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Background: Tendons are the force transferring tissue that enable joint movement. Excessive mechanical loading is
commonly considered as a primary factor causing tendinopathy, however, an increasing body of evidence sup-
ports the hypothesis that overloading creates microdamage of collagen fibers resulting in a localized decreased
loading on the cell population within the damaged site. Heterotopic ossification is a complication of late stage
tendinopathy, which can significantly affect the mechanical properties and homeostasis of the tendon. Here, we
the examine the effect of mechanical underloading on tendon ossification and investigate its underlying molecular
mechanism.
Method: Rabbit Achilles tendons were dissected and cultured in an underloading environment (3% cyclic tensile
stain,0.25 Hz, 8 h/day) for either 10, 15 or 20 days. Using isolated tendon-derived stem cells (TDSCs) 3D con-
structs were generated, cultured and subjected to an underloading environment for 6 days. Histological assess-
ments were performed to evaluate the structure of the 3D constructs; qPCR and immunohistochemistry were
employed to study TDSC differentiation and the β-catenin signal pathway was investigated by Western blotting.
Mechanical testing was used to determine ability of the tendon to withstand force generation.
Result: Tendons cultured for extended times in an environment of underloading showed progressive heterotopic
ossification and a reduction in biomechanical strength. qPCR revealed that 3D TDSCs constructs cultured in an
underloading environment exhibited increased expression of several osteogenic genes: these include RUNX2, ALP
and osteocalcin in comparison to tenogenic differentiation markers (scleraxis and tenomodulin). Immunohisto-
chemical analysis further confirmed high osteocalcin production in 3D TDSCs constructs subject to underloading.
Western blotting of TDSC constructs revealed that β-catenin accumulation and translocation were associated with
an increase in phosphorylation at Ser552 and decrease phosphorylation at Ser33.
Conclusion: These findings unveil a potential mechanism for heterotopic ossification in tendinopathy due to the
underloading of TDSCs at the damage sites, and also that β-catenin could be a potential target for treating het-
erotopic ossification in tendons.
The Translational potential: Tendon heterotopic ossification detrimentally affect quality of life especially for those
who has atheletic career. This study reveals the possible mechanism of heterotpic ossification in tendon related to
mechanical loading. This study provided the possible to develop a mechanical stimulation protocol for preventive
and therapeutic purpose for tendon heterotopic ossification.
Translational Research, School of Biomedical Sciences, University of Western Australia, Nedlands, Australia.
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Fig. 1. Flowchart of experimental plan. The rabbit Achilles tendons were allo-
cated in four groups which are native tendon group for mechanical test, and NL
(no loading), UL (underloading) and PL (physiological loading) groups
in bioreactor.
1. Background

Tendinopathy is a common and significant health problem, whose
prevalence is increasing in due to the rising numbers of sporting injuries
and the burgeoning ageing population [1]. Tendon pathologies including
Achilles tendinopathy and rotator cuff tears cause considerable pain, loss
of function, joint failure and an increased risk for the development of
secondary osteoarthritis, which poses a substantial social and economic
burden. Heterotopic ossification (HO) often manifests in the later stages
of tendinopathy, where it can be either asymptomatic or present as
discomfort due to localized ‘inflammation’ [2]. Most importantly, HO in
tendons significantly reduces their strength, which may lead to tendon
rupture [3]. Treatments for calcific tendinopathy are very limited,
although long-term physiotherapy is commonly used [3,4]. While
increased loading can be beneficial for regeneration, it may lead to
further damage of the degenerated tendon [5]. Treatment outcomes for
tendinopathy are often unsatisfactory as the physiological processes
associated with tendon calcification are not well understood.

Tendons are constantly transferring mechanical load from muscle to
bone and overuse is considered the main cause of tendinopathy [6].
However, several studies now report that tendinopathy results from a
combination of overuse and underuse mechanisms; with overloading in
particular creating collagen fiber microdamage resulting in a decreased
loading of the resident cell population [7–9].

Tendon healing includes three phases: inflammation, proliferation,
and remodeling [10]. During the pathophysiological progression of
tendinopathy, resident cells including tenocytes and tendon-derived stem
cell (TDSCs) proliferate but fail to regenerate tendon tissue [11]. Mature
tenocytes can fully differentiate from either their progenitor/stem cells
(TDSCs) or alternatively from undifferentiated precursors including
mesenchymal stem cells (MSCs). Apart from their capacity to form
tendon-like tissue ex vivo [12], TDSCs have multi-lineage differentiation
potential to develop into cartilage, bone and fat [13,14]. Thus, during the
process of tendinopathy the conspicuous adipose tissue infiltration,
glycosaminoglycan accumulation and HO accumulation within tendon
tissue [15,16] is consistent with the hypothesis that TDSC are the cell
type responsible for this aberrant tissue formation.

Although the molecular mechanism of HO during chronic tendinop-
athy remains unclear, recent evidence indicates that overactivation of the
Wnt–β-catenin signaling pathways contributes to HO in multiple organ
systems including tendon [17]. The Wnt–β-catenin signaling pathway
regulates differentiation of MSCs in embryonic development as well as in
adult tissue homeostasis [18]. In the absence of Wnt ligand binding,
β-catenin is steadily phosphorylated at Ser33 by glycogen synthase ki-
nase 3 (GSK3) in a degradation complex, that is subsequently removed
via the proteasomal pathway [19]. In addition, Akt preferentially phos-
phorylates β-catenin at Ser552, inducing β-catenin translocation to the
nucleus [20]. In the nucleus, β-catenin is known to interact with T-cell
factor/lymphoid enhancing factor (TCF/LEF) and activate transcription
of Wnt/β-catenin target genes. It is well understood that mechanical
stimulation [22] activates Wnt/β-catenin signaling which is essential for
bone formation [21]. However, in loading-induced tendon ossification
little is known about the role of the Wnt/β-catenin signaling pathway.

In this study, rabbit Achilles tendon was cultured in a bioreactor and
subjected to an underloading environment; we found multiple HO within
this tendon tissue. We also generated 3D TDSC constructs and subjected
these to an underloading environment, finding that mechanical under-
loading led to osteogenic differentiation and activation of the GSK3/
β-catenin pathway.

2. Materials and methods

2.1. Tissue preparation and culture

Animal tissues were obtained immediately post-euthanasia as by-
products of control group (non-experimental) animals conducted in the
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School of Anatomy, Physiology and Human Biology at the University of
Western Australia.

Full-length Achilles tendons, including the enthesis and myo-
tendinous junction were dissected from the hindlimbs of 15 weeks old
(3–3.5 kg weight) specific pathogen free female New Zealand white
rabbits (Oryctolagus cuniculus).

In total, 48 Achilles tendons from 24 rabbits were randomly allocated
to 4 groups (see Fig. 1). In the native group, 6 Achilles tendons were
dissected from the rabbits and immediately frozen at �80 �C prior to
mechanical testing. In static/loading groups, 42 tendons were subjected
to static or dynamic loading culture regimes as previously reported [8].
In brief, tendons were secured to the tissue hook in the culture chamber
using surgical suture and grown in growth medium (DMEM/F-12, 10%
fetal bovine serum and 50 μg/ml Gentamicin) in the bioreactor while
being subjected to either static (0% strain) or dynamic loading (3% or 6%
strain at 0.25 Hz for 8 h followed by 16 h rest) for 10 (n ¼ 3/group), 15
(3/group) or 20 days (8/group).

Following the static or loading regimes, 3 samples from each time (10,
15& 20 days)& loading regime (0, 3 or 6% load; Fig. 1) resulted in a total
of 27 samples being fixed in 4% paraformaldehyde (PFA) overnight for
histological or immunohistochemical analysis. In addition, a total of 5
samples from each of the 0, 3 & 6% loading regimes (n ¼ 15) that were
subjected to 20 days of culture (Fig. 1) were stored at �80 �C for further
mechanical testing.
2.1. Isolation and characterization of TDSCs

The use of mice for these experiments was approved by the University
of Western Australia Animal Ethics Committee. A total of 48 6-8-week-
old mice were used in this study. After euthanasia, the patellar tendons
and Achilles tendons were excised. TDSCs isolation was performed as
previously described [23]. Briefly, the tissues were digested with type I
collagenase (3 mg/ml; Sigma) for 3 h and the suspension was passed
through a 70 μm cell strainer to yield single-cell suspensions. The cells
were cultured in complete medium (α-Modified Eagle Medium supple-
mented with 10% fetal bovine serum (FBS), 100U/ml penicillin, 100
μg/ml streptomycin). After 7–10 days in culture, the cells were detached
by incubation at 37 �C in a solution of 0.1% trypsin, the digestion was
terminated with complete medium, cell suspension subsequently washed
with media and TDSC's reseeded into T75 flasks at low density (400
cells/cm2). The medium was changed every 3 days and TDSCs were
sub-cultured when they reached 80% confluence. Passage 4 TDSCs were
used for all our experiments.
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2.1.1. Flow cytometry assay
Single-cell suspensions of TDSCs were prepared in PBS/1% FBS and

incubated with the relevant fluorochrome-conjugated monoclonal anti-
body for 1hr at 4 �C, washed twice with PBS/1% FBS then resuspended in
PBS/1% FBS/5 mM EDTA for analysis by flow cytometry. The antibodies
used were against mouse CD90.2-FITC, CD34-FITC, CD44-FITC, CD45-PE
(all from BD Biosciences). Data was collected using the FACS Canto II
flow cytometer and FACSDiva software (BD Biosciences) and further
analyzed using FlowJo software (Tree Star, Inc., Ashland, OR).

2.2. TDSC colony formation and differentiation assays

2.2.1. Colony formation
Triplicate samples of TDSCs were seeded at either 100, 1000 or

10000 cells per 11 cm2 dish and cultured in complete medium
(α-Modified Eagle Medium supplemented with 10% fetal bovine serum
(FBS), 100U/ml penicillin, 100 μg/ml streptomycin)for 21 days. The cells
were then stained with 0.5% crystal violet (Sigma) to visualize cell
colonies.

2.2.2. Osteogenic differentiation assay
TDSCs were seeded at 105 cells per well in a six-well plate and

cultured in complete culture medium until the cells reached confluence.
They were then incubated for 28 days in either complete medium or
osteogenic medium which consisted of Dulbecco's modified Eagle's me-
dium supplemented with 10% fetal bovine serum, 100U/ml penicillin,
100 mg/ml streptomycin, 1 nM dexamethasone, 50 mM ascorbic acid,
and 10 mM β-glycerolphosphate (all from Sigma, Australia). The cells
were then fixed with 4% PFA and stained with Alizarin-red (Sigma) to
detect calcium nodules [14].

2.2.3. Adipogenic differentiation assay
TDSCs were plated at 105 cells/well and cultured until they reached

confluence. Then the medium was replaced with complete medium or
adipogenic medium, consisting of high glucose Dulbecco's modified Ea-
gle's medium supplemented with 10% fetal bovine serum, 100U/ml
penicillin, 100 μg/ml streptomycin, 500 nM dexamethasone, 0.5 mM
isobutylmethylxanthine, 50 μM indomethacin, and 10 μg/ml insulin (all
from Sigma–Aldrich), and cultured for a further 21 days. At the end of
culture, the cells were fixed with 4% PFA and stained with a X% solution
of 0.5% Oil red-O (Sigma) for oil droplets [14].

2.2.4. Chondrogenic differentiation assay
A total of 106 TDSCs were placed into a 15 ml conical polypropylene

tube, centrifuged at 1200 g for 5 min and the resulting pellet cultured in
complete medium (see above) or chondrogenic medium which consisted
of low-glucose Dulbecco's modified Eagle's medium, supplemented with
10 ng/ml transforming growth factor-β3 (R&D Systems), 500 ng/ml bone
morphogenetic protein-2 (R&D Systems), 100 nM dexamethasone, 50
μg/ml ascorbate-2-phosphate, 40 μg/ml proline, 100mg/ml pyruvate (all
from Sigma–Aldrich), and 1:100 diluted ITS þ Premix (6.25 mg/ml in-
sulin, 6.25 mg/ml transferrin, 6.25 mg/ml Selenous acid, 1.25 mg/ml
bovine serum albumin, and 5.35 mg/ml linoleic acid; all obtained from
Becton Dickinson, Franklin Lakes, NJ). After 21 days culture, the pellets
were fixed with 4% PFA and stained with 1% Alcian Blue (Sigma) [14].

2.3. 3D TDSC constructs in a bioreactor and subjected to mechanical
loading

The 3D TDSC constructs were fabricated according to our previous
description [12]. In brief, TDSCs were grown to confluence as a mono-
layer, and then stimulated to promote extracellular matrix deposition by
culturing in the presence of 25 ng/ml connective tissue growth factor
(CTGF) (Sigma) and 4.4 μg/ml ascorbic acid for 6 days. The cell sheets
formed at the end of the incubation period were detached using 0.25%
trypsin, and attached to the tissue hooks to form 3D constructs. The 3D
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constructs placed into the bioreactor were then cultured for 6 days either
with or without (static control) cyclic tensile loading, similar to the
loading regime used for ex vivo rabbit Achilles tendon (described above)
to ensure consistency between ex vivo and 3D-construct experimental
conditions (3% strain, 0.25 Hz for 8 h followed by 16 h rest).

2.4. Western blotting and analyses

Total cellular proteins were extracted from tendon-like tissues using
RIPA lysis buffer (50 mM Tris–HCl pH7.5, 150 mM NaCl, 1% Nonidet P-
40, 0.1% SDS, 1% sodium deoxycholate) supplemented with 50 μg/ml
phenylmethylsulfonyl fluoride (PMSF), 1 mM sodium orthovanadate
(Na3VO4), and a protease inhibitor cocktail (Roche). Lysates were cleared
by centrifugation at 12,000g for 10 min at 4 �C and supernatants con-
taining proteins collected. Aliquots of extracted proteins (15 μg each)
were resolved on 10% SDS-PAGE gels and then electroblotted onto
nitrocellulose membranes (Protran, Perkin–Elmer). Membranes were
blocked with 5% skim milk in TBS-0.1% Tween (TBST) for 1 h and then
probed with primary antibodies: namely anti-Phospho-GSK3β (Ser9),
anti-Phospho-β-Catenin (Ser33), anti-Phospho-β-Catenin (Ser552), anti-
β-Catenin and anti-pGSK3β (1:1000, Cell Signaling Technology) diluted
in 1% (w/v) skim milk powder in TBST for either 2 h at room tempera-
ture or overnight at 4 �C. Membranes were subsequently washed TBST
and then incubated with the appropriate horseradish peroxidase-
conjugated anti-mouse secondary antibodies (Sigma), and immunoreac-
tivity was detected using the Western Lightning Ultra Detection Kit
(Perkin–Elmer) using the FujiFilm LAS-4000 Gel Documentation System
(Japan) and its associated software. Each Western Blot was performed in
triplicate using 3 individual samples and a representative blot used for
quantitation.

2.5. Quantitative real-time polymerase chain reaction

Total cellular RNAs from 3D TDSCs constructs were extracted using
TRIzol® reagent (Invitrogen, USA) as previously described [24]. The
RNA concentration was quantified using a NanoDropTM 2000 spectro-
photometer (ThermoFisher, Australia). mRNA was reverse-transcribed
into cDNA using the SuperScript® III First-Strand Synthesis System
(Invitrogen, USA) according to the manufacturer's instructions. The
cDNA was amplified and quantified by RT-PCR using the iQ™ SYBR®
Green Supermix (Bio-Rad, USA) as previously described [24]. Primer
sequences for the genes of interest are listed in previous publication [12].
The housekeeping gene 36B4 was used as an internal control. A cycle
threshold (Ct) value was obtained from each reaction and the compara-
tive 2-△△Ct method was used to calculate the relative expression of
each target gene [25].The RT-PCR was repeated using 5 individual
samples from each group and performed in triplicate in every RT-PCR
setting. The average � SD expression levels were calculated and used
for comparison.

2.6. Histology and immunohistochemistry

The rabbit Achilles tendon and 3D TDSCs constructs were fixed in 4%
PFA, dehydrated in a series of increasing grade ethanols, critically
embedded in paraffin and 5 μm thick longitudinal sections were pre-
pared. The sections were stained with hematoxylin and eosin (H&E) for
general histological assessment. Staining of sections with the von Kossa
method was used to examine heterotopic ossification. Histological
scoring was performed by 3 individuals (blinded to sample identifica-
tion) as previously described [26]. A total of five elements (cell density,
cell roundness, fiber structure, fiber arrangement and calcification) were
assessed using scoring scale of 0–3: where 0 is normal and 3 severely
abnormal as described in a previous study [27]. The combined score
average (from the 3 independent individuals) for each parameter was
used for comparison.

Immunohistochemistry was performed as described previously [24]
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using antibodies specific against osteocalcin and tenomodulin (Santa
Cruz, USA). Biotinylated goat anti-mouse IgG, rabbit anti-goat IgG and
goat anti-rabbit IgG (Sigma, USA) were used at a dilution of 1:200 as
secondary antibodies. The sections were developed to visualize positive
staining using the Diaminobenzidine (DAB) kit (DAKO, Glostrup,
Denmark), and counterstained with hematoxylin solution. Positive
staining was quantified as staining intensity using ImageJ.

2.7. Mechanical testing

The rabbit Achilles tendons (5 from each group) were thawed at room
temperature on the day of testing. The enthesis and myotendinous
junction ends were individually clamped into either side of custom-
designed cryogrips. To prevent tissue sliding, both ends were snap-
frozen by liquid nitrogen. A thermometer was used to monitor the tem-
perature of the tissue between two cryogrips, to avoid the “region of
interest” from freezing. The grips were then fixed into the Instron me-
chanical testing system (model 5566, Instron, China), and the portion of
the Achilles tendon between the clamps was subjected to tensile loading
to failure [9]. The samples were preloaded at 1 N as the starting point,
then gradually pulled at a speed of 2 mm/s until the ultimate force was
reached. During the experiment, the samples were closely monitored to
ensure that each tested tendon was broken at the middle portion but not
the point near the grip. A force versus displacement curve was recorded,
and the ultimate load was recorded. Mean stiffness (N/mm) was
Fig. 2. Histological assessment of rabbit Achilles tendons stained with either H&E or
20 days showed a pattern of progressive fiber disorientation and rupture (A); Nor
subjected to 3% loading exhibited wavy collagen fibers (B) and progressive ossificatio
pathological changes (E), A score of 0 for each parameter represents normal and heal
the mean�SEM. One-way ANOVA significance values were *p < 0.05 n ¼ 5.
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calculated based on the linear region of the loading curve.

2.8. Statistical analysis

All the data are presented as mean � SEM. Each experiment was
performed at least three times. Either a two-tailed Student's t-test or one-
way analysis of variance (ANOVA) followed by Tukey post hoc test
(GraphPad Software 5.0, USA) were used for determining the statistical
significance between the two-groups or multi-groups comparison,
respectively. Statistical significance was accepted as a p < 0.05.

3. Results

3.1. Mechanical underloading induces heterotopic ossification within
tendons

Mechanical stimulation is one of the key factors for tendon homeo-
stasis. We hypothesised that underloading of tendons contributes to the
progression of tendinopathy. Therefore, we examined histological
changes that occur in ex vivo cultured tendons under different loading
regimes (0, 3 and 6% tensile strain). In static cultured tendons, an
increasing level of collagen disorientation and degradation were
observed from days 10–20 during the culture period (Fig. 2A). Severe
collagen fiber rupture was shown after 20 days of static culture (Fig. 2A)
which is consistent with a previous study in which tendons showed
the von Kossa method. The tendons cultured without loading over a period of 10-
mal morphology was shown in tendon subjected to 6% loading (B); Tendons
n confirmed by von Kossa staining (C, D). Average histological scores of tendon
thy structure, whereas 3 represents severe abnormality. Results are expressed as
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degenerative changes after immobilization [28]. In contrast, well orga-
nized collagen fibers were shown in tendons subjected to 6% strain (p <

0.05) (Fig. 2B, E). Furthermore, minor collagen fiber disorientation was
exhibited without rupture (p < 0.05) (Fig. 2C, E). Interestingly, minor
heterotopic ossification was started to show in tendon subject to low
magnitude loading for 15 days, and ossification area increased after 20
days underloading culture (p < 0.05) (Fig. 2D).

3.2. Heterotopic ossification reduces the mechanical properties of tendons

In order to investigate the overall impact of culture environment on
tendon mechanical properties, we performed mechanical tests on tendon
samples by assembling the tissue into the loading system (Fig. 3A). A
loading curve was created as shown in Fig. 3B. The loading curves
increased linearly along the length of displacement in native tendon as
well as in the 0, 3& 6% loading groups. Peak force was reached at around
4.5 mm extension, with the average ultimate tensile force in native
tendons 910.5 � 109.1 N, being significantly higher than the 0 (830.4 �
41.2 N), 3 (491.9 � 43.1 N) and 6% loading group (750.5 � 81.5 N). No
significant difference was shown in the stiffness of the native tendon
(214.5� 29.6 N/mm) and 6% loaded tendons (181.6� 23.4 N/mm), but
the tendons cultured within loading deprivation (76.5 � 7.4 N/mm) and
underloading mechanical environment (138 � 10.8 N/mm).

3.3. TDSC identification and characterization

All our experiments utilized either tendon-derived stem cells (TDSCs)
or 3D TDSCs constructs as described in Materials and Methods. To
confirm the identity of isolated TDSCs, colony formation, surface stem
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cell marker expression and multilinear differentiation assays were per-
formed (Fig. 4). TDSCs were able to form colonies 21 days after initial
seeding densities between 102 – 104 cells/plate (Fig. 4A). Consistent with
Bi et al. (2007) [29], more than 90% of purified TDSCs expressed MSC
surface markers such as CD44 and CD90, whereas very few cells
expressed either the endothelial cell marker CD34 and/or the hemato-
poietic marker CD45 (Fig. 4B). Calcium nodules indicative of osteoblast
formation were detected by Alizarin-red staining after 21 days of
culturing TDSCs in osteogenic media (Fig. 4C; lower panel), whereas
lipid droplets were formed in adipogenic culture, as detected by Oil Red
O staining (Fig. 4C; upper panel). Likewise, the pellet formed in chon-
drogenic medium stained positively for Alcian blue, indicating that
mouse TDSCs can also differentiate into chondrocytes (Fig. 4C). No
positive staining was observed in any of the control groups. Thus, we
were able to isolate TDSCs with predicted cell surface markers and dif-
ferentiation potential characteristics.
3.4. Mechanical underloading induces osteogenic differentiation in 3D
TDSC constructs

To further evaluate the effect of mechanical underloading on TDSCs
differentiation in 3D environment, we generated 3D TDSC constructs,
cultured them in a bioreactor and subjected them to static or loading
conditions as shown as Fig. 5A. TDSC constructs without loading
exhibited randomly oriented extracellular matrix and rounded cell
nuclei. In an underloading environment, the 3D construct showed wavy
but aligned ECMmorphology and the cell nuclei were slightly elongated.
Low levels of tenomodulin and osteocalcin were detected in the static
cultured samples, although strong positive staining for osteocalcin was
Fig. 3. Mechanical testing of rabbit Achilles tendons.
(A) The Force versus displacement curves. (B)
Mechanicl testing machine and loaded samples. (C)
Maximum load and mean stiffness showed reduce
mechanical properties of Achilles tendon tissue
cultured ex vivo compared to native tendon tissue.
Mechanical underloading and deprivation culture of
tendon further reduced the mechanical properties
compared to the one under physiological loading
culture. Results are expressed as the mean � SEM (n ¼
5). One-way ANOVA significance values were *p <

0.05.



Fig. 4. Tendon derived stem cells identification. (A) Formation of cell colonies TDSCs after culturing for 21 days at different seeding density of 100, 1000, 10000 cell/
90mm petri dish. (B) Flow cytometry showing expression of mesenchymal stem cell marker (CD44, CD90), endothelial cell marker (CD34) and hematopoietic cell
marker (CD45). (C) Differentiation potential of TDSCs after 21 days conditional medium stimulation. Calcium deposition was formed in osteogenic medium and
stained by Alizarin Red. Lipid vacuoles were form in adipogenic medium and visualized by Oil red-O staining. Cell pellets were formed in chondrogenic medium and
proteoglycan was stained by Alcian Blue.

Fig. 5. (A) Photographs of 3D TDSCs construct culture. The cell sheet was formed and detached from T75 culture flask, which was then rolled over the hooks forming
tendon-like 3D construct. The tissues were either cultured without loading in 15ml tube for 6 days or subjected to 3% cyclic tensile strain at 0.25Hz, 8h/day for 6 days
in the bioreactor system. (B) Histological and immunohistochemical assessment comparison of 3D constructs. The sample cultured with 3% loading exhibited aligned
collagen fibers with higher positive staining of osteocalcin (**p<0.01) than the tissue without loading. Staining of Tenomodulin showed no difference between two
groups. The tissue formed without loading exhibited random extracellular matrix formation without specific differentiation pattern. Samples stained without primary
antibodies acted as negative control group (N.C.). (C) Quantitation of immunohistochemical staining were performed as staining intensity using ImageJ software.

T. Wang et al. Journal of Orthopaedic Translation 29 (2021) 42–50
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seen in under stimulated samples (p < 0.01; n ¼ 3???).
Next, we compared markers of osteogenic and tenogenic differenti-

ation using qPCR. The results showed that mechanical underloading did
not increase tenogenic marker gene expression for scleraxis and teno-
modulin (Fig. 6A), however, collagen I gene expression was upregulated
(p < 0.05) (Fig. 6A). In contrast, markers of osteogenic gene expression
including ALP, RUNX2 and Osteocalcin were increased consistent with
the hypothesis that 3D constructs are prone to osteogenic rather than
tenogenic differentiation (p < 0.05) (Fig. 6A).

3.5. Mechanical underloading induces β-catenin accumulation

As β-catenin accumulation is central to osteoblast differentiation and
mineralization, abnormal β-catenin accumulation may be the key to
heterotopic ossification of tendons. Therefore, we further investigated
β-catenin phosphorylation in TDSC constructs. We determined that me-
chanical underloading significantly inhibits phosphorylation of GSK3β at
Ser9, which further reduces β-catenin degradation by the inhibition of
phosphorylation at Ser33 (p < 0.05) (Fig. 6B and C). The phosphoryla-
tion of β-catenin at Ser552 was significantly upregulated (p < 0.05)
(Fig. 6B and C) in response to 3% loading, suggesting increased accu-
mulation and translocation of β-catenin into cell nuclei.

4. Discussion

Heterotopic ossifications of tendons is a severe pathological change at
the end stage of tendinopathy, which often leads to tendon rupture. In
our previous study, we have demonstrated that reduction of mechanical
loading for short period (3% tensile strain, 0.25 Hz, 8 h/d, 6 days) caused
minor pathological changes in Achilles tendon similar to those observbed
in the progression of tendinopathy [8]. Using the 3% loading protocol in
culture for up to 20 days we found multiple ossification sites within
tendon tissues. To further investigate the underlying mechanism, we
generated a 3D TDSCs construct and evaluated the differentiation
Fig. 6. (A) Comparison of differentiation-related markers gene expression on 3D TD
RUNX2 and osteocalcin. The gene expression level is normalized against 36B4. Result
0.05 n¼5; (B) Western blot analysis of protein phosphorylation and expression level
Total cell lysates were immunoblotted with the indicated antibodies. (C) Densitome
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induction ability of mechanical underloading to TDSCs. Consistently, we
found mechanical underloading induced osteogenic differentiation over
tenogenic differentiation, which is mediated by stabilizing the β-catenin
accumulation.

HO is bone formation within soft tissues such as tendon, with an
unknown patho-mechanism that often leads to deleterious outcomes [30,
31]. The pathogenesis of HO is believed to be correlated with progenitor
cells with osteogenic differentiation ability in affected soft tissue, how-
ever, the underlying mechanism remained unclear due to lack of in vitro
model. The majority of HO studies are based on in vivomodels developed
by McClure et al. [32]. They did an Achilles tenotomy with a blunt
dissection, and most of the animals developed HO between 5 and 10
weeks post operation [32]. However, tenotomy might not represent
pathogenesis in human tendon, thus, the mechanism might be different.

Tendons are force-transferring tissue that enable joint movement.
Due to its physiological function, overuse of tendon is often considered as
the primary factor of tendinopathy. Numerous studies were conducted to
investigate the effect of overloading environment on tendon by applying
high strain loading on tenocytes or TDSCs [33–37]. However, tendons
are often subject to uni-axial tensile loading of up to 6% strain [38], and
Arnoczky et al. showed that local strain and cellular deformation are only
around 65–85% of overall strain on tendon tissue [39]. Therefore,
physiological loading on resident cells in tendon should be around 6%.
Sudden and high extension of tendon often leads to the local rupture of
collagen fiber leaving the sub-failure site. The tendon cells at the
sub-failure site proliferate and are designated to repair the damage, if
patient continue to apply the loading on the sub-failure tendon [7], the
proliferated cells then experience underloading environment as shown as
Fig. 7. Interestingly, recent study of Wang et al. demonstrated that
percutaneous Achilles tendon puncture would induce HO [40], which is
consistent with our hypothetical model. Our previous study showed that
6 days of underloading environment led to cell proliferation and minor
disruption of collagen structure that similar to early tendinopathy [8].
Here, we further demonstrated that prolonged mechanical underloading
SCs construct. 3% mechanical loading induced upregulation of COL1A1, ALP,
are expressed as the mean�SEM. One-way ANOVA significance values were *p <

s in 3D TDSC constructs cultured for 6 d, with or without 3% uniaxial loading.
tric quantitation of bands (*p<0.05, n ¼ 3).



Fig. 7. Heatmap of extension distribution in tendon. In healthy tendon, exten-
sion is evenly distributed through the tendon. However, reduced local tension is
formed in sub-ruptured site in the sub-failure tendon.
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was the key of heterotopic ossification in tendon.
Multiple signaling pathways were revealed to be associated with HO.

HOwas observed in rare genetic diseases such as fibrodysplasia ossificans
progressiva (FOP) and progressive osseous heteroplasia (POH), which are
due to mutation of BMP receptors and the disruption of BMP signaling
[41,42]. Recent study demonstrated that mTORC1 signaling was pro-
posed to induce HO in rat tendon tissues as well [43,44]. In addition,
overactivation of TGF-β induced and promoted ectopic bone formation in
Achilles tendon [40]. The signaling pathways above are all closely
associated with osteoblast differentiation. Wnt/β-catenin signaling
pathway has been demonstrated as a key regulator for bone formation,
which has been shown to crosstalk to BMP, TGF-β and mTORC signaling
[45–48]. Activation of Wnt leads to its binding with a dual receptor
composed of LRP5/6 and FZD receptors, resulting in the inactivation of
GSK-3β and accumulation of cytosolic β-catenin, mutation of LRP5 has
been reported to associated with high bone density in human [49]. Our
results showed that mechanical underloading inactivated GSK-3β leading
to disruption of β-catenin degradation. In addition, it further induced
β-catenin phosphorylation at Ser552, which induced β-catenin trans-
location into nuclei. The dual effect of mechanical underloading on
TDSCs led to increased accumulation and translocation of β-catenin,
eventually caused HO in tendon tissue.

5. Conclusion

To our knowledge, this study is the first to show that in a culture
environment underloading, tendons would develop HO. In addition, our
3D TDSCs loading model further demonstrated that mechanical under-
loading induced osteogenic differentiation instead of tenogenic differ-
entiation, which is mediate by accumulation and translocation of
β-catenin. These findings shed light on a potential mechanism for het-
erotopic ossification in tendinopathy due to the underloading of TDSCs at
the damage sites, which could be mediated by dis-regualtion of β-catenin
signalling.
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