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Abstract

Background. Age-related changes in the properties of tendon stem cells (TSCs) may play a role in the pro-
gressive degeneration and increased risk of injury to tendon tissue. Recent reports have demonstrated
that a decellularized extracellular matrix (DECM) can provide an appropriate niche to maintain the proliferation
and differentiation capacity of adult stem cells.

Objectives. We investigated the biological effects of DECM obtained from young TSCs on the proliferation,
stemness, senescence, and differentiation of the aged TSCs.

Material and methods. Tendon stem cells were isolated from rat patellar tendons and the DECM was
collected. The proliferative capacity, B-galactosidase activity, stem cell marker expression, and tenogenic
differentiation potential of TSCs were assessed.

Results. Our results showed that DECM from young TSCs enhanced the proliferation and tenogenic dif-
ferentiation of aged TSCs. Moreover, the senescence-associated B-galactosidase activity of aged TSCs was
decreased by young DECM. After being cultured on the young DECM, the expression of stem cell markers
by aged TSCs was more extensive. The young DECM preserved stem cell properties of aged T5Cs.

Conclusions. Taken together, the impaired capacity of aged TSCs can be rejuvenated by exposure to young
DECM. The positive results in our study suggest that young TSC-derived DECM may provide a novel approach
for the prevention and treatment of age-dependent tendon disorders.
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Tendon disorders, such as injury and tendinopathy, pose
a critical challenge for sports medicine. It was suggested
that the rupture of a tendon often occurs in aged tendons
which are weakened by overuse or degeneration.! Age-
-related changes in the structural and functional proper-
ties of tendon tissue contribute to the progressive degen-
eration and an increased risk of injury.>3 Tendon injuries
and tendinopathy cause physical frailty in old age with
a general reduction in quality of life. There are chang-
es in the number and activity of tendon cells observed
with aging.*®> Moreover, aging has been postulated to ex-
ert a negative effect on the proliferation and synthesis
of tenocytes.® Thus, tendon injuries in a geriatric patient
are believed to regenerate more slowly.

The ultimate goal of treating tendon injury is to regener-
ate tissues. Cells in tendon tissue that produce and organize
extracellular matrix (ECM) are very important in main-
taining the homeostasis of tendons. More recently, it was
reported that tendon tissues contain a minor population
of cells with stem cell properties, called tendon stem cells
(TSCs).”® Moreover, the application of these stem cells
has been considered a promising approach for the resto-
ration of structure and function after tendon injury.”1
However, the negative effects of increased age on the prop-
erties of TSCs and tenocytes have also been reported.®
These age-related changes in TSCs would seriously affect
the regeneration of tendons.

Studies have demonstrated that TSCs need a specific
microenvironment, the so-called stem cell niche, in order
to keep their stemness or to orient tenogenic differentia-
tion.1%1! It has been reported that the structure and ECM
protein expression levels in aged tendons are different
from those found in young ones.? Recent studies have also
demonstrated that the decellularized stem cell matrix can
provide an appropriate niche in which adult stem cells can
greatly expand, delay replicative senescence and restore
their differentiation capacity.!>!3 We hypothesize that de-
cellularized extracellular matrix (DECM) derived from
young TSCs can modulate the properties of aged TSCs.
Based on this hypothesis, the present study was designed
to investigate the biological effect of DECM of young TSCs
on the proliferation, stemness, senescence, and differentia-
tion of aged TSCs.

Material and methods
Isolation and culture of rat

All experiments in this study were performed in ac-
cordance with the guidelines for animal research from
the National Institutes of Health (Bethesda, USA) and were
carried out under the Rules and Regulations of the Animal
Care and Use Committee at Shanghai Jiao Tong University
School of Medicine, China. Ten young (2-month-old) and
10 old (24-month-old) Sprague-Dawley male rats were used
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for the isolation of TSCs. Tendon stem cells were isolated
from rat patellar tendons. The procedures for the isola-
tion and culture of TSCs have been established.® The mid-
substance of the patellar tendon was removed, cut into
small sections and minced. The tissues were digested with
type I collagenase (3 mg/mL; Sigma-Aldrich, St. Louis,
USA) and dispase (4 mg/mL; Stem Cell Technologies, Van-
couver, Canada) at 37°C for 1 h. The fragments were then
passed through a 70-mm cell strainer (Becton Dickinson,
Tokyo, Japan) to yield a single-cell suspension. The iso-
lated cells were resuspended in Dulbecco’s Modified Eagle
Medium (DMEM), 10% fetal bovine serum (FBS), and 1%
penicillin and streptomycin. After 8—10 days in culture,
TSCs formed colonies on the culture plates and were col-
lected through the local application of trypsin and mixed
together as passage 0. The stem cell identities of TSCs
were routinely confirmed by the expression of stem-cell-
related surface markers, clonogenicity and multilineage
differentiation potentials before being used in this study.

Preparation of decellularized extracellular
matrix generated by young or aged
tendon stem cells

Decellularized extracellular matrix was obtained using
the previously described method.** Six-well plates were
precoated with 0.2% gelatin (Sigma-Aldrich) at 37°Cfor 1 h
and young or old TSCs at passage 2 were plated at a density
of 4000 cells/cm?. L-ascorbic acid phosphate (50 mg/mL)
(Sigma-Aldrich) was added to the medium for 8 days after
the cells reached 90% confluence. The deposited ECM
by TSCs was incubated with 0.5% Triton X-100 (Sigma-
-Aldrich) containing 20 mM of ammonium hydroxide
for 5 min at 37°C followed by treatment with 100 U/mL
of DNase at room temperature for 1 h. Then, the matrix
was stored in phosphate-buffered saline (PBS) containing
antibiotics at 4°C for subsequent cell culture experiments.

Tendon stem cells grown on decellularized
extracellular matrix

Aged and young TSCs at passage 2 were plated at a den-
sity of 3000 cells/cm? in 6-well plates coated with or with-
out DECM. There were 4 groups, including a young TSC
group, an aged TSC group, an aged TSC + aged DECM
group, and an aged TSC + young DECM group. The TSCs
were cultured in DMEM containing 10% FBS and antibi-
otics for 7 days at 37°C under 5% CO,. The medium was
changed every 3 days.

Cell proliferation assay

To assess the effect of DECM on the proliferation of aged
TSCs, cell numbers were counted and the population dou-

bling time (PDT) of each group was estimated as previously
described.®
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Senescence-associated B-galactosidase
activity assay

The senescence-associated [B-galactosidase activity was
determined as described previously.!> A sample of 50 mg
of protein from TSCs in each group (HT) and TDSCs
(CI) at P5 was used to assess the senescence-associated
[-galactosidase activity by using a Pierce Mammalian
[B-Galactosidase Assay Kit (Thermo Scientific, Inc., Rock-
ford, USA). Absorbances were measured at 405 nm using
a plate-reading spectrophotometer.

Immunostaining of stem cell markers

Immunocytochemistry was used to examine the fol-
lowing stem cell markers: octamer-binding transcription
factor 4 (Oct-4) and stage-specific embryonic antigen-4
(SSEA-4). The TSCs were fixed with freshly prepared 4%
paraformaldehyde for 30 min and then permeabilized with
0.1% Triton X-100 (Sigma-Aldrich) for 20 min at room tem-
perature. After being washed with PBS 3 times, they were
incubated with the primary antibody monoclonal mouse
anti-Oct-4 (1:350). After the cells were washed with PBS,
Cy3-conjugated secondary antibody (1:500) was applied
for 1 h at room temperature in the dark. For the staining
of SSEA-4, the cells were fixed with 4% paraformalde-
hyde. Cells were then incubated with mouse anti-SSEA-4
antibody (1:350) for 2 h at room temperature. After wash-
ing, a secondary antibody (1:500) conjugated with fluo-
rescein isothiocyanate (FITC) was applied for 1 h at room
temperature in a darkened humidified chamber. Finally,
the samples were washed with PBS and mounted in nuclear
staining reagent Hoechst fluorochrome 33342 (1 mg/mL;
Sigma-Aldrich). Each tissue section was observed un-
der a fluorescence microscope. Twenty-five views from
all 6 samples per group were obtained. Fifty cells were
counted in 1 view and the percentage of stem cell marker-
positive cells was analyzed for each staining.

Expression of tenogenic markers

At day 7, the cells were harvested and the expression
of tenogenic markers, including tenomodulin (Tnmd)
and scleraxis (Scx), were evaluated using quantitative re-
verse transcription polymerase chain reaction (QRT-PCR).
The mRNA was reverse transcribed to cDNA using a First
Strand Kit (Invitrogen, Carlsbad, USA). The qRT-PCR was
carried out with a QuantiTect SYBR Green RT-PCR kit
(Qiagen, Hilden, Germany). Two microliters of total cDNA
from each sample were amplified in a 25-pL reaction mix-
ture. The cycling conditions were as follows: denaturation
at 65°C for 5 min, snap cooling at 4°C for 1 min, 42°C
for 50 min, and finally at 72°C for 15 min. The expression
of the target gene was normalized to that of the glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH). The relative
gene expression was calculated using the 22T formula.
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Rat-specific primers were used for Tnmd, Scx and GAP-
DH as follows: 5-CCATGCTGGATGAGAGAGGTTAC-3’
(forward) and 5’CACAGACCCTGCGGCAGTA-3’ (re-
verse) for Tnmd; 5-AACACGGCCTTCACTGCGCTG-3’
(forward) and 5-CAGTAGCACGTTGCCCAGGTG-3’ (re-
verse) for Scx; 5-TGACTCTACCCACGGCAAGTTCAA-3
(forward) and 5~ ACGACATACTCAGCACCAGCATCA-3’
(reverse) for GAPDH.

Statistical analysis

The data is presented as mean + standard deviation (SD).
One-way analysis of variance (ANOVA) with the Student-
Newman-Keuls test was used for multiple comparisons.
Statistical analyses were carried out with SPSS v. 11.0 sta-
tistical package (IBM Corp., Armonk. USA). All p-values
<0.05 were accepted as statistically significant.

Results
Proliferative capacity of tendon stem cells

The proliferation of TSCs was determined by PDT.
The young TSCs grew faster than the aged TSCs when
cultured on a plastic surface. Decellularized extracellular
matrix from young and aged donors enhanced the pro-
liferation of aged TSCs. It was observed that the PDT
of TSCs was significantly lower in the aged TSC + young
DECM and aged TSC + aged DECM groups compared
to the aged TSC group (Fig. 1; p < 0.05). These find-
ings indicated that aging can decrease the proliferation
of TSCs and that this feature could be altered by expo-
sure to DECM. Unexpectedly, we found that there was
no significant difference in the PDT of aged TSCs after
culturing on young DECM and aged DECM.

Senescence-associated B-galactosidase
activity assay

There was significantly higher p-galactosidase ac-
tivity in aged TSCs compared to young TSCs when
cultured on plastic (Fig. 2; p < 0.05), indicating
that the $-galactosidase activity increased with age. Aged
TSCs cultured on young DECM exhibited significantly
lower levels of B-galactosidase activity when compared
to those cultured on aged DECM or on plastic (Fig. 2;
p < 0.05).

Stem cell marker expression

Immunofluorescence staining for Oct-4 and SSEA-1
showed that the fluorescent density of stem cell mark-
ers was more extensive in young TSCs (Fig. 3,4). There
were significant differences in the percentage of positive
cells among the 2 groups (Fig. 5; p < 0.05). These findings
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Fig. 1. The population doubling time (PDT) of TSCs on plastic, Y-DECM
and O-DECM. The PDT of aged TSCs on plastic was significantly higher
when compared to other groups

*p < 0.05; Y-DECM - young decellularized extracellular matrix;
O-DECM - old decellularized extracellular matrix; TSCs — tendon stem cells.
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Fig. 2. The senescence-associated 3-galactosidase activities
of TSCs in different groups. The Y-DECM significantly decreased
the B-galactosidase activity of aged TSCs

*p < 0.05; Y-DECM - young decellularized extracellular matrix;
O-DECM - old decellularized extracellular matrix; TSCs — tendon stem cells.

suggest that the decreased stem cell marker expression
in aged TSCs may contribute to reduced stemness with
age. After being cultured on young DECM, the expres-
sions of Oct-4 and SSEA-1 by aged TSCs were more exten-
sive than those expressed by aged TSCs cultured on aged
DECM or on plastic.

Tendon-related marker expression

The results indicated that the expression of tendon
lineage-specific genes, Tnmd and Scx, were lower in aged
TSCs than in young cells (Fig. 6; p < 0.05). It was also
found that expressions of Tnmd and Scx were significantly
enhanced in the aged TSC + young DECM group when
compared to that of the aged TSCs cultured on aged DECM
or on plastic (Fig. 6; p < 0.05).
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Fig. 3. The expression of octamer-binding transcription factor 4 (Oct-4)
was evaluated by immunofluorescence assay. The density of Oct-4

in young TSCs was higher than in aged TSCs. After being cultured

on the Y-DECM, the expression of Oct-4 by aged TSCs was upregulated.
Original magnification is x200

Y-DECM - young decellularized extracellular matrix; O-DECM - old
decellularized extracellular matrix; TSCs — tendon stem cells.
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Fig. 4. The expression of stage-specific embryonic antigen-4 (SSEA-4) was
evaluated by immunofluorescence assay. The density of SSEA-1 in young
TSCs was higher than in aged TSCs. After being cultured on the Y-DECM,
the expression of SSEA-1 by aged TSCs was upregulated. Original
magnification is x200

Y-DECM - young decellularized extracellular matrix; O-DECM - old
decellularized extracellular matrix; TSCs — tendon stem cells.
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Fig. 5. The percentage of stem cell marker-positive cells. There were significant differences in the percentage of stem cell marker-positive cells among
young and aged TSCs. After being cultured on the Y-DECM, the percentages of octamer-binding transcription factor 4 (Oct-4) (A) and stage-specific

embryonic antigen-4 (SSEA-4) (B) in aged TSCs were increased

*p <0.05; Y-DECM - young decellularized extracellular matrix; O-DECM — old decellularized extracellular matrix; TSCs — tendon stem cells.
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Fig. 6. The expression of tenocyte-related genes was evaluated by quantitative reverse transcription polymerase chain reaction (qRT-PCR).
The mRNA of Tnmd (A) and Scx (B) were significantly upregulated in TSCs after treatment with Y-DECM. The expression level was normalized

to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

*p < 0.05; Y-DECM - young decellularized extracellular matrix; O-DECM - old decellularized extracellular matrix; TSCs — tendon stem cells.

Discussion

Tendon stem cells can form a colony, self-renew and dif-
ferentiate into multiple cell lineages.”® Moreover, as tendon-
specific stem cells, they can differentiate into tenocytes
by default.!® As a result of these capabilities, TSCs play
an important role in the continuous maintenance and re-
generation of injured tendons.*!® Recently, it was reported
that the number and function of TSCs decrease with advanc-
ing age, which may affect the structure and function of ten-
don tissue.” It remains to be determined whether these age-
related changes can be reversed. Thus, we examined whether
properties of aged TSCs would be altered by exposure to ECM
produced by young TSCs.

In this study, we showed that the deleterious effect of ag-
ing on the TSCs was remarkable when the cells were cul-
tured on plastic. As previously reported, a higher prolifera-
tion potential of TSCs from young donors was observed
when compared to that of aged donors.” It also corroborated
the results obtained from periodontal ligament stem cells

and tenocytes.>!” These results suggest a significant impact
of aging on TSCs, ligament stem cells and tenocytes in terms
of proliferative activity and differentiation potential. In addi-
tion to the effect of donor age on the proliferation of TSCs,
we investigated its effects on the senescence-associated
B-galactosidase activity. As a marker of aging, increased
B-galactosidase activity was observed in aged TSCs. However,
the surface expressions of Oct-4 and SSEA-4 in aged TSCs
were downregulated in our study. These may reduce the pool
of TSCs for the regeneration of aged tendons after injury. It was
also observed that tenogenic activity was reduced in aged
donors. This result was supported by the tendon lineage-
specific gene expression, which revealed age-related declines
in the expression of Tnmd and Scx. The loss of tenogenic dif-
ferentiation potential with aging was also reported in a previ-
ous study.® This implies that there are fewer stem cells with
tenogenic potential in aged donors than in younger donors.

Tendon stem cells are surrounded by ECM in tendon tis-
sue, which form a microenvironment or niche. Recent stud-
ies have demonstrated the importance of extrinsic ECM
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on the rejuvenation of stem cells.!>!® For example, aged
mesenchymal stem cells can continue to function without
any decline in function when cultured on a young ECM.!8
These findings made us question whether aged TSCs can be
influenced by the ECM obtained from young donors. In this
study, we successfully developed DECM scaffold using TSCs
in vitro. It was found that DECM prepared from young and
aged TSCs significantly promoted the proliferation of aged
TSCs. It indicated that DECM of TSCs might provide a proper
microenvironment that can mimic the niche that TSCs reside
in. This feature of ECM obtained from TSCs is similar to a re-
cent finding that ECM deposited by human bone marrow
stromal cells (BMSCs) facilitates the proliferation of BMSCs."”

Our study also provided evidence that young DECM pre-
served the stem cell properties of aged TSCs. We measured
several stem cell markers such as Oct-4 and SSEA-4; Oct-4
is essential for maintaining undifferentiated pluripotent
stem cells, while SSEA-4, originally identified as an early
embryonic glycolipid antigen, is a molecule characteris-
tic of undifferentiated pluripotent human stem cells.?%!
Our data revealed that the proportion of those positive
cells was significantly higher in aged TSCs when treated
with young DECM. Moreover, the senescence-associated
[-galactosidase activity of aged TSCs was decreased by young
DECM. It was suggested that high quality of stem cells from
aged TSCs was enriched by exposure to a young DECM.

In parallel with determining the effects of young DECM
on cell proliferation and stemness, we also examined
the effect of young DECM on the tenogenic differentiation
potential of aged TSCs. Young DECM had significantly in-
creased the mRNA expression of tenogenic markers, such
as Tnmd and Scx. Our data provided evidence that young
DECM enhanced the tenogenic differentiation potential
of aged TSCs. Together, this data demonstrates that young
DECM is capable of rejuvenating the altered biological
activities of aged TSCs.

It was reported that compositions of ECM deposited
by young and old cells are different.!® Another study also
suggested that tissue-specific stem cells could retain
their intrinsic capacity even when old, but the aged niche
in which stem cells reside inhibit the signal pathway acti-
vation of these cells.?? Thus, aged TSCs, as a surrounding
environment, may be the major determinant causing aging
of cells.!'® The composition of DECM from young or aged
TSCs should be different. However, we did not compare
the composition of these 2 ECMs in this study. Moreover,
a signal mechanism might contribute to the rejuvenation
of aged TSCs by young DECM. Further studies are required
to investigate these problems.

Conclusions

We have shown that the aging process induces senes-
cence and a decline in the proliferation, stemness and
tenogenic differentiation of TSCs. Moreover, the impaired
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capacity of aged TSCs can be improved by exposure
to young DECM, thereby improving the effectiveness
of aged TSCs. The positive results of our study suggest
that the use of young DECM could be promising in the pre-
vention and treatment of age-dependent tendon disorders.
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