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The natural reparative mechanisms triggered by tendon damage often lead to the formation of biomechanically
inferior scar tissue that is prone to re-injury. Before the efficient application of stem cell-based regenerative
therapies, the processes regulating tenocyte differentiation should first be better understood. Three-dimensional
(3D) growth environments under strain and the exogenous addition of transforming growth factor beta3 (TGF-
b3) have separately been shown to promote tendon differentiation. The aim of this study was to determine the
ability of both of these factors to induce tendon differentiation of equine embryo-derived stem cells (ESCs).
ESCs seeded into 3D collagen constructs can contract the matrix to a similar degree to that of tenocyte-seeded
constructs and histologically appear nearly identical, with no areas of cartilage or bone tissue deposition.
Tendon-associated genes and proteins Tenascin-C, Collagen Type I, and COMP are significantly up-regulated
in the 3D ESC constructs compared with tenogenic induction in monolayer ESC cultures. The addition of TGF-
b3 to the 3D cultures further up-regulates the expression of these genes and also induces the expression of
mature tenocyte markers Tenomodulin and Thrombospondin-4. Our results show that when ESCs are exposed
to the intrinsic forces exerted by a 3D culture environment, they express tendon-associated genes and proteins
which are indicative of tenocyte lineage differentiation and that this effect is synergistically enhanced and
accelerated by the addition of TGF-b3.

Introduction

Tendon damage is a common injury in racing Thor-
oughbreds and other competition horses. As with many

other species; this damage leads to the formation of bio-
mechanically inferior scar tissue, resulting in a high prob-
ability of re-injury.1

For a successful regenerative therapy to be clinically
applied and modulated, the molecular pathways regulating
and initiating tendon development should be better under-
stood. Transforming growth factor betas (TGF-bs) are a
family of cytokines whose isoforms have multiple roles in
cell proliferation and tissue morphogenesis.2 Developmental
studies in chickens have demonstrated that the TGF-b3 iso-
form is present throughout the morphogenesis of tendon tis-
sue.3 Exogenous addition of TGF-b3 triggers an up-regulation
of the tendon progenitor marker scleraxis (Scx) in developing
limb bud mesenchyme, and null mutants for TGF-b2/3 cause a
loss of normal tendon phenotype.4 Multiple studies have
shown that TGF-b is up-regulated after tendon injury5–7 and
after their injection into the injured tendon, pluripotent equine
embryo-derived stem cells (ESCs) express SCX.5 The addi-
tion of TGF-b3 induces tenogenic differentiation of in vitro

cultures of mesenchymal stem cells (MSCs),8 micromass
cultures of undifferentiated limb mesenchyme,9 and equine
ESCs.5 Taken together, this suggests that TGF-b signaling
plays a key role in triggering the initiation of tenocyte dif-
ferentiation from stem cells and tendon progenitors.

The aim of this study was to develop an in vitro model
system to better understand and monitor tenocyte differ-
entiation from equine ESCs in a three-dimensional (3D)
growth environment. Biomechanical forces can promote cell
differentiation during a two-dimensional (2D) culture;10,11

however 3D culture systems offer many advantages com-
pared with a monolayer culture. Cell migration and align-
ment can be much more closely observed, organization and
re-organization of the extra-cellular matrix (ECM) can be
detected over a time course, and the spatiotemporal ex-
pression and deposition of matrix proteins can be readily
identified in a system which much more closely resembles
that of the true in vivo environment.

Three-dimensional cell culture systems have been shown
to elicit strong effects on the phenotypes and expression
patterns of the contained cells. Three-dimensional constructs
have also been utilized to manipulate and direct certain
pathways of differentiation in stem cells, including those of
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tenocyte lineages from MSCs. These include growth under
‘‘static tension’’ (produced by anchoring the gel),8,12–14

‘‘uniaxial applied tension’’ (an externally applied constant
force),15 ‘‘cyclical tension’’ (exposure to externally applied
and released forces),12,16 and seeding cells on electro-
chemically aligned collagen.17

When cells are cultured in anchored gels, they are under
tension in what has been described as a ‘‘static’’ culture
system.12 This tension has also been termed ‘‘uniaxial’’8 to
indicate that the tension is applied in one direction between
the anchors. However, during the culture and contraction of
the matrix, the actual force applied to the cells will change
and, until a construct reaches its maximum contraction, the
direction of force will be variable. We will, therefore, define
the force produced in an anchored gel as ‘‘intrinsic’’ in this
article to mean that the force is applied by the re-arrange-
ment of the matrix by the cells themselves, no additional
applied forces are used, and there is no release from the
force during the culture.

The in vivo differentiation of ESCs into tenocytes after
an injection into tendon lesions5 may indeed be, in part, due to
the exposure of the pluripotent cells to mechanical strain within
the healing tendon. We, therefore, hypothesized that ESCs
cultured in an anchored 3D environment with an intrinsic force
and also treated with TGF-b3 would have enhanced tenogenic
differentiation compared with cells cultured in a 2D environ-
ment and that by using this model, we could define the ex-
pression pattern of tendon-associated genes and proteins which
occurs during early development.

Materials and Methods

Two-dimensional cell culture

Three lines (i.e., derived from three different individuals)
of previously characterized ESCs18,19 were used in this
study. ESCs were cultured on mitotically inactivated mouse
embryonic fibroblasts at 37.5�C, 5% CO2 in ESC medium
[DMEM/F12 containing 15% fetal bovine serum, 2 mM
L-glutamine, 1% nonessential amino acids, 1 mM sodium
pyruvate, 0.1 mM 2-mercaptoethanol (all from Invitrogen),
and 1000 units/mL leukemia inhibitory factor (LIF) (Sig-
ma)]. ESCs were passaged mechanically every 5–7 days in
the presence of Effectine (PAA Laboratories).

Equine tenocytes were isolated from healthy equine ten-
don tissue at postmortem with institutional ethical approval
from the Animal Health Trust Research Ethics Committee.
Briefly, the tissue was cut into small pieces and then incu-
bated overnight in 1 mg/mL collagenase (Sigma) solution in
fibroblast culture media [DMEM high glucose, 10% fetal
bovine serum, 2 mM L-glutamine, 100 U/mL penicillin, and
100 mg/mL streptomycin (all from Invitrogen)]. The cells
were pelleted by centrifugation and washed thrice in cell
culture media before culture. Equine tenocytes were pas-
saged using 0.25% trypsin-EDTA (Sigma) every 3–4 days
just before reaching confluency.

Two-dimensional gene expression studies were per-
formed as detailed.5 Briefly, ESCs (passage 12–18) were
induced to differentiate by passaging into conditions without
feeder cells and in ESC media lacking LIF. Cells were al-
lowed to attach for 5 days before the addition of 20 ng/mL
TGF-b3 (PeproTech). Cells were then harvested for RNA
after 7 or 14 days as detailed next.

Three-dimensional cell culture

0.2 mm-diameter minutien pins were embedded in sili-
cone-coated six-well plates (Sylgard 184 Silicone elastomer;
Dow Corning) in pairs that were 15 mm apart.

Mechanically passaged ESCs (passage 12–24) were iso-
lated, and an aliquot dissociated with TrypLE� Express
(Invitrogen) was used to perform representative cell counts.
Colonies of ESCs were suspended in a chilled mixture of
two parts of ESC medium (without LIF), eight parts PureCol
(Bovine collagen type I; Advanced Biomatrix) (with the pH
adjusted to 7.2 to 7.6) to give a final suspension of 4 · 105

cells/mL. 200mL of collagen-ESC suspension was used per
construct between each pair of minutien pins. The six-well
plates were sealed with parafilm and kept at 37.5�C for 60–
90 min to allow the constructs to set. Finally, 3 mL of ESC
medium (without LIF) was added to each well, with or
without 20 ng/mL TGF-b3. This concentration of TGF-b was
previously used to generate a tenogenic response in ESCs5

and is consistent with working concentrations used to induce
scleraxis in mouse mesenchymal progenitor cells.4 Constructs
were cultured for approximately 14 days and during this time,
the media was changed every 3–4 days and fresh TGF-b3 was
added. Tenocyte-seeded constructs (passage 1–5) were pre-
pared in the same way and with the same cell density, but
using fibroblast media instead of ESC media.

Contraction analysis

The 3D constructs were photographed every day until they
were harvested. The images were analyzed using ImageJ
software (National Institutes of Health). Individual images
were calibrated using the well diameter. Measurements were
made across the width of each construct and averaged to
obtain a contraction value. Contraction data are displayed as a
percentage of the Day 0 value. A Student’s t-test was used to
determine statistically significant differences in contraction.
For this analysis, three biological repeats were performed
using three independent lines of ESCs and adult tenocytes
with a minimum of two technical repeats carried out for each
cell line. For each technical repeat, a minimum of five con-
structs were measured at each time point for each condition.

Cell survival assay

Constructs were harvested and digested in 1 mL ESC/fi-
broblast medium with 1 mg/mL type I collagenase produced
by Clostridium histolyticum (Sigma) for 1–2 h at 37.5�C. The
remaining cells were pelleted by centrifugation, resuspended
in 1 mL TrypLE Express (Invitrogen), and also kept at 37.5�C
in order to fully dissociate the cells. Cell counts were per-
formed on a hemocytometer, and results are displayed as a
percentage of the seeded cell number on Day 0. A Student’s
t-test was used to determine statistically significant differ-
ences in cell survival. Cell survival was performed using
three independent cell lines of ESCs or adult tenocytes. For
each line, a minimum of nine constructs were used to cal-
culate the cell survival at each time point for each condition.

Histology and immunohistochemistry
on 3D construct sections

Constructs were embedded in OCT compound (VWR) and
snap frozen in liquid nitrogen-cooled isopentane. Longitudinal
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sections, 11mm thick, were cut using a cryostat. The sections
were fixed in 100% acetone for 10 min and stored at - 20�C
until they were used. Histological staining was carried out
using Hematoxylin and Eosin (H&E) to view cellular mor-
phology and distribution. Cartilage and bone differentiation
were detected using Alcian Blue staining pH1.0 and Alizarin
Red S staining, respectively. For these stains, positive controls
were carried out using sections of mature equine cartilage and
bone tissue. Negative controls were carried out on sections of
mature equine tendon tissue.

For immunohistochemistry on 3D construct sections and
undifferentiated ESCs: Primary antibody incubations were
carried out overnight at 4�C before detection with the
fluorescently labeled secondary antibody. Antibodies were
used at optimized concentrations in phosphate-buffered sa-
line (PBS). Primary antibodies included rabbit anti-scleraxis
1:100 (Abcam), rabbit anti-tenascin C 1:100 (Abcam), rabbit
anti-tenomodulin 1:100 (Santa Cruz), mouse anti-collagen I
1:100 (Abcam), rabbit anti-COMP 1:500 (kindly provided by
Professor Roger Smith, Royal Veterinary College, UK), and
rabbit anti-thrombospondin 4 1:100 (Santa Cruz). Secondary
antibodies included goat anti-mouse FITC 1:200 (Abcam),
goat anti-rabbit FITC 1:100 (Sigma), and goat anti-rabbit TR
1:200 (Abcam). Negative controls were carried out using
isotype-matched sham primary antibodies and by omitting the
primary antibodies. All sections were mounted with vecta-
shield hardset mounting medium containing DAPI (Vector
Laboratories).

All histological and immunohistochemical analyses were
performed on constructs that were set up using three lines of
ESCs and tenocytes.

Immunocytochemistry on undifferentiated ESCs

ESCs were cultured with feeders in ESC media for 5–7
days on gelatin-coated (Sigma) coverslips. The cells were
fixed in 3% paraformaldehyde in PBS for 20 min at room
temperature and then permeabilized for 1 h with 0.1% triton-
X-100 at room temperature before incubation with the primary
antibodies using the same conditions as described earlier.

RNA extraction, cDNA synthesis, and quantitative PCR

RNA was extracted using 1 mL Tri-reagent (Sigma) per
six to nine constructs and treated with Ambion DNA-free
(Life Technologies) according to the manufacturer’s in-
structions. cDNA was made from 1mg of RNA using Mo-
loney murine leukemia virus reverse transcriptase (Promega)
and oligo(dT) and random hexamers as primers (both Pro-
mega). Two-microliter aliquots of cDNA were used in a

quantitative polymerase chain reaction (qPCR). Primers were
designed using primer3 (http://frodo.wi.mit.edu/primer3) and
mfold (http://mfold.rna.albany.edu/?q = mfold/DNA-Folding-
Form) programs to obtain amplicons with a melting tem-
perature (Tm) of 58–62�C, devoid of a secondary structure at
Tm 60�C, and with an amplicon size of 50–150 bp. Primer
sequences can be found in Table 1. qPCR was carried out
using SYBR Green containing supermix (Bioline) on a
Quantica machine (Techne). All PCR reactions were per-
formed in duplicate. PCR cycle parameters were 95�C
10 min, followed by 40 cycles of 95�C for 15 s, 60�C for 15 s,
and 72�C for 15 s. At the end of the program, the temperature
was reduced to 65�C and then gradually increased by 1�C
increments for approximately 95�C to produce a melt curve.
Gene expression was normalized to 18s rRNA gene expres-
sion levels, which did not change between treatments (data
not shown), using the 2 -DDCt method.20 A Student’s t-test
was used to determine statistically significant fold changes in
gene expression between the control and treated groups at
each time point. qPCR was performed on three lines of ESCs
with two technical repeats carried out for each cell line.

Results

ESCs cultured in anchored 3D collagen gels contract
the matrix and the process is accelerated
by TGF-b3 signaling

When cultured in an anchored collagen matrix and ex-
posed to the intrinsic forces produced, ESCs are able to
contract the matrix in a similar manner to adult equine
tenocytes (Fig. 1a). Over a period of 14 days, the degree of
contraction reached in gel constructs containing ESCs is
the same as that produced by constructs containing adult
tenocytes (Fig. 1b, c). The contraction rate of tenocyte
constructs was unaffected by the presence or absence of
TGF-b3 (Fig. 1b). TGF-b3 can promote tenocyte differ-
entiation of ESCs in 2D cultures,5 and exposure of ESCs in
3D culture to TGF-b3 produced an increase in the initial
rate of contraction (Fig. 1c). However, the differences in
the degree of contraction are only significant over the first
5 days and by 14 days, the constructs had contracted to the
same degree whether or not TGF-b3 was present. The in-
creased rate of contraction was not due to increased ESC
survival, which did not significantly alter in the different
culture conditions or at the different time points studied
(Fig. 2). Despite similar degrees of contraction between
constructs containing ESCs and adult tenocytes, the cell
survival of tenocytes was significantly lower than that of
ESCs after 7 days.

Table 1. Primer Sequences Used in Gene Expression Analysis

Gene Forward primer Reverse primer

Scleraxis CCCAAACAGATCTGCACCTT ATCCGCCTCTAACTCCGAAT
Tenascin-C AACCCGTCCAAAGAGACCTT GCGTGGGATGGAAGTATCAT
Tenomodulin GTCCCTCAAGTGAAGGTGGA CCTCGACGGCAGTAAATACAA
Collagen I TGCGAAGACACCAAGAACTG GACTCCTGTGGTTTGGTCGT
Cartilage oligomeric matrix protein AGAACATCATCTGGGCCAAC CGCTGGATCTCGTAGTCCTC
Thrombospondin-4 GGGAAATGGGGTTACCTGTT CGGGTAGCAGGGATGATATT
Sox9 GCTCTGGAGACTTCTGAACGA GTAATCCGGGTGGTCCTTCT
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ESCs organize the collagen construct into
a tendon-like matrix without evidence of bone
or cartilage formation

After 7 days, gel constructs containing cells had contracted
sufficiently to be robust enough to be examined histologi-
cally. Before this time point, the constructs were too insub-
stantial to allow sectioning. H&E staining of ESC-seeded
constructs after 7 and 14 days revealed well-organized col-
lagen fibers (Fig. 3). The majority of the ESCs exist as single
cells despite being originally suspended in the gels as cell
clusters and have taken on a spindle shape aligned in the

direction of the static force. There are no qualitative differ-
ences in the collagen fiber alignment or cell distribution be-
tween ESC-seeded gels cultured in the presence versus the
absence of TGF-b3. The constructs formed by the ESCs after
7 and 14 days are strikingly similar to those formed by adult
equine tenocytes, and highly resemble artificial tendon ma-
trices from other species described in the literature.12–14 It
should be noted, however, that tenocyte-seeded constructs
tended to have a higher proportion of cells throughout the
body of the construct than those seeded with ESCs, which
showed an almost exclusive cell localization to the periphery
of the collagen matrix.

No expression of the cartilage marker SOX9 was detected
in the 7 day cultures, and although expression was detected
after 14 days it was not up-regulated in the presence of TGF-
b3 compared with the control (Fig. 4a). The level of this
later expression of SOX9 is also much lower than that seen
in differentiating 2D ESC cultures (with or without TGF-b3)
over the same time course5 (Fig. 4b). No positive staining
for Alcian blue and Alizarin Red S was observed in any
constructs formed by ESCs, in the presence or absence of
TGF-b3, after 7 or 14 days (Fig. 4c).

ESCs cultured in anchored 3D collagen gels express
tendon-associated proteins and genes

Immunohistochemistry demonstrated that the ESCs cul-
tured in the 3D matrix express the tendon progenitor marker
SCX (Fig. 5), which is not expressed by undifferentiated

FIG. 1. (a) Embryo-derived stem cell (ESC)-seeded con-
structs in three-dimensional (3D) culture contract the collagen
matrix in a comparable manner to tenocyte-seeded constructs
over the same time course. Scale bar = 10 mm. (b) The con-
traction rates of tenocyte-seeded constructs are unaffected by
the presence or absence of transforming growth factor beta3
(TGF-b3). (c) ESC-seeded constructs display enhanced rates
of contraction in the presence of TGF-b3, which reach sta-
tistical significance over the first 5 days. **p < 0.05, *p < 0.1.
Error bars represent the standard error of the mean. Color
images available online at www.liebertpub.com/tea

FIG. 2. Cell survival in ESC-seeded constructs is unaf-
fected by the presence of TGF-b3 over the experimental time
course. Cell survival of adult tendon cells is significantly
lower than that of the ESCs after 7 days of culture *p < 0.05.
Error bars represent the standard error of the mean.
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ESCs maintained in 2D cultures5 (Supplementary Fig. S1;
Supplementary Data are available online at www.liebertpub
.com/tea). After 7 days of culture, low-intensity staining is
only observed in ESCs cultured in the presence of TGF-b3.
However, after 14 days, SCX staining is observed in cells
cultured in both the presence and absence of TGF-b3.
Furthermore, positive staining was observed for the tendon-
associated proteins COMP, TNMD, THBS4, and TNC.

Although TNMD, THBS4, and TNC staining was mostly
observed around the periphery of the constructs where the
majority of the cells were located, COMP showed a more
diffuse staining across the matrix. Positive staining for these
proteins was observed in TGF-b3-treated and -untreated
constructs at both time points analyzed. The pattern and
intensity of staining was directly comparable to that seen
when adult tenocytes were cultured in the same 3D system,

FIG. 3. Hematoxylin and Eosin histological staining of sectioned 3D constructs show a high level of collagen fiber
alignment after 14 days of culture. The majority of ES cells have migrated to the periphery of the construct and aligned with
the direction of the anchoring tension. Inset boxes show magnified images of spindle cell morphology. No qualitative
differences can be seen between ESC-constructs cultured in the presence or absence of TGF-b3. ESC-seeded constructs
show a very high degree of similarity to tenocyte-seeded constructs cultured over the same period. *Remnants of initial
ESC-seeded cluster. Scale bar = 0.5 mm. Images shown are representative of three biological repeats. Color images available
online at www.liebertpub.com/tea

FIG. 4. (a) Quantitative
PCR demonstrates that SOX9
expression is only detected in
14 day 3D ESC constructs,
and its expression is not up-
regulated in the presence of
TGF-b3. N.D., expression
not detected. (b) Relative to
spontaneously differentiating
two-dimensional (2D) ESC
cultures, ESCs grown in the
3D environment (both with
and without TGF-b3) for 14
days inhibit the expression of
SOX9. Error bars represent
the standard error of the
mean. (c) Alcian Blue and
Alizarin Red S staining, for
cartilage and bone tissue
components, respectively,
show no positive staining in
the ESC-seeded constructs
over the 14 day time course,
with or without TGF-b3
treatment. Positive controls
were carried out with mature
equine cartilage and bone
sections. Negative controls
used mature equine tendon
sections. Scale bar = 250 mm.
Images shown are represen-
tative of three biological re-
peats. Color images available
online at www.liebertpub
.com/tea
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which also showed no differences in the presence or absence
of TGF-b3 (Supplementary Fig. S1). We were unable to
find an antibody to Collagen Type I (COL1a1) that reacted
only to the equine protein without cross reacting to the
bovine collagen in the construct. The immunohistochemical
analysis did not detect any differences in the intensity of
COL1a1 staining between TGF-b3-treated and -untreated
constructs at any of the time points, but showed a high level
of dense collagen fiber alignment in the direction of the
intrinsic force within the ESC constructs (Fig. 5).

qPCR revealed that after 3 days of 3D culture, tendon
gene expression by the ESCs was often undetectable and
varied greatly between replicates (data not shown). SCX
expression was also undetectable at 7 and 14 days (with or
without TGF-b3). However, TGF-b3 affected the expression
of the other genes. After 7 days of culture, the presence of
TGF-b3 resulted in a two-fold increase in expression of
COL1a1, although after 14 days there was no significant
difference in its expression between cells cultured in the
presence versus the absence of TGF-b3 (Fig. 6). COMP
expression was significantly increased at both 7 and 14 days
in the presence of TGF-b3 compared with the untreated
controls. The induction of TNMD at 7 days and THSB4 at 7
and 14 days only occurred in constructs treated with TGF-
b3. TNC expression also showed a trend for up-regulation
by TGF-b3 after 7 days, although this did not reach statisti-
cal significance. Together, these data support our contraction
data and suggest that although TGF-b3 may enhance the
initial rate of tenocyte differentiation by ESCs, the intrinsic
force of a 3D culture alone is sufficient to drive ESCs to a
tenocyte fate.

Three-dimensional culture and TGF-b3 have
a synergistic effect on tenocyte differentiation

To further dissect the tenogenic contribution of the 3D
intrinsic force, TGF-b3 treatment, and the possible syner-
gistic effect of both, we compared the expression of tendon-
associated genes in the presence of tendon-promoting signals

(3D culture and/or TGF-b3) relative to their expression in
spontaneously differentiating 2D cultures5 (Fig. 7). From this,
we found that, although TGF-b3 promotes tenogenic differ-
entiation to a significant degree in 2D ESC cultures,5 the level
of expression of tenocyte genes is much higher in untreated
3D ESC cultures (with the exception of SCX, which is not
expressed at the time points studied in the 3D cultures). After
7 days of culture, the expression levels of TNC, COL1a1, and
COMP are significantly higher in 3D untreated ESC

FIG. 5. Immunohistochemistry of longitudinal sections of 3D ESC-constructs shows the presence of tendon-associated
proteins at both 7 and 14 days of culture. The intensity of each protein appears unaffected by the presence of TGF-b3,
except for SCX, which shows stronger staining at 7 days under TGF-b3 treatment. DAPI staining of the nuclei is shown in
blue. Data shown are representative of testing on three cell lines. Scale bar = 40 mm. Images shown are representative of
three biological repeats. Color images available online at www.liebertpub.com/tea

FIG. 6. Quantitative PCR of 3D ESC constructs over 7
and 14 days demonstrates that the tendon-associated genes
COL1a1 and COMP are significantly up-regulated at 7 days
in the presence of TGF-b3 compared with untreated con-
structs. COMP expression remains significantly higher after
14 days. TNC also shows a trend for up-regulation in 3D
ESC constructs in the presence of TGF-b3 after 7 days. The
induction of THBS4 at 7 and 14 days, and the induction of
TNMD at 7 days, only takes place in the TGF-b3-treated
constructs. Induced = expression was only detected in the
cultures in the presence of TGF-b and not in the control
cultures at this time point. N.D., expression not detected.
*p < 0.05. Error bars represent the standard error of the mean.
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constructs than in 2D TGF-b3-treated ESCs. This increase is
in the region of 200- to 400-fold higher than untreated 2D
ESCs, in comparison to the 5- to 10-fold expression increase
in 2D TGF-b3-treated ESCs. As stated earlier, THBS4 is only
induced in 3D cultures treated with TGF-b3 and TNMD is
only induced in the presence of TGF-b3. By 14 days, there is
still a strong trend of tendon-gene up-regulation in the un-
treated 3D cultures compared with the 2D TGF-b3-treated
ESCs, and although the overall fold changes for TNC,
COL1a1, and COMP are lower than those seen after 7 days of
culture, they are still *30- to 70-fold higher than baseline 2D
levels.

Overall, the synergistic effect of the 3D culture system
and TGF-b3 increases TNC, COL1a1, and COMP expres-
sion levels 400- to 900-fold over 7 days relative to untreated
2D ESC cultures, an effect significantly greater than the
individual tenogenic inductions of TGF-b3 alone and 3D
culture alone. By 14 days of culture, the synergistic effect is
less pronounced and expression levels become comparable
to the levels seen in the untreated 3D ESC cultures except in
the case of COMP, which remains significantly higher than
the untreated 3D ESC cultures. However, TNMD, COL1a1,
and COMP levels are still significantly above those in 2D
TGF-b3 cultures and TNC expression also shows a very
strong trend for up-regulation in 3D cultures. THBS4 ex-
pression is only detected in cultures within the 3D envi-
ronment with TGF-b3 treatment.

Discussion

The developmental pathways governing tenocyte differ-
entiation are, for the most part, still largely unknown. This is
principally due to the lack of tendon-specific gene markers
present throughout development and into the adult tissue.
For this article, we selected a range of tendon-associated
genes that when expressed together are indicative of the
presence of tenocytes and, therefore, tenogenic differentia-
tion. The genes were selected on the basis of having been
previously shown to be associated with tendon tissue.21–26

The adult tendon is primarily composed of Collagen Type I,21

which lacks tissue specificity and is a more general com-
ponent of multiple ECMs. More robust markers of tenocytes
include Scleraxis (SCX), Tenomodulin (TNMD), Tenascin-
C (TNC), Cartilage oligomeric matrix protein (COMP), and
Thrombospondin-4 (THBS4), which are not only collec-
tively expressed in tendons, but individually also present in
other tissue types.22–26 Developmental studies have also
implicated genes such as Six1/2, Eph-A4, Eya1/2, Egr1/2,
and Mohawk (Mkx),25,27–30 although it has not been es-
tablished whether these genes show temporally restricted
expression in tendon tissue.

The aim of this study was to determine the effect of
culturing equine ESCs in 3D collagen constructs under an
intrinsic force, both with and without exogenous addition of
TGF-b3, in order to understand the factors that influence the
induction of tenocyte differentiation by monitoring the
spatiotemporal expression of tendon-associated genes and
proteins. Cultures were performed using a collagen matrix
that has previously been shown to promote tendon differ-
entiation of MSCs and inhibit osteogenic differentiation.11

The contraction rates of the 3D gel constructs seeded with
ESCs displayed a similar pattern of contraction to constructs
seeded with adult tenocytes over the 14 day experimental
period. This demonstrates that the ESCs are actively mi-
grating and manipulating the surrounding matrix in order to
drive this contraction. The addition of TGF-b3, a known
tenogenic signal in equine ESCs,5 significantly increased the
rate of contraction over the first 5 days compared with un-
treated controls. This effect of enhanced contraction by
TGF-b3 was not due to differences in cell survival within
the gel constructs, which remained constant between TGF-
b3-treated and -untreated cultures.

Histological analysis of the constructs was possible after
7 days when they became robust enough to maintain their

FIG. 7. Quantitative PCR analysis of tendon-associated
genes in 3D ESC constructs (with and without TGF-b3) and
2D cultures in the presence of TGF-b3 displayed relative to
2D spontaneously differentiating ESC cultures. TNC,
COL1a1, and COMP are significantly up-regulated in un-
treated 3D cultures compared with TGF-b3-treated 2D
cultures. COL1a1 and COMP show further significant up-
regulation when TGF-b3 is added to the 3D constructs,
whereas TNC shows a trend for further up-regulation in 3D
culture in the presence of TGF-b3 after 7 days. TNMD is
only induced in the presence of TGF-b3 at 7 days, whereas
THBS4 is only induced in 3D culture with TGF-b3 treat-
ment. After 14 days, there is still a strong trend for increased
tendon gene expression in 3D cultures compared with TGF-
b3-treated 2D cultures, and the addition of TGF-b3 to 3D
cultures results in a significant increase in the expression of
TNMD, COL1a1, and COMP. THBS4 again is only ex-
pressed in 3D cultures in the presence of TGF-b3.
Induced = expression was only detected in the cultures in the
presence of TGF-b and not in the control cultures at this
time point. N.D. = Expression not detected. *p < 0.05. Error
bars represent the standard error of the mean.
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form during sectioning. Regrettably, the ability to obtain
construct sections during the period of increased contraction
with TGF-b3 treatment was not possible due to the insub-
stantial nature of the gels at the early stages post set up,
rendering histological and immunohistochemical analysis
impossible. H&E staining of ESC seeded gels after 7–14
days revealed alignment of the collagen fibers, which does
not occur in the absence of cells. The ESCs themselves,
although seeded in cell clusters, migrate out from the clus-
ters, become independently aligned to the fibers, and take on
spindle morphologies, which are typical of tenocytes. This
effect was also seen in vivo when ESCs were injected into
the site of injured tendon.5,31 Taken together, this suggests
that the ESCs are undergoing differentiation within this
environment in response to the intrinsic forces, taking on a
tenocyte-like morphology and arranging the matrix in reg-
ular fibers that align to this force. This mimics the data from
constructs seeded with adult tenocytes and, indeed, by the
later time point of 14 days; the tenocyte- and ESC-seeded
constructs are nearly identical to each other. The only no-
ticeable difference was that tenocyte-seeded constructs
tended to have a higher proportion of cells spaced
throughout the collagen matrix compared with ESC-seeded
constructs, where the majority of the cells localized to the
periphery. This may reflect better migratory capacities of
ESCs toward the periphery to access the nutrients in the
media such as fetal bovine serum, a known stimulator of cell
migration.32 This, in turn, may explain the significantly
higher survival of the ESCs than adult tenocytes after 7
days. However, it should be noted that ESCs are routinely
cultured in media containing a higher percentage of fetal
bovine serum than adult tenocytes, and this may have im-
pacted cell migration and survival. Interestingly, the addi-
tion of TGF-b3, although enhancing the contraction rates of
the ESC constructs until day 5, has no detectable effect on
the architecture of the constructs by the 7 and 14 day time
points. This leads to the conclusion that although TGF-b3
may have an early-onset positive effect of forming tendon-
like tissue, the intrinsic force of the 3D environment itself
elicits a positive tenogenic signal that, given sufficient time,
is enough to trigger differentiation of the ESCs and remodel
the construct to the same level seen in tenocyte-seeded gel
constructs.

No differentiation to bone or cartilage was detected his-
tologically in the ESC-seeded constructs. Therefore TGF-b3
under these experimental parameters does not appear to
induce the production of cartilage or bone tissue. SOX9 is a
well-established marker of chondrocyte differentiation33 and
although SOX9 mRNA was detected in 3D ESC cultures, its
expression was considerably lower than levels seen in 2D
ESC cultures. ESCs cultured within a 3D environment may,
therefore, be inhibited from developing into chondrocyte
lineages. In this sense, if the intrinsic forces of a 3D envi-
ronment are considered tenogenic, it may, by some mech-
anism, impede or even act to block the differentiation of
other musculoskeletal tissues within the constructs. This has
been previously seen in MSC-seeded 3D constructs, by
which the exposure of MSCs to a uniaxial force alone re-
duced the ‘‘stemness’’ of the seeded cells and left them
unable to differentiate into osteogenic lineages after re-
trieval from the construct.8 The maximum amount of time
that the constructs could be maintained for before tearing off

the pins was 14 days, as has been previously reported.34 This
limitation makes this model unsuitable for studying the
longer-term effects of tissue development, but instead can
be used to further analyze early-onset ESC differentiation
and the associated molecular pathways.

Immunohistochemical analysis of the constructs found
that by 7 days, ESCs cultured in the 3D matrix had de-
tectable SCX protein and that this staining was of a higher
intensity in the TGF-b3-treated ESC constructs. By 14 days,
however, both treated and untreated constructs showed a
comparable intensity of SCX staining. This follows the
contraction data showing that TGF-b3 has an early-onset
propensity to drive the tenogenic differentiation of ESCs,
but this effect is matched over 14 days by 3D culture alone
which can also derive a tenogenic response to the same
measurable degree. We also found positive staining for
COMP, TNMD, THBS4, and TNC proteins in both the
TGF-b3-treated and -untreated constructs by day 7 and 14,
and the staining intensity showed no differences between the
conditions. It is also noteworthy that the staining pattern
showed little or no qualitative differences from tenocyte-
seeded 3D constructs over the same time course. We,
therefore, conclude that the ESCs are undergoing tenocyte
differentiation in response to the 3D environment and the
presence of TGF-b3.

We utilized qPCR to obtain a quantitative assessment of
the expression of tendon-associated genes in the 3D ESC
constructs. Interestingly, SCX gene expression was not de-
tected after 7 and 14 days, despite detection of the pro-
tein. This suggests that the protein has a different rate of
degradation from its mRNA.5,35 SCX is a basic helix-loop-
helix transcription factor that can directly regulate tendon-
associated genes such as TNMD,36 Collagen I,37 and
Collagen XIV.38 It is a specific marker for tendon progen-
itors,26 and mice homozygous for an Scx null allele have
severe tendon development defects.38 Ectopic expression of
SCX in vitro has also been shown to induce the differenti-
ation of MSCs into tendon progenitor cells.39 Therefore, it is
likely that SCX is expressed early in the differentiation of
ESCs into tenocytes. Attempts were made to examine gene
expression levels at 3 days, during the period of increased
gel contraction in the presence of TGF-b3; however, the
expression of all genes was low at this time point with large
amounts of variability in their detection, which precluded
getting any meaningful data.

Levels of COL1a1 at 7 days and COMP at 7 and 14 days
were significantly higher in the presence of TGF-b3 than
untreated constructs. There was also a trend for increased
TNC expression at 7 days. Furthermore, expression of the
tenocyte markers THBS4 and TNMD was only detected in
the 3D environments treated with TGF-b3 at 7 days. Both of
these genes are known markers of adult tendon tissue23 and,
therefore, are indicators of mature tenocytes. If TGF-b3
accelerates the differentiation process, then it follows that
over the same time course mature tendon gene markers
would be first detected in the TGF-b3-treated constructs.

Analysis of the TGF-b3-untreated and -treated 3D con-
structs showed increases in tendon gene expression when
compared with 2D differentiation. Our previous work has
demonstrated that TGF-b3 treatment of ESCs in 2D culture
promotes tenocyte differentiation.5 Comparing gene expres-
sion in the 3D cultures with expression in 2D cultures
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highlights a striking increase in the level of tendon-associated
genes in the 3D collagen environment under a static force
alone. Tendon genes are expressed approximately 400-fold
higher in the 3D cultures than in differentiating 2D cultures
after 7 days, and remain approximately 70-fold higher after
14 days. In comparison, the presence of TGF-b3 in 2D
cultures only produces approximately 10-fold increases in
tendon gene expression. This shows that the 3D growth
environment is a potent inducer of tenogenic lineages from
ESCs and elicits a much stronger effect than the TGF-b3-
triggered up-regulation of tendon genes in 2D ESC cultures.
As described, TGF-b3 results in the up-regulation of tendon
genes within the 3D model and by comparing these data
back to 2D ESC cultures, we have shown that the synergistic
effect of both the 3D environment and the presence of TGF-
b3 increases the levels of gene expression approximately
900-fold higher than in 2D cultures without TGF-b3—a
level much greater than TGF-b3 or the 3D environment can
elicit individually. By 14 days of culture, the synergistic
effect is less pronounced and expression levels become
comparable to those of 3D culture alone, except in the case
of COMP whose expression remains significantly higher.
Taken altogether, these data show that the synergistic effect
of TGF-b3 treatment has the greatest efficacy of accelerat-
ing tenogenic differentiation in the earlier stages of the 3D
ESC cultures.

Together with the contraction data, we have demon-
strated that the 3D culture model can accelerate the dif-
ferentiation of ESCs into tenocytes far beyond the level
of induction in 2D cultures within the same time frame,
and that this induction is further strengthened by the ad-
dition of TGF-b3, which results in an earlier and stronger
expression pattern of tendon-associated genes and proteins.
The presence of TGF-b3 is also necessary for the induction
of late-onset tenogenic markers, namely TNMD and
THBS4, which were not detected in untreated 3D cultures
over the early time course. The ESC 3D constructs did not
develop areas of cartilage or bone tissue, and we conclude
that the differentiation response is specific to tenocyte
lineages. The use of 3D culture in combination with TGF-
b3 can, therefore, be used to drive tendon differentiation
by equine ESCs to provide a model to ultimately elucidate
the molecular pathways underpinning tenocyte differenti-
ation and enable a more targeted and regulated stem cell-
based regenerative therapy in horses.
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