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The use of tendon-derived stem cells (TDSCs) as a cell source for musculoskeletal tissue engineering has not been
compared with that of bone marrow stromal cells (BMSC). This study compared the mesenchymal stem cell
(MSC) and embryonic stem cells (ESC) markers, clonogenicity, proliferative capacity, and multilineage differ-
entiation potential of rat TDSC and BMSC in vitro. The MSC and ESC marker profiles of paired TDSC and BMSC
were compared using flow cytometry and quantitative real-time polymerase chain reaction (qRT-PCR), re-
spectively. Their clonogenicity and proliferative capacity were compared using colony-forming and 5-bromo-2¢-
deoxyuridine assays, respectively. The expression of tenogenic, osteogenic, and chondrogenic markers at basal
state were examined using qRT-PCR. Their osteogenic, chondrogenic, and adipogenic differentiation potentials
were compared using standard assays. TDSC and BMSC showed similar expression of CD90 and CD73. TDSC
expressed higher levels of Oct4 than BMSC. TDSC exhibited higher clonogenicity, proliferated faster, and ex-
pressed higher tenomodulin, scleraxis, collagen 1 a 1 (Col1A1), decorin, alkaline phosphatase, Col2A1, and
biglycan messenger RNA levels than BMSC. There was higher calcium nodule formation and osteogenic marker
expression in TDSC than BMSC upon osteogenic induction. More chondrocyte-like cells and higher glycos-
aminoglycan deposition and chondrogenic marker expression were observed in TDSC than BMSC upon
chondrogenic induction. There were more oil droplets and expression of an adipogenic marker in TDSC than
BMSC upon adipogenic induction. TDSC expressed higher Oct4 levels, which was reported to positively regulate
mesendodermal lineage differentiation, showed higher clonogenicity and proliferative capacity, and had greater
tenogenic, osteogenic, chondrogenic, and adipogenic markers and differentiation potential than BMSC. TDSC
might be a better cell source than BMSC for musculoskeletal tissue regeneration.

Introduction

Tissue engineering has received close attention recently
for the development of functional replacement tissue.

Numerous studies have been conducted to evaluate the op-
timal cell source, biomaterial, and environment for muscu-
loskeletal tissue engineering.1,2 Commonly used cell types
for musculoskeletal tissue engineering include the termi-
nated differentiated cells in the target tissue, adult mesen-
chymal stem cells (MSC), and embryonic stem cells (ESC).3

Of these, there are some advantages to the use of adult MSC
for musculoskeletal repair because these cells maintain some
self-renewal potential and can differentiate into different
tissues originating from the mesoderm, including bone,
cartilage, muscle, tendon, and fat. The synthetic and prolif-
erative abilities of these cells are also robust, along with good

modification potential by modern molecular biology tech-
niques.4–6 They can be easily expanded in vitro while main-
taining phenotypic stability.7

The most common MSC type that has been studied for
musculoskeletal tissue repair is the bone marrow–derived
MSC (BMSC) because they are easily accessible. Recently,
MSC have also been isolated in other tissues, such as
adipose,8 umbilical cord,9 periodontal ligament,10 articular
cartilage,11 muscle,12 periosteum,13 synovium,14 and ten-
don.15,16 Although stem cells that originate from different
tissues share some common stem cell characteristics, they
might also exhibit some tissue-specific properties and hence
functional differences.17 This has implications for the selec-
tion of an appropriate cell source and conditions for the
engineering of specific tissues.18–27 For instance, MSC iso-
lated from alveolar bone showed less chondrogenic and

1Department of Orthopaedics and Traumatology, Faculty of Medicine, Chinese University of Hong Kong, Hong Kong SAR, China.
2Hong Kong Jockey Club Sports Medicine and Health Sciences Centre, Faculty of Medicine, Chinese University of Hong Kong, Hong Kong

SAR, China.
3Program of Stem Cell and Regeneration, School of Biomedical Science, Chinese University of Hong Kong, Hong Kong SAR, China.
*These authors contributed equally to this work.

TISSUE ENGINEERING: Part A
Volume 18, Numbers 7 and 8, 2012
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ten.tea.2011.0362

840



adipogenic potential than MSCs isolated from iliac bone.27

Higher telomerase activity and hence greater longevity of
osteophyte-derived mesenchymal cells were observed than
in patient-matched bone marrow stromal cells.18 Adipose
tissue–derived stem cells (ADSCs) were reported to possess
higher proliferative potential and deposit significantly more
calcified extracellular matrix than BMSC upon osteogenic
induction,19 although the use of ADSC, but not BMSC, re-
sulted in the growth of fat tissue structures in a calvarial
defect repair model.19 Umbilical cord–derived MSCs seeded
on polyglycolic acid (PGA) scaffolds produced more gly-
cosaminoglycans and collagen but less collagen type II than
BMSC.22 In another study, amniotic fluid–derived stem cells
produced less cartilage matrix than BMSC.23 Kern et al.24 has
done a comparative analysis of MSC from bone marrow,
umbilical cord blood, and adipose tissue. The study reported
that MSCs derived from umbilical cord blood formed the
fewest colonies after isolation but had the highest prolifera-
tive capacity; ADSC had the highest clonogenicity, and
BMSC had the shortest culture period and the lowest pro-
liferative capacity.24 Moreover, umbilical cord blood–derived
MSC were unable to undergo adipogenic differentiation.24

In another study comparing rat MSC derived from bone
marrow, synovium, periosteum, adipose tissue, and muscle,
synovium-derived cells had the highest yield, colony-
forming efficiency, proliferation, and chondrogenesis.26

We hypothesized that tendon being an organ that func-
tions to connect bone and muscle, its resident stem cells
should possess high tenogenic, osteogenic, and chondrogenic
differentiation potential and responsiveness to the induction
signals to regenerate tendon and junctional tissue. Therefore,
it may be a better alternative cell source than BMSC for
musculoskeletal tissue repair. The potentials of tendon-
derived stem cells (TDSC) as a better cell source for muscu-
loskeletal tissue engineering than BMSC have not been well
characterized. This study therefore aimed to compare the
MSC and ESC marker expression, clonogenicity, proliferative
capacity, and multilineage differentiation potential of rat
TDSC and BMSC in vitro.

Materials and Methods

Isolation and culture of rat TDSC and BMSC

The Animal Research Ethics Committee, the Chinese
University of Hong Kong approved all experiments. Four- to
6-week-old male outbred green fluorescent protein Sprague-
Dawley rats (SD-Tg (CAG-EGFP) Cz-004Osb) weighing 150
to 220 g were used in this study. TDSC and BMSC were
isolated from the same animals. The procedures for the iso-
lation of TDSC and BMSC has been previously estab-
lished.16,28 For the isolation of TDSC, the midsubstance of
patellar tendons was excised from healthy rats overdosed
with 2.5% intraperitoneal sodium phenobarbital (1.0 mL/
400 g). Care was taken that only the midsubstance of patellar
tendon tissue, but not the tissue in the tendon–bone junction,
was collected. Peritendinous connective tissue was carefully
removed, and the tissue was stored in sterile phosphate
buffered saline (PBS). The tissues were minced, digested with
type I collagenase (3 mg/mL; Sigma-Aldrich, St. Louis, MO)
and passed through a 70-mm cell strainer (Becton Dickinson,
Franklin Lakes, NJ) to yield a single-cell suspension. The
released cells were washed in PBS and resuspended in low-

glucose Dulbecco’s modified Eagle medium (LG-DMEM)
(Gibco) supplemented with 10% fetal bovine serum (FBS),
10 U/mL of penicillin, 100mg/mL of streptomycin, and 2mM
L-glutamine (complete basal culture medium) (all from In-
vitrogen Corp., Carlsbad, CA). The isolated nucleated cells
were plated at the optimal low plating cell density (500 cells/
cm2) for the isolation of stem cells and cultured at 37�C, 5%
carbon dioxide (CO2) to form colonies. On day 2 after initial
plating, the cells were washed twice with PBS to remove the
nonadherent cells. On days 7 to 10, they were trypsinized
and mixed together as passage 0 (P0).

For the isolation of BMSCs, tibiae and femurs were re-
moved from healthy rats and dissected free of muscle. The
bones were rinsed in sterilized PBS before being cut in half;
with the cut surface facing the bottom of the centrifuge tube,
the tube was spin at 800 g for 15 minutes. The bones were
removed, and the bone marrow tissues were washed with
PBS. The mononuclear cells were then isolated using density
gradient centrifugation (850 g, 30 minutes) using Lympho-
prep and resuspended in culture medium containing alpha
minimum essential medium (a-MEM; Gibco), 10% FBS,
100 U/mL of penicillin, 100mg/mL of streptomycin, and
2mM L-glutamine (all from Invitrogen Corp.). These mono-
nuclear cells were plated at an optimal low cell density (105

cells/cm2) for the isolation of stem cells and cultured in a
humidified atmosphere at 37�C, 5% CO2 to form colonies. On
day 2 after initial plating, the cells were washed twice with
PBS to remove the nonadherent cells. On days 7 to 10, they
were trypsinized and mixed together as P0.

The optimal initial seeding density for TDSC and BMSC
isolation was determined using the colony-forming assay
based on the same criteria: that colony-to-colony contact in-
hibition did not affect colony size and that the greatest number
of colonies per nucleated cell was obtained, with colonies that
were smaller than 2 mm in diameter and faintly stained being
ignored. The optimal initial cell density thus determined was
500/cm2 for the isolation of TDSC from patellar tendon and
105/cm2 for the isolation of BMSC from bone marrow.

TDSC and BMSC were subcultured when they reached
80% to 90% confluence. Medium was changed every 3 days.
Except for the chondrogenic differentiation assays, for which
cells at P7 were used, all of the assays were performed with
cells from P3 to P5. Our previous study showed that there
was increase in cellular senescence and loss of multilineage
differentiation potential of TDSC with passaging,29 but
TDSC at P5 and P10 formed chondrocyte-like cells, although
there was decrease in the immunohistochemical staining of
collagen type II and Safranin O staining in TDSC from P5 to
P10 upon chondrogenic induction for 21 days.29 There was
no difference in the messenger RNA (mRNA) expression of
collagen type II A 1 (Col2A1) and aggrecan (Acan) in TDSC at
P5 and P10 after chondrogenic induction.29 Hence the use of
cells at P7 for chondrogenesis was regarded as acceptable.
The clonogenicity and multidifferentiation potential of the
isolated TDSC and BMSC were confirmed before experi-
ments using colony forming assays and osteogenic, adipo-
genic, and chondrogenic differentiation assays as described
previously.16,28

For the purpose of tracking the fate of transplanted TDSC
and BMSC in other on-going and future studies, cells isolated
from green fluorescent protein (GFP) rats were used in this
study. The GFP rats have the same genetic background as the
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wild-type Sprague-Dawley rats, except for the expression of
GFP, and hence we did not expect any differences in the
results obtained with TDSC and BMSC isolated from GFP
animals for the purpose of this study.

Fluorescence-activated cell sorting analysis

For study of the expression of CD90 and CD45, 5 · 105

TDSC and BMSC at P3 to P5 were incubated with 1mg of
phycoerythrin (PE)-conjugated mouse anti-rat CD90 mono-
clonal antibodies (BD Biosciences, Franklin Lakes, NJ) and
PE-Cy5-conjugated mouse anti-rat CD45 monoclonal anti-
bodies (BD Biosciences) for 1 hour at 4�C. TDSC and BMSC
incubated with PE-Cy5-conjugated isotype-matched IgG1
(BD Biosciences) were used as negative controls. For study of
the expression of CD73, 1 · 106 TDSC and BMSC at P3 to P5
were incubated with 1 mg of unconjugated mouse anti-CD73
monoclonal antibodies (BD Biosciences) for 1 hour at 4�C,
followed by incubation with 1 mg of allophycocyanin (APC)-
conjugated rat anti-mouse secondary antibodies (BD Bio-
sciences) for 1 hour at 4�C. TDSC and BMSC incubated with
APC-conjugated rat anti-mouse secondary antibodies only
were used as negative controls. After washing with PBS and
being centrifuged at 400 g for 5 minutes, the stained cells
were resuspended in 500 mL of ice-cold PBS (with 10% FBS
and 1% sodium azide) and analyzed using fluorescence-
activated cell sorting (FACS) (BD Biosciences); 104 events
were counted for each sample. The percentage of cells with
a positive signal and the mean geometric fluorescence
value of the positive population were calculated using the
WinMDI Version 2.9 program (Scripps Research Institute,
La Jolla, CA).

Colony-forming assay

TDSC and BMSC at P3 were plated at 100 cells per 10-cm2

dish and cultured for 10 days. The cells were stained with
0.5% crystal violet (Sigma, St. Louis, MO) to count the
number of cell colonies. Colonies that were smaller than
2 mm in diameter and faintly stained were ignored. The
number of colonies in each plate was reported.

Cell proliferation assay

TDSC and BMSC at P3 were plated at 2,000 cells/well (cell
growth area 0.32cm2/well) in a 96-well plate and incubated
at 37�C, 5% CO2. At day 2, cell proliferation was assessed
using a 5-bromo-2¢-deoxyuridine assay kit (Roche Applied
Science, Indianapolis, IN) according to the manufacturer’s
instruction. The absorbance was measured at 370 to 490 nm
and reported.

Expression of osteogenic, chondrogenic,
and tenogenic markers at basal state
using real-time quantitative polymerase chain reaction

The expression of osteogenic, chondrogenic, and tenogenic
markers at basal state was measured using quantitative real-
time polymerase chain reactin (qRT-PCR) as previously de-
scribed.30 Briefly, TDSC and BMSC at P3 were harvested and
homogenized for RNA extraction using the RNeasy mini kit
(Qiagen, Germany) in triplicate. The mRNA was reverse
transcribed to complementary DNA (cDNA) using the First
Strand cDNA kit (Promega, Madison, WI). Five mL of cDNA

from each sample were amplified in a 25-mL reaction mix
containing the Platinum SYBR Green qPCR SuperMix-UDG
and specific primers for tenogenic markers (Tnmd, scleraxis
(Scx), Col1A), Col3A1, decorin (Dcn), tenascin C (Tnc)),
chondrogenic markers (Acan, biglycan (Bgn), Col2A1), and
osteogenic marker (alkaline phosphatase (Alpl)) or b-actin
using the ABI StepOne Plus system (all from Applied Bio-
systems, CA) (Table 1). Cycling conditions were denatur-
ation at 95�C for 10 minutes, 45 cycles at 95�C for 20 seconds,
optimal annealing temperature for 25 seconds, 72�C for 30
seconds, and 60�C to 95�C with a heating rate of 0.1�C/s. The
expression of target gene was normalized to that of b-actin.
Relative gene expression was calculated using the 2–DCT

formula.

ESC marker analysis

The expression of ESC markers, including Oct4, Nanog,
and Sox2, in TDSC and BMSC at P5 were compared using
qRT-PCR as described above using primers listed in Table 1.
The expression of target gene was normalized to that of
glyceraldehyde 3-phosphate dehydrogenase.

Osteogenic differentiation assays

TDSC and BMSC at P3 were plated at 4 · 103 cells/cm2 in
a 6-well plate and cultured in basal complete culture me-
dium until the cells reached confluence. They were then in-
cubated in basal complete medium or osteogenic medium,
which was basal complete culture medium supplemented
with 1nM dexamethasone, 50mM ascorbic acid, and 20mM
b-glycerophosphate (all from Sigma-Aldrich). At day 21, the
calcium nodule formation in TDSC and BMSC was assessed
using an Alizarin red S staining assay, and the mRNA ex-
pression of osteogenic markers (Alpl, Runx2, bone morpho-
genetic protein 2 (Bmp2), osteopontin (Spp1), osteocalcin
(Bglap)) were assessed using qRT-PCR as described above
using primers listed in Table 1.

Alizarin red S staining assay

The cell–matrix layer was washed with PBS, fixed with
70% ethanol, and stained with 0.5% Alizarin red S (pH 4.1,
Sigma). To quantitate the amount of Alizarin red S bound to
the mineralized nodules, the cells were rinsed with water
and extracted with 10% (w/v) cetylpyridinium chloride
(CPC) in 10mM sodium phosphate, pH 7.0 for 15 minutes at
room temperature. The dye concentration in the extracts was
determined at optical density (OD) 562 nm.

Chondrogenic differentiation assays

A pellet culture system was used to compare the chon-
drogenic differentiation of TDSC and BMSC; 8 · 105 cells at
P7 were pelleted into a micromass by centrifugation at 450 g
for 10 minutes in a 15-mL conical polypropylene tube and
cultured in basal complete culture medium or chondrogenic
medium at 37� C, 5% CO2, which contained LG-DMEM
(Gibco), supplemented with 10 ng/mL of transforming
growth factor beta 3 (R&D Systems, Minneapolis, MN),
500 ng/mL of bone morphogenetic protein-2 (R&D Systems,
Inc., Minneapolis, MN), 10 - 7M dexamethasone, 50mg/mL of
ascorbate-2-phosphate, 40mg/mL of proline, 100 mg/mL of
pyruvate (all from Sigma-Aldrich), and 1:100 diluted ITS +
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Premix (6.25 mg/mL insulin, 6.25 mg/mL transferrin,
6.25 mg/mL selenious acid, 1.25 mg/mL bovine serum al-
bumin, 5.35 mg/mL linoleic acid) (Becton Dickinson). At
days 14 and 21, the pellet was fixed for hematoxylin and
eosin staining for the identification of chondrocyte pheno-
type and Alcian blue staining for the examination of gly-
cosaminoglycan deposition. The mRNA expression of
Col2A1, Acan, and Sox9 were studied at days 0, 7, 14, and 21
using qRT-PCR as described above using primers listed in
Table 1 and presented as the ratio of gene expression in
chondrogenic medium and basal medium.

Histologic assay

The cell pellet was fixed in 4% paraformaldehyde, dehy-
drated, and embedded in paraffin. Sections were cut at a
thickness of 5 mm and stained with hematoxylin and eosin or
Alcian blue after deparaffination and viewed using a LEICA
Q500MC microscope (Leica Cambridge Ltd, Cambridge, UK).

Adipogenic differentiation assays

TDSC and BMSC at P5 were plated at 4x103 cells/cm2 in a
6-well culture plate and cultured until the cells reached
confluence. The medium was then replaced with basal
complete culture medium or adipogenic medium, which was
basal complete culture medium supplemented with 500nM
dexamethasone, 0.5mM isobutylmethylxanthine, 50mM in-
domethacin, and 10mg/mL of insulin (all from Sigma-

Aldrich). The cells were cultured for another 21 days to as-
sess the formation of oil droplets using the Oil Red O
staining assay and the mRNA expression of CCAAT en-
hancer binding protein alpha (C/EBPa) and peroxisome
proliferator-activated receptor gamma 2 (PPARc2) using
qRT-PCR as described above using primers listed in Table 1.
To perform the Oil Red O staining assay, the cells were fixed
with 70% ethanol for 10 minutes, stained with 0.3% fresh Oil
Red O solution (Sigma-Aldrich) for 2 hours, and viewed
using a LEICA Q500MC microscope (Leica Cambridge Ltd).

Data analysis

Quantitative data was shown in box plots. The clono-
genicity and proliferative potential of TDSC and BMSC were
compared using the unpaired t-test. Otherwise, the com-
parison of two groups was done using the Mann-Whitney
U-test, and the comparison of more than two groups was
done using the Kruskal-Wallis test, followed by the Mann-
Whitney U-test in the post hoc comparison. All of the data
analysis was done using SPSS analysis software (version
16.0, SPSS Inc., Chicago, IL). p £ 0.05 was regarded as sta-
tistically significant.

Results

Immunophenotypic profile

TDSC and BMSC expressed CD90 and CD73 but were
negative for CD45 (Fig. 1). Although they showed similar

FIG. 1. Histograms showing the expression of CD90, CD73, and CD45 in paired bone marrow–derived stem cells (BMSC)
and tendon-derived stem cells (TDSC). Filled area shows the expression of target marker; open open area shows the
expression of the corresponding isotype control (phycoerythrin (PE) or allophycocyanin (APC)). Gm, geometric mean
fluorescence value of the positive population; Cv, coefficient of variation. The percentage of cells showing positive expression
is shown in brackets.
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percentages of cells with a positive signal, the mean geo-
metric fluorescence values of CD90 and CD73 seemed to be
higher in TDSC than BMSC (Fig. 1).

Clonogenicity and proliferative potential

TDSC formed more colonies (p = 0.01) (Fig. 2A, B) and
proliferated faster (p < 0.001) (Fig. 2C) than BMSC.

Expression of osteogenic, chondrogenic,
and tenogenic markers at basal state

TDSC expressed higher mRNA level of tenogenic (Tnmd,
Scx, Col1A1, Dcn), osteogenic (Alp), and chondrogenic
(Col2A1, Bgn) markers than paired BMSC in complete culture
medium (all p = 0.05) (Fig. 3). There was a trend toward
lower mRNA expression of Col3A1 and higher expression of
Tnc and Acan in TDSC than in BMSC, but the difference was
not statistically significant (Fig. 3).

ESC marker analysis

TDSC expressed higher levels of Oct4 (p = 0.02, Fig. 4A)
than BMSC. There was no significant difference in the ex-
pression of Nanog (p = 0.52, Fig. 4B) or Sox2 (p = 0.42, Fig. 4C)
in TDSC and BMSC.

Osteogenic differentiation potential

There was significant increase in matrix mineralization in
BMSC and TDSC upon osteogenic induction for 21 days, as

demonstrated using Alizarin red S staining (Fig. 5A-E; both
p = 0.004). More calcium nodules were formed in TDSC than
BMSC upon osteogenic induction (Fig. 5C-E, p = 0.004). There
were significant increases in runt-related transcription factor)
(Runx2) (p = 0.00) (Fig. 45G), Spp1 (p = 0.004) (Fig. 5I), and
Bglap (p = 0.004) (Fig. 5J) but a decrease in Alpl (p = 0.025)
(Fig. 5F) in TDSC at day 21 upon osteogenic induction. Un-
der the same conditions, only the expression of Alpl and
Bmp2 increased in BMSC (both p = 0.006, Fig. 5F, H). There
was significantly higher expression of Alpl, Runx2, Bmp2,
and Bglap in TDSC than in BMSC at day 21 in basal medium
(all p = 0.004, Fig. 5F, G, H, J). There was significantly higher
expression of Alpl (p = 0.006), Runx2 (p = 0.006), Bmp2
(p = 0.01), Spp1 (p = 0.006), and Bglap (p = 0.006) in TDSC than
in BMSC at day 21 upon osteogenic induction (Fig. 5 F-J).

Chondrogenic differentiation potential

Cell pellets were formed at days 14 and 21 upon
chondrogenic induction in both cell types (Fig. 6A-D), al-
though more chondrocyte-like cells were observed in the cell
pellets formed by TDSC at days 14 (Fig. 6A, C, insert, ar-
rows) and 21 (Fig. 6B, D, insert, arrows). There was more
glycosaminoglycan deposition in the cell pellets formed by
TDSC than in the cell pellets formed by BMSC at days 14
(Fig. 6E, G, insert) and 21 (Fig. 6F, H, insert). There was
significantly higher expression of Col2A1 (Fig. 6I) and Acan
(Fig. 6J) but not Sox9 (Fig. 6K) expression ratios in TDSC than
BMSC upon chondrogenic induction.

FIG. 2. (A) Photographs and (B) box plot comparing the
number of colony forming units (CFU) of paired TDSC and
BMSC at day 10. (C) Box plot comparing the proliferative
potential of paired TDSC and BMSC at day 2 with 5-bromo-
2¢-deoxyuridine assay. *p £ 0.050.
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Adipogenic differentiation potential

More oil droplets were formed in TDSC than BMSC upon
adipogenic induction for 21 days (Fig. 7C, D). The expression
of PPARc2 and C/EBPa increased in TDSC and BMSC upon
adipogenic induction (all p = 0.004; Fig. 7E). There was sig-
nificantly higher expression of PPARc2 (p = 0.006; Fig. 7E)
but not C/EBPa (p = 0.262; Fig. 7F) in TDSC than BMSC upon
adipogenic induction.

Discussion

Adult MSC isolated from different tissues have been
studied for musculoskeletal tissue regeneration. The selec-
tion of appropriate cell sources is an important issues in
musculoskeletal tissue engineering, given that stem cells
isolated from different sources, although sharing some
common stem cell characteristics, also have some tissue-
specific properties that may influence the outcome of tissue

FIG. 3. Box plots showing the messenger RNA (mRNA) expression of (A) Tnmd, (B) Scx, (C) Col1A1, (D) Col3A1, (E)
Col1A1/Col3A1, (F) Dcn, (G) Tnc, (H) Alpl, (I) Col2A1, ( J) Acan, and (K) Bgn in paired TDSC and BMSC in basal complete
medium. *p £ 0.05.

FIG. 4. Box plots showing the mRNA expression of (A) Oct4, (B) Nanog, and (C) Sox2 in paired TDSC and BMSC in basal
complete medium. *p £ 0.05.
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engineering. Tendon stem and progenitor cells (TSPC) have
been isolated recently in tendon.15,16 As stem cells residing in
tendons, these cells may be a good cell source for musculo-
skeletal repair because they might retain epigenetic memory
similar to induced pluripotent stem cells (iPSC)31 and other
tissue-specific MSCs,32 which might facilitate tissue repair.
This study therefore aimed to compare the MSC and ESC
markers, colony-forming ability, proliferative potential, and
multilineage differentiation potential of TDSC and BMSC
isolated from rats.

Our results showed that TDSC culture proliferated faster and
recruited more-primitive cells than BMSC culture. Our results
regarding the proliferative capacity of TDSC was consistent
with the result of Bi et al.,15 who reported that human and
mouse TSPC proliferated faster than BMSC isolated from the
same person or animal. The number of population doublings of
mouse TSPC was also higher than that of BMSC, but this was
not observed for human TSPC. Our findings in this study thus
have a significant bearing on the in vitro isolation and expan-
sion of stem cells for musculoskeletal tissue engineering.

FIG. 5. Photomicrographs showing the Alizarin red S staining of calcium nodules in (A, C) BMSC and (B, D) TDSC in (A, B)
basal or (C, D) osteogenic induction media after 21 days. Magnification: · 100. Scale bar = 100mm (E) Box plot showing the
quantitative analysis of the Alizarin red S stain bound to calcium nodules. Box plots showing the mRNA expression of (F)
Alpl, (G) Runx2, (H) Bmp2, (I) Spp1, and ( J) Bglap in paired TDSC and BMSC in basal medium or osteogenic medium for 21
days. *p £ 0.05. Color images available online at www.liebertonline.com/tea
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We report higher mRNA expression of tenogenic, chon-
drogenic, and osteogenic markers in TDSC than BMSC at
basal state. We further showed that TDSC surpassed BMSC
in osteogenesis, chondrogenesis, and adipogenesis upon in-
duction. This corroborated with the findings of Bi et al.,15

who reported that mouse TPSC expressed higher mRNA
levels of Scx, Comp, Sox9, and Runx2 than mouse BMSC,
whereas human TPSC expressed higher levels of Tnmd than
human BMSC. More mouse TSPC expressed Comp and Tnc
proteins than mouse BMSC. All mouse TSPC expressed
collagen type I, whereas only a certain population of BMSC
expressed this protein. In addition, mouse and human TSPC
were reported to have higher osteogenic and adipogenic
differentiation potentials than BMSC upon induction, al-
though the chondrogenic differentiation potential of TPSC
and BMSC was not compared in their study. Thomson et al.33

showed that Oct4 and Sox2 were critical for germ layer fate
choice in addition to their roles in maintaining the plur-
ipotency and self-renewal capacity of ESC. Differentiation
signals modulated the expression of Oct4 and Sox2 such that
induction of Oct4 suppressed neural ectodermal differentia-
tion and promoted mesendodermal differentiation, whereas
induction of Sox2 inhibited mesendodermal differentiation
and promoted neural ectodermal differentiation.33 The

higher expression of Oct4 in TDSC than in BMSC, as ob-
served in our study, might favor mesendodermal lineage
choice of TDSC. Our results suggested that TDSC are a more-
promising therapeutic cell source for musculoskeletal tissue
repair than BMSC. Further studies comparing the effect of
TDSC and BMSC on the regeneration of different musculo-
skeletal tissues in relevant animal models are necessary.

The origin of TDSC is not clear. Seeing as we observed
higher colony-forming ability and proliferative and multi-
lineage differentiation potential upon induction and higher
osteogenic, chondrogenic, and tenogenic marker expression
at basal state in TDSC,s than BMSC, it is likely that TDSC are
a distinct cell type from BMSC. TDSC may be imprinted
under the influence of local environmental milieu so that they
are more likely to produce tendon and junctional tissues, al-
though the possibility that TDSC and BMSC are different
stages of a common MSC cannot be excluded. Previous
studies suggested that the perivascular niche is a source of
stem cells and that all MSC are pericytes that gradually as-
sume tissue-specific phenotypes under the influence of the
local niche.34,35 Whether TDSC are pericytes or are resident at
the perivascular niche need further study. Rat TDSC ex-
pressed aSMA, a pericyte-associated marker, suggesting their
possible relationship to perivascular cells.16 The availability

FIG. 6. Photomicrographs showing the presence of chondrocyte phenotype (arrows) in paired (A, B) TDSC and (C, D)
BMSC after chondrogenic induction for (A, C) 14 and (B, D) 21 days. Stain, hematoxylin and eosin; magnification, · 200x;
insert, · 400. Photomicrographs showing the glycosaminoglycan deposition in paired (E, F) TDSC and (G, H) BMSC after
chondrogenic induction for (E, G) 14 and (F, H) 21 days. Stain, Alcian blue; magnification, · 200; insert, · 400. Box plots
showing the ratio of mRNA expression of (I) Col2A1, ( J) Acan, (K) Sox9 in basal medium or chondrogenic medium in paired
TDSC and BMSC at days 0, 7, 14, and 21. *p £ 0.05. Color images available online at www.liebertonline.com/tea
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of a panel of surface markers that can differentiate TDSC
from BMSC will facilitate the study of the origin of TDSC.

Despite the fact that TDSC might show good potential for
musculoskeletal tissue repair, the application of TDSC for
tissue repair is feasible only with the use of an allogeneic cell
source because it is difficult to obtain autologous TDSC
without causing donor site morbidity. On the other hand,
allogeneic TDSC can be easily isolated from the waste tendon
tissue during tendon and ligament surgery, such as the re-
sidual tendon graft tissue in anterior cruciate ligament (ACL)
reconstruction and total knee replacement, and an allogeneic
TDSC bank can be established for future clinical application.
Our laboratory is currently isolating TDSC from human
patellar tendons and human hamstring tendons during ACL

reconstruction for other experiments, indicating that it is
practical. The use of allogeneic stem cells for tendon repair
also allows earlier treatment for patients thanth the use of an
autologous cell source. Unlike bone marrow aspiration for
the isolation of BMSC, the harvest of residual tendon tissue
does not require a separate surgery and does not impose
additional pain on donors. Mouse patellar tendons and
human hamstring tendons contain 3% to 4% TDSC.15 Rat
flexor tendons contain approximately 1% to 2% TDSC.16

Approximately 5% to 6% of human fetal Achilles TDSC at
passage 2 were able to form colonies.36 Approximately
0.001% to 0.01% of total nucleated cells of human bone
marrow aspirates were BMSC.37,38 The percentage of stem
cells in tendon therefore exceeds that in bone marrow

FIG. 7. Photomicrographs showing the Oil Red O staining of oil droplets in (A, C) BMSC and (B, D) TDSC in (A, B) basal or
(C, D) adipogenic induction medium for 21 days. Magnification, · 100. Scale bar = 100mm. Box plots showing the mRNA
expression of (E) PPARc2 and (F) C/EBPa in paired TDSC and BMSC in basal medium or adipogenic medium for 21 days.
*p £ 0.05.
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aspirates by at least three orders of magnitude. Moreover,
the amount of BMSC obtained depends on the volume of
aspiration. The concentration of BMSC obtained per mL
decreased with increased volume of aspirated marrow for
each puncture because of dilution of the bone marrow
sample with peripheral blood.39 These major drawbacks
have inspired many investigators to explore alternative tis-
sues for more-abundant and -accessible sources of MSC with
less-invasive collection procedures. Our unpublished result
showed that TDSC lacked major histocompatability complex
class II and that TDSC from an allgoneic source promoted
tendon regeneration in a patellar tendon window injury
model in rats.40 Experiments are underway to confirm the
hypo-immunogenicity of TDSC. Because of their higher
proliferative rate and multilineage differentiation poten-
tial, we believe that TDSC are a cell source competitive with
BMSC for musculoskeletal tissue engineering.

In conclusion, TDSCs showed higher Oct4; clonogenicity;
proliferative capacity; and tenogenic, osteogenic, chondro-
genic, and adipogenic differentiation markers and potential
than BMSC. TDSC might be a better cell source than BMSC
for musculoskeletal tissue regeneration.
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