGATCAAGAACATG  GATGGTTTACTTGCTGTTGATTGC

Collal TGCTGCCTTTTCTGTTCCTT AAGGTGCTGGGTAGGGAAGT

Col3al AACGGAGCTCCTGGCCCCAT ATTGCCTCGAGCACCTGCGG

Tnmd  CCAGACAAGCAAGCGAGGA AACTTCCTATTAGACTCTCC

Dcn TTGCAGGGAATGAAGGGTCT TGTGGGTGAATTTGCCAATA

Fmod  CTGCTGTATGTCCGGCTGTCTC GCTGCGCTTGATCTCGTTCC

Lox CAGGCACCGACCTGGATATGG CGTACGTGGATGCCTGGATGTAGT

EphA4  CACCATCATCCATTGCTTTG AAAGGGTTCAGGCCTTTGAT

TenC CAGAAGCTGAACCGGAAGTTG GGCTGTTGTTGCTATGGCACT

Scx AACACGGCCTTCACTGCGCTG CAGTAGCACGTTGCCCAGGTG

Mkx AGTGGCTTTACAAGCACCGT ACACTGAGCCGCTCGGCGTT

Egrl GAGCCTGCACCCAACAGTG TGGGGCTCAGGAAAAATGTCA

Eyal GGGTCCTACGCCAACAGATA GGTCCTGTCCATTGTCGTCT

Rpl 19 CTGAAGGTCAAAGGGAATGTG GGACAGAGTCTTGATGATCTC
Table 2

Comparison of marker gene expression levels between the monolayer TDSCs and
the intact tendon by qRT-PCR analysis. The values are expressed as means + SD
obtained from three independent experiments.

Gene TDSC/tendon (%)
CD90 3442.427 + 55.639
CD73 114.835 + 6.911
NS 158.405 + 7.991
Collal 50.360 + 2.206
Col3al 508.074 + 57.318
Tnmd 0.238 +0.027
Dcn 0.019 + 0.001
Fmod 6.736 + 1.588
Lox 461.850 + 6.313
EphA4 94.736 + 24.556
TenC 218.761 + 5.634

Relative mENA levels

0.5 -
*
0 -
Tendon TDSC
E Egrl
315 -
<
g 11
g 0.5 -
.E *
2 0 -

Tendon TDSC

expression profiles of the markers at indicated time points. As
shown in Fig. 2B, the stem cell markers CD90 and NS displayed
significant downregulation, while the tendon markers including
Col1al, Tnmd, Dcn, and Fmod were all increased during the spon-
taneous differentiation. The further in situ collagen staining also
showed the collagen amounts were increased during this process
(Fig. 20).

Key tenogenic transcription factors were up-regulated during the
spontaneous differentiation

Scx, Mkx, Egrl and Eyal are the key tenogenic transcription
factors to mediate tendon differentiation [19], and we examine
their expression during the spontaneous tenogenic differentiation.
As shown in Fig. 3, the expression level of Egr1 kept increasing
along with spontaneous differentiation; while other three genes
expression were up-regulated with reaching the peaks at Day 7.
These data demonstrated that TDSCs have spontaneous differ-
entiation potential to tenocyte.

TGF-f31 promoted TDSCs tenogenic differentiation

TGF-P is well demonstrated as an effective tenogenic inducer
[20]. To further confirm the spontaneous tendon differentiation of
TDSC, we compared their tenogenic differentiation capacity be-
tween spontaneous tenogenic differentiation and TGF-B-induced
tenogenic differentiation. The tendon markers including Collal,
Tnmd, Dcn, and Fmod (Fig. 4A) and tendon transcriptional factors
including Scx, Mkx, Egr1 and Eyal (Fig. 4B) were all up-regulated
in the two differentiated groups. More importantly, the Tnmd
expression level was all upregulated in both groups, but much
higher in spontaneous group than that in TGF-B1 group. In addi-
tion, the collagen amounts were also increased in both groups by
in situ collagen staining. The more collagen was synthesized in
TGF-P1 group than that in spontaneous tenogenic differentiation

= Mkx
S 15
=2
z 1
S 05 1 #
E
£ 0 -
Tendon TDSC
é Eyal
2 15 -
<<
B 17
g 05-
-al *
2 o0
Tendon TDSC

Fig. 1. The expressions of key tenogenic transcription factors are down-regulated in TDSCs compared with those in tendon. TDSCs (3rd passage) were cultured for 2 days and
collected for RNA isolation. qRT-PCR analysis was applied to detect the relative mRNA expression levels in monolayer TDSCs and the intact tendon. *P < 0.05 vs. tendon.
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Fig. 2. Morphological changes and spontaneous differentiation of TDSCs. (A) Cultured in growth medium, TDSCs (3rd passage) are flat, showing monolayer before reaching
confluent in culture dish (Top), but form 3-dimensional strand after growing 30 days without subculture (Bottom). (B) qRT-PCR analysis shows that the expression of gene
markers associated with stemness, such as CD90 and NS decreased, while those related with tenogenic differentiation, such as Collal, Tnmd, Dcn and Fmod increased
progressly with cell growing. *P < 0.05 vs. Day 1 group. **P < 0.01 vs. Day 1 group. (C) Sirius Red staining shows the collagen amounts were increased during this process.

group (Fig. 4C).

Discussion

The discovery of tendon-derived stem cell makes a new era for
elucidating the pathology of tendinopathy as well as developing
innovative strategies for the tendon injuries. Being heterogeneous
cell populations, only a minority of population is TDSCs but the
majority is tenocytes. Our previous study also showed that very
few (only 1-2%) TDSCs were found in rat flexor tendons [3].
Considering the difficulty for TDSCs isolation, the specific markers
for charactering TDSC identity and defining their biological func-
tion must be identified. Zhang and Wang compared TDSCs with
tenocytes, and the expression of Oct-4, SSEA-4 and NS was ob-
served in TDSCs [17]. The other factors such as Scx, Tnmd, Tnc,
Col1a1,Col3al and Dcn were reported as tenogenic markers in
previous studies [21,22]. In this study, a group of stem and ten-
dogenic marker genes were compared between TDSC and the

intact tendon. The stemness markers, CD90 and NS, were found to
be with higher expression in TDSC; while the tenogenic markers
including Collal, Tnmd, Dcn, and Fmod showed lower expression
in monolayer TDSCs.

Tendon injuries can be chronic, known as tendinopathy, or
acute, known as tendon rupture. To date, the clinical therapeutic
options for tendon injuries were limited to surgical replacement
with prosthesis, autografts, allografts, or xenografts. However,
tendon healing is accompanied with formation of fibrotically
scarring and adhesion, instead of complete regeneration, which
may eventually cause partial loss of tendon function [3]. An en-
couraging effect of TDSCs on tendon injuries repair has been ob-
served in the animal studies [23]. However, the exact niche signals
to regulate TDSC fate remain elusive at present. In our study, the
“3D” strands were formed after TDSCs were cultured for 30 days,
suggesting that the cells had the strong ability to synthesize the
extracellular matrix for long time culture. The expression levels of
the tenogenic marker were increased while the stemness markers
were decreased along with TDSCs growing. The collagen synthesis
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Fig. 3. Key tenogenic transcription factors were up-regulated during the spontaneous differentiation. Cells were cultured with normal condition medium and harvested at
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Fig. 4. TGF-p1 promotes TDSCs tenogenic differentiation. TDSCs were incubated with 10 ng/ml TGF-p1 for 10 days as the TGF-p1 group. Cells cultured under normal condition
medium for 10 days were considered as the spontaneous group. Cells before induction were considered as the control group. Compared with spontaneous group, the
expression levels of both tenogenic markers, Col1al, Dcn and Fmod (A) and key tenogenic transcription factors, Scx, Egr1 and Eyal (B), are much higher in TGF-p1-induced
group. Control group, (C). Spontaneous group, S. TGF-p1 group, TGF-g1. **P < 0.01 vs. control group. #P < 0.05 vs. spontaneous group. ##P < 0.01 vs. spontaneous group. (C).
Sirius Red staining shows the more collagen was synthesized in TGF-B1 group than that in spontaneous tenogenic differentiation group.
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ability was correspondingly increased during this process. To date,
several studies have been published on spontaneous differentia-
tion of tissue-specific progenitor cells. Somatic stem cells from
different origin may have the priority to differentiate sponta-
neously into the origin-related cell type through “memory” reg-
ulation. Li et al. found mesenchymal stem cells have the sponta-
neous osteogenic differentiated ability through epigenetic dysre-
gulation [18]. Based on our results and the previous reports, we
believe that TDSCs has the spontaneous differentiation potential to
tenocyte.

Tenogenic transcription factors play important roles in tendon
differentiation. As a well-known specific marker for tendons, Scx is
upregulated during the tendogenic differentiation. It also involves
in the generation of tendon progenitors and ECM organization in
tendons [24-26]. Mkx is required for subsequent tendon growth
after tendon progenitor initiation during embryogenesis and is
essential for the regulation of the postnatal growth and matura-
tion of collagen fibrils. The transcription factor Egr1 directs tendon
differentiation and promotes tendon repair by activating the in-
jury-induced expression of matrix synthesis genes [27], no ab-
normal tendon morphology is detectable in Egr1-null mice [28].
We suppose that Egr1 may play marginal roles in tendon differ-
entiation in comparison with Scx and Mkx. Eyal, a muscle tran-
scription factor, also play roles in certain aspects of limb tendon
development [29]. We observed the upregulation of these tran-
scriptional factors in the spontaneous tenogenic differentiation of
TDSCs while their expression were much lower in TDSCs than that
in tendon tissue.

TGF- has been widely considered as a tenogenic inducer. In
mouse flexor tendon tenocytes, TGF-1 up-regulated Scx, MKkx,
Bgn, Col5al, Col12al, and PAI-1 in a dose-dependent manner [30].
TGF-P2 led to a significantly increase of the mRNA expression level
of Scx and Collal [27]. TGF-B3 also stimulated the Scx, Collal,
Tnmd and Dcn gene expression [31]. Moreover, the transcriptomic
analysis of mouse limb tendon cells during development showed
that TGF-f signaling was the most strikingly among all the up-
regulated pathways [32]. Collectively, these information suggested
the crucial role of TGF-f signaling in tendon induction. In our
study, TGF-1 treatment was considered as a positive control in
our study, and we compared the tendon markers expression be-
tween the spontaneous differentiation and the TGF-B1-induced
tenogenic differentiation. Except Tnmd, all the other tenogenic
markers and tenogenic transcription factors expression showed
much higher in TGF-B1 group, suggesting spontaneous tenogenic
differentiation is an underlying trend, similar to but weaker than
tenogenic inducer’s effect. Interestingly, the Tnmd expression level
was all upregulated in both groups, but much higher in sponta-
neous group than that in TGF-1 group. As well known, the TGF-
1 signaling pathway is involved in a wide range of cellular pro-
cess and subsequently regulated a genetic regulatory network, so
we suppose some factors mediated by TGF-f1 may be the inhibitor
of Tnmd, leading to a suppressive expression of Tnmd in TGF-f1
treatment.

About the Tnmd, its exact functions in tenogenesis still remain
uncertain [33]. Although Tnmd is widely accepted as a tenogenic
marker, its knockout mice revealed no severe developmental
phenotype, besides slow proliferation of tendon cell in vivo. Re-
cently, other study demonstrated loss of Tnmd reduced self-re-
newal and augmented senescence of TDSCs [34]. In 2006, Shuku-
nami C et al. reported that Tnmd was closely associated with the
appearance of tenocytes during chick development and was po-
sitively regulated by Scx in a tendon cell lineage-dependent
manner, suggesting its role in tendon formation [35]. Previous
studies demonstrated that both their expression were all up-
regulated in tendon differentiation or tendon repair [27,30-31].
Moreover, high-density culture was able to induce transient

tenogenic phenotype of dermal fibroblasts likely via cell mor-
phology change and production of pro-tenogenic factors such as
Scx and Tnmd expression [36]. Our results also suggested Tnmd
might play a specific role in spontaneous tenogenic differentiation.
Therefore, digging the deeper mechanism and elucidating the role
of Tnmd in this process will be our research focus in near future.

Conclusions

The present study identified that TDSCs had the potential of
spontaneous tenogenic differentiation through the regulation of
the key tenogenic transcription factors. These findings not only
open a new door for TDSC tenogenic differentiation, but also
provide a novel therapeutics to tendon injury. More importantly,
our study provide the idea how to induce or avoid TDSC sponta-
neous tenogenic differentiation through the proper control of
TDSC density and culture time which will facilitate the TDSC study.
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