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1. Introduction  

1.1 Tenomodulin: gene, protein and known functions 

Tenomodulin (Tnmd) was independently identified by both Brandau et al. (2001) and Shukunami et al. 

(2001), and was found to be highly homologous to chondromodulin I (Chm1), a cartilage-derived growth 

regulator and angiogenesis inhibitor (Hiraki et al., 1991). Tnmd represents a member of a novel type II 

transmembrane glycoprotein family, and has C- and N-terminal extracellular and cytoplasmic domains, 

respectively. Extracellular Tnmd regions consist of a C-terminal cysteine-rich proteolytically cleaved anti-

angiogenic domain and a BRICHOS domain that is thought to serve an intramolecular chaperone function 

(Brandau et al., 2001; Shukunami et al., 2001). Tnmd, located on the X chromosome, encodes a 1.4 kb 

transcript that is in turn predicted to encode a 317 amino acid protein (Brandau et al., 2001) (Figure 1).  

 
Figure 1. Human tenomodulin (TNMD)  organization and the mRNA and protein levels. Grey is used to 

designate transmembrane, BRICHOS, and the antiangiogenic regions, with an arrow being used to mark the functional 

RXXR cleavage site. Exons are indicated by black boxes, with the lines between these boxes corresponding to introns. 

Abbreviation: UTR, untranslated region. This figure is adapted and modified from Tolppanen et al. (2010). 

 

Tnmd lacks the furin cleavage site present within the Chm1 precursor, but it contains a protease 

recognition sequence at positions 233-236 (Shukunami et al., 2005). Near this putative cleavage site is an 

extracellular domain BRICHOS, which is composed of a conserved 100 amino acid sequence that was 

first associated with proteins linked to dementia, respiratory distress, and cancer (Sánchez-Pulido et al., 

2002). However, its function in Tnmd and Chm1 is not clear. Northern blotting studies of newborn murine 

tissues revealed the highest Tnmd expression levels in skeletal muscle, diaphragm, and eyes, although a 

weak signal was observed in most screened tissues (Brandau et al., 2001; Shukunami et al., 2001). Tnmd 

expression in muscular tissue is exclusive to ligaments and tendons, as demonstrated through in situ 

hybridization studies (Docheva et al., 2005). It is important to note that the homologous gene, Chm1, is 

predominantly expressed in cartilage tissue, but both Tnmd and Chm1 have an overlapping expression in 

the eye (Docheva et al., 2005; Hiraki et al., 1991). These expression patterns suggest that Tnmd and 

Chm1 may not have compensatory roles in their primary expression sites. 

During development and in traumatic or inflammatory contexts, a balanced control of angiogenesis is 
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necessary in cartilage and tendons in order for these tissues to maintain their hypovascularity. Therefore, 

it has been proposed that the primary function of Tnmd and Chm1 may be to control blood vessel 

ingrowth. However, developmental studies of Chm1- and Tnmd- deficient mice have revealed no 

profound abnormalities in cartilage or tendon vascularisation, respectively (Docheva et al., 2005). Despite 

the lack of developmental phenotypes, it is important to further examine and challenge these knockout 

models by subjecting the mice to different disease-like conditions that allow the study of gene function 

during tissue healing or disease pathogenesis. For example, using a mouse tumor model, Oshima et al. 

(2004) found the Tnmd C-terminal domain to suppress the formation of vascular tubes in vitro and to 

suppress the in vivo growth of tumors. 

The signalling pathway in which Tnmd participates is still unknown, mostly because of its novel 

protein domain structure and also because its potential binding partners have not been identified. Two 

studies by Brent et al. (2005) and Shukunami et al. (2006) revealed that there is overlap between the 

expression domains of Tnmd and scleraxis (Scx), the main transcription factor known to be indispensible 

for tendon formation. Furthermore, over-expression of Scx in cultured chicken tenocytes activated the up-

regulation of Tnmd (Shukunami et al., 2006), while in Scx-knockout mice, Tnmd expression is markedly 

diminished (Murchison et al., 2007; Shukunami et al., 2018). Mohawk (Mkx) is another transcription 

factor that is expressed almost exclusively within ligaments and tendons. When mice do not express Mkx, 

they exhibit reduction in Tnmd but not Scx expression, highlighting the role of Mkx as the Tnmd 

regulator (Ito et al., 2010; L iu et al., 2010). Taken together, the above studies suggest that Scx and Mkx 

are upstream of Tnmd. However, the protein-protein interactions in which Tnmd may be involved remain 

elusive. 

Despite its unknown molecular pathway, Tnmd has been widely utilized as a marker gene for tendon 

lineage (Delgado et al., 2018; Dex et al., 2016; Jo et al., 2019; Li et al., 2019). Tnmd expression analysis, 

mainly at the mRNA level, has been used to confirm the presence of tendon-derived cells or to 

demonstrate the tenogenic differentiation of uncommitted cells. Tnmd loss has recently been shown not to 

affect Tnmd-knockout-derived tendon stem/progenitor cell (TSPC) multipotency, instead resulting in 

impairment of the ability of these cells to self-renew while increasing their susceptibility to entering a 

state senescence (Alberton et al., 2015). Additionally, Tnmd overexpression in murine mesenchymal stem 

cell (MSC) improves their commitment to tenogenic differentiation, while inhibiting osteogenesis, 

chondrogenesis, and adipogenesis (Jiang et al., 2017). Therefore, Tnmd is currently considered as the 

most specific differentiation marker of ligaments and tendons. 

Tnmd expression is largely detected in the ligaments, tendons, and eyes, all of which are hypovascular 

tissues. Tenocyte proliferation is impaired in mice in which Tnmd expression is disrupted, resulting in 

pathologic collagen fiber thickening, decreased tenocyte density, and significantly inferior running 

performance (Dex et al., 2017; Docheva et al., 2005). Tnmd is also universally expressed in a concentric 
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et al., 2017; Manning et al., 2014) (Figure 2A). Tendon injuries are also associated with the upregulation 

of a range of genes that encode various collagens (Col1a1, Col1a2, Col3a1, Col12a1 and Col14a1) and 

other tendon-associated genes such as Scx, Mkx, Tnmd, early growth response 1 (Egr1), and tenascin C 

(Tnc). The secondary proliferative phase extends for a few weeks, and is characterized by macrophage-

mediated production of growth factors and chemokines (Docheva et al., 2015; Schneider et al., 2018). 

This leads tendon fibroblasts to be recruited from the synovial sheath and the epitenon while also 

recruiting proximal tenocytes to the injured site, wherein they produce type III collagen, fibronectin (Fn) 

and other constituents of the ECM to generate a disorganized ECM. Initial type III collagen production is 

eventually replaced by stronger type I collagen production. This proliferative phase is typically associated 

with high amounts of water absorption and cellularity. Following a 6-8 weeks period, a remodeling phase 

then initiates and lasts for 6-12 or more months depending on patient age and overall condition (Docheva 

et al., 2015; Schneider et al., 2018) (Figure 2B). The remodeling phase in turn consists of both 

consolidation and maturation stages, with the former being 10 weeks long and being characterized by 

changes in the tissue from a more cellular to a more fibrous state. During this period, tenocytes remain 

highly active, and collagen fiber alignment with stress directionality begins to occur. This in turn 

facilitates improvements in tendon strength and stiffness, with type III collagen synthesis being exchanged 

for type I collagen production. Tendon fibroblasts undergo myofibroblastic transformation, leading to 

granulation tissue contraction into a permanent scar. The maturation stage, in turn, can extend for 1-2 

years, and during this period the tendon tissue switches from a fibrous to a more scar-like state, with 

concomitant reductions in tendon vascularity and in tenocyte metabolic activity (Schneider et al., 2018). 

 





7 
 

division in tendon cells, preventing full tendon healing following injury (Kohler et al., 2013). However, 

even in adults a subset of tendon cells are capable of undergoing division, and this activity may be vital 

for healing responses (Grinstein et al., 2019). Adult bone marrow stem cells (BMSCs), adipose-derived 

stem cells (ADSCs), TSPCs, and embryonic stem cells (ESCs) can differentiate into tendon-like cells. 

However, their corresponding abilities in vivo are not fully understood. Reprogrammed/engineered cells, 

such as induced pluripotent stem cells (iPSCs) have been linked to many concerns pertaining to efficacy 

and safety following the respective use of polymeric and viral vectors, and when they differentiate 

towards specific cell lineages, developmental stage mismatch processes may occur (Gaspar et al., 2015; 

No et al., 2019). 

Effective approaches to expediting tendon healing have yet to be developed, as we do not currently 

understand tendon biology as well as we understand that of other components of the musculoskeletal 

system. Moreover, the molecular mechanisms controlling tendon cell migration, proliferation, and fate in 

the context of such tendon repair remain to be fully elucidated (Dex et al., 2016; Nourissat et al., 2015). 

Therefore, it is very important to dissect the cellular and molecular processes of tendon healing after 

surgical repair, in order to develop therapies that promote timely and complete repair of injured tendons. 
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1.3 Insights into the pathogenesis of IVD  degeneration 

IVD  degeneration is a primary driver of chronic low back pain (Nguyen et al., 2015). IVD 

degeneration is a complex and multifactorial process. It is mainly  caused by aging, genetic predisposition, 

abnormal biomechanical loading, and environmental components (Pye et al., 2007; Risbud et al., 2014; 

Sakai et al., 2015; Silagi et al., 2019; Williams et al., 2011). Numerous factors are believed to be capable 

of initiating the dysregulation of the anabolic/catabolic balance and a decline in the cell density of the 

nucleus pulposus (NP). Despite low back pain being a major medical and socioeconomic burden in 

modern society, the initiation and progression of IVD degeneration is not well understood. Therefore, it is 

important to understand the molecular basis of the pathogenesis of IVD degeneration translate this into the 

development of clinical treatments. 

There are three primary compartments that compose the avascular IVD : an outer fibrocartilaginous 

annulus fibrosus (AF), an inner proteoglycan-rich NP, and cartilaginous endplates (CEPs) present at 

junctions with vertebral bodies. NP cells lack access to any significant blood supply, and thus adapt to the 

metabolic constraints of growing in a nutrient-poor, hypoxic, acidic setting. If their normal homeostatic 

capabilities are disrupted, however, this can lead to the onset of a pathological condition, during IVD 

degeneration. The initiating event that induces IVD degeneration is believed to arise from complex 

interactions between predisposing genetic factors and lifestyle or environmental factors including illness, 

obesity, poor posture, or poor nutrition. When normal metabolic activity is disrupted, imbalanced 

catabolism and anabolism can often occur along with inflammation, leading to a destructive feedback 

cycle wherein the breakdown of the matrix can lead to the generation of other inflammatory mediators, in 

turn driving MMPs upregulation and expression of a disintegrin and metalloproteinase with 

thrombospondin motifs (ADAMTS), leading to further matrix breakdown (Patil et al., 2019).  

IVD serves as the main intervertebral junction, and possesses fibrocartilaginous properties that enable 

it to resist mechanical stress. Gelatinous NP tissue redistribution is one key regulator of this process. 

Resident NP cells serve as key regulators of metabolic activity within NP tissues, wherein they produce 

proteoglycans and type II collagen that lead these tissues their gelatinous properties. Increased apoptotic 

death of NP cells as a result of metabolic disease can result in ECM metabolism disorders that accompany 

IVD degeneration (Kadow et al., 2015; Song et al., 2018). The loss of proteoglycan in the NP is 

accompanied by increased fibrosis, and the transition of cells from a vacuolated notochordal phenotype to 

one that resembles hypertrophic chondrocytes (Gorth et al., 2019). Cumulatively, NP cells switching from 

producing anabolic to catabolic factors is a hallmark of IVD degeneration (Tessier et al., 2019). 

Characteristically, the loss of the disc matrix proteoglycan aggrecan (Acan) leads to a reduction in 

compressive force resistance, with this being one well-characterized hallmark of degenerative disc disease 

(Patil et al., 2019). There is also evidence of increases in matrix fragments production by the proteolytic 

actions of MMPs and ADAMTS. 
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extensively in the context of disc degeneration, wherein they are believed to drive degeneration by 

activating MMPs and ADAMTS (Gorth et al., 2019; Patil et al., 2019; Risbud et al., 2014). Mechanical 

loading additionally influences progenitor cell fate, with persistent cyclic stress leading to disc cell 

osteogenic gene induction and apoptotic death. Similarly, the apoptosis of these disc cells can be 

promoted by nutrient deficiencies such as those observed when serum is removed from cultured cells (Lyu 

et al., 2019). Furthermore, degeneration is closely linked to the overall aging process, suggesting that 

gradual matrix breakdown occurs naturally over time. The acceleration of this natural process, however, 

can arise for the reasons described above. It is thus essential that the source of pain be accurately located 

in order to facilitate efficacious therapeutic treatment. 

In summary, the IVD represents the largest avascular tissue, and its potential for self-renewal is very 

limited in humans. The process of IVD degeneration is complex and multifactorial, involving the 

dysregulation of multiple processes, including the overexpression of degradative enzymes, the up-

regulation of pro-inflammatory cytokines, the loss of healthy cells, and a decrease in matrix synthesis. 

Understanding the molecular basis of vascular control in the IVD as well as the exact pathogenesis of IVD 

degeneration will be important for facilitating the development of clinical treatments. 
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1.4 Aims of the thesis 

1.4.1 Study I 

We hypothesized that Tnmd-knockout mice will display delayed and inferior tendon healing when 

challenged with surgically induced Achilles tendon rupture. Our hypothesis is based on previous findings 

that Tnmd plays a regulatory role in the proliferation of tendon cells and the maturation of collagen fibrils, 

processes that are crucial during tendon healing. It is well known that the treatment of tendon injuries is 

currently limited to the use of painkillers, anti-inflammatory drugs, and glucocorticoids and there is a 

profound lack of treatment options that specifically and efficiently influence the performance of tendon 

cells. Since the loss of Tnmd may be associated with poor tendon healing, we propose that this research 

will provide new insights into Tnmd as a novel target for development of tendon-specific therapeutic 

agents.  

In study I, we focused on the following three main objectives: 

i)  to apply surgically induced Achilles tendon rupture in Tnmd-deficient and wild type (WT) mice 

ii)  to carry out profound histomorphometry analysis at the early stage of tendon healing (via 

histology, immunohistology staining and quantification, cell proliferation and apoptosis analysis, 

and quantitative real-time PCR (qRT-PCR) of tendon tissues) 

iii)  to perform in vitro analysis of TSPCs derived from Tnmd-deficient tendons and control (via 

migration, proliferation, adipogenic differentiation assays, ELISA and qRT-PCR of TSPCs) 

 

1.4.2 Study II 

We hypothesized that the expression of Tnmd may suppress vascular ingrowth in the typically 

avascular IVD  tissue, thus contributing to the IVD homeostasis. Conversely, the absence of Tnmd will 

lead to IVD degeneration. 

In study II, we focused on the following three main objectives: 

i)  to investigate the phenotypic changes of Tnmd-deficient versus WT IVD tissues (via histology, 

immunohistology, histomorphometry, atomic force microscopy (AFM), western blotting, and qRT-

PCR of IVD tissues) 

ii)  to investigate the phenotypic changes of Tnmd- and Chm1-deficient IVD tissues (double knockout 

mice) (via histology, immunohistology, and western blotting) 

iii)  to perform in vitro analysis of IVD-derived cells from Tnmd-deficient and WT mice (via co-

culture with vascular cells, immunohistology, migration, proliferation, apoptosis, and qRT-PCR 

analyses). 
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1.5 Own contribution s 

1.5.1 Publication I   

I designed, performed, and analyzed the experiments and wrote the manuscript.  

Paolo Alberton assisted with the operations and performed tissue dissections and analyses.  

Manuel Delgado Caceres performed ELISA and qRT-PCR experiments.  

Elias Volkmer performed tendon surgery.  

Matthias Schieker reviewed and approved the manuscript.  

Denitsa Docheva conceived the study, designed the experiments, analyzed the data, and wrote the 

manuscript. 

 

1.5.2 Publication II  

I designed, performed, and analyzed the experiments and wrote the manuscript.  

Paolo Alberton performed the co-culture experiments.  

Manuel Delgado Caceres performed western blotting and qRT-PCR experiments.  

Carina Prein performed AFM analyses.  

Hauke Clausen-Schaumann performed AFM analyses. 

Jian Dong reviewed and approved the manuscript.  

Attila Aszodi reviewed and approved the manuscript. 

Chisa Shukunami reviewed and approved the manuscript. 

James C Iatridis reviewed and approved the manuscript. 

Denitsa Docheva conceived the study, designed the experiments, analyzed the data, and wrote the 

manuscript. 
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knockout mice displayed an ectopic bone formation in the IVD. In vitro studies demonstrated reduced 

proliferation and migration but increased apoptosis when comparing Tnmd-/- versus WT outer AF-derived 

cells. Furthermore, these cells showed p65 and matrix metalloproteinases (MMPs) upregulation and 

promoted the migration of human umbilical vein endothelial cells. Hence, we concluded that Tnmd can 

inhibit angiogenesis in the context of homeostatic IVD maintenance while protecting against IVD 

degeneration that occurs as a result of aging. 

In summary, we reported that reduced Tnmd expression results in inferior tendon healing and 

increasing the risk of age-related IVD degeneration. These novel findings provided new information 

pertaining to the important role of Tnmd in tendon and IVD tissues, which can facilitate the development 

of novel therapeutic interventions that can prevent or treat tendon and IVD diseases. 
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und bestätigt, dass das TNMD Protein in der ECM des äußeren AF zu finden ist. Anschließend haben wir 

6 Monate und 18 Monate alte Tnmd-/- und WT Mäuse verwendet um die Rolle des Tnmd in natürlich 

vorkommender IVD Degeneration zu untersuchen. Wir fanden heraus, dass Tnmd-/- Mäuse eine rapidere 

Progression der altersabhängingen IVD Degeneration aufweisen. Das beinhaltet auch kleinere 

Kollagenfibrillendurchmesser, eine niedrigere kompressive Steifigkeit, reduzierte IVD- und 

sehnen/ligament-abhängige Genexpression, erhöhte Angiogenese und Makrophageninfiltration in der 

äußeren AF und eine höhere Anzahl von hypertroph-like Chondrozyten im Nucleus pulposus (NP). Bei 

Tnmd und Chm1 Doppelknockout Mäusen zeigten sich beschleunigte IVD Degenerationen und ektope 

Knochenformationen in der IVD. Um ein tieferes Verständnis für die Rolle des Tnmd in der IVD 

Homöostase zu erlangen, führten wir In vitro Experimente mit Zellen des äußeren AF durch, diese wurden 

von lumbalen IVDs von 12 Monate alten Tnmd-/- und WT Mäusen isoliert. Zuerst untersuchten wir den 

Phenotyp der äußeren AF Zellen und fanden heraus, dass ein Tnmd Verlust eine Reduktion des 

proliferativen und migratorischen Potentials, aber auch eine Erhöhung des Apopotoserisikos verursacht. 

Desweiteren zeigte sich eine p65 und Matrixmetalloproteinase (MMP) Hochregulation, sowie eine 

verstärkte Migrationsfähigkeit von humanen venösen Nabelschnurendothelzellen. Damit beweisen unsere 

Forschungsergebnisse, dass Tnmd als ein Angiogeneseinhibitor während IVD Homöostase wirkt und vor 

altersabhängiger IVD Degeneration schützt.  

Zusammenfassend haben unsere Ergebnisse einen neuen Einblick in die Rolle des Tnmd bei der 

anfänglichen Sehnenheilung und IVD Homöostase gegeben. Bei einem Tnmd Verlust ist die 

Sehnenheilung eingeschränkt und dies stellt dementsprechend einen Risikofaktor für die altersabhängige 

IVD Degeneration dar. Das Verständnis für den Tnmd abhängigen Mechanismus wird die Herstellung von 

neuen therapeutischen Strategien für die Prävention und Behandlung von Sehnenerkrankungen und IVD 

Degeneration einleiten. 
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4. Publication I 

Tenomodulin is essential for prevention of adipocyte accumulation and fibrovascular scar 

formation during early tendon healing 

Dasheng Lin, Paolo Alberton, Manuel Delgado Caceres, Elias Volkmer, Matthias Schieker and Denitsa 

Docheva  

Cell Death Dis. 2017;8(10):e3116. doi: 10.1038/cddis.2017.510. 
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OPEN

Tenomodulin is essential for prevention of adipocyte
accumulation and fibrovascular scar formation during
early tendon healing

Dasheng Lin1,2, Paolo Alberton1, Manuel Delgado Caceres3, Elias Volkmer1,4, Matthias Schieker1,5 and Denitsa Docheva*,3

Tenomodulin (Tnmd) is the best-known mature marker for tendon and ligament lineage cells. It is important for tendon maturation,
running performance and has key implications for the resident tendon stem/progenitor cells (TSPCs). However, its exact functions
during the tendon repair process still remain elusive. Here, we established an Achilles tendon injury model in a Tnmd knockout
(Tnmd�/�) mouse line. Detailed analyses showed not only a very different scar organization with a clearly reduced cell proliferation
and expression of certain tendon-related genes, but also increased cell apoptosis, adipocyte and blood vessel accumulation in the
early phase of tendon healing compared with their wild-type (WT) littermates. In addition, Tnmd�/� tendon scar tissue contained
augmented matrix deposition of biglycan, cartilage oligomeric matrix protein (Comp) and fibronectin, altered macrophage profile
and reduced numbers of CD146-positive cells. In vitro analysis revealed that Tnmd�/� TSPCs exhibited significantly reduced
migration and proliferation potential compared with that of WT TSPCs. Furthermore, Tnmd�/� TSPCs had accelerated adipogenic
differentiation accompanied with significantly increased peroxisome proliferator-activated receptor gamma (Ppar�) and lipoprotein
lipase (Lpl) mRNA levels. Thus, our results demonstrate that Tnmd is required for prevention of adipocyte accumulation and
fibrovascular scar formation during early tendon healing.
Cell Death and Disease (2017) 8, e3116; doi:10.1038/cddis.2017.510; published online 12 October 2017

Tendon injuries are some of the most common orthopedic
problems accounting for substantial pain, disability,
and economic burden.1 While many tendon injuries are acute,
a very large number are chronic causing degenera-
tive conditions.2 Repair in either case results in the formation
of fibrovascular scar, fat deposition or heterotopic ossification
that never attains the gross, histological, or mechanical
characteristics of normal tendon.3–5 The precise mechanisms
of matrix degeneration, tissue tearing, and the subsequent
repair process remain poorly understood.1 Tenomodulin
(Tnmd) is a member of a novel class protein family
of type II transmembrane glycoproteins with a highly
conserved cleavable C-terminal cysteine-rich domain.6,7 The
Tnmd gene consists of seven exons localized on the X
chromosome and accounts for an ~ 1.4 kb transcript
and a predicted full-length protein consisting of 317 amino
acids.6,7 It is predominantly expressed in tendons and
ligaments, but low levels of mRNA transcripts have
also been identified in other tissues.6–9 Tnmd is the best-
known marker of the mature tendon and ligament lineage with
a suggested dual role of its C-terminal domain, namely a
pro-proliferative action with tendon/ligament cells and
anti-angiogenic potential with vascular cells.9,10 Interestingly,
loss of Tnmd expression in gene targeted mice (Tnmd�/�)
abated tenocyte proliferation, led to reduced tenocyte
density and to pathological thickening of collagen fibers

in the tendon extracellular matrix (ECM) in vivo but
caused no major changes in the tendon vasculature.11 In our
recent study, we subjected Tnmd�/� mice and their wild-type
(WT) littermates to exhaustive running tests revealing
significantly inferior running performance of the knockouts
that further worsened with training.12 In vitro analysis of
Tnmd�/� tendon stem/progenitor cells (TSPCs) showed
significantly reduced self-renewal, and augmented senes-
cence paralleled by upregulated p53 mRNA levels, which
was confirmed in vivo by detecting an increased number of
p53-positive tenocytes in Tnmd�/� Achilles tendons.13 In
addition, overexpression of Tnmd in murine mesenchymal
stem cells (MSCs) inhibited their commitment towards the
adipogenic, chondrogenic and osteogenic lineages, whilst
promoting their tenogenic differentiation.14 The above data
motivated us to further examine the potential regulatory role
of Tnmd gene in the early tendon healing stage when
major cellular and ECM events take place,3 such as vascular
and inflammatory cell invasion, intrinsic cell activation,
migration and proliferation, and ECM deposition. Hence,
the objective of this study was to investigate the functions of
Tnmd in early tendon healing in vivo and in wound healing
assays in vitro, including careful tissue phenotyping and
specific molecular target analyses, using the Tnmd�/� mouse
strain.
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Research (NIBR), Translational Medicine Musculoskeletal Disease, Basel, Switzerland
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Results

Tnmd�/� tendon scars have inferior gross appearance,
histological scores and cell density paralleled with
increased accumulation of adipocytes and vessels. To
analyze Tnmd involvement during early tendon healing, we
established a mouse model of full thickness Achilles tendon
injury.15 We analyzed the mice eight days after surgical

repair, a time point characterized by scar formation, vascular
and inflammatory cell invasion, high cell migration and
proliferation as well as robust ECM secretory activity.3,16

Hematoxylin–eosin (HE) staining of sectioned tendons
revealed a very different scar organization in Tnmd�/� mice,
as indicated by significantly inferior total histological scores17

(Supplementary Table 1) compared with their WT littermates
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(Figures 1a and b). Quantitatively, total cell density was
significantly lower in the Tnmd�/� mice at 8 postoperative
days (Figures 1c and d). Ectopic ossification after tenotomy
of rodent Achilles tendon at late stages of the tendon healing
process has been reported in previous studies.18–20 How-
ever, ectopic endochondral ossification was not detected in
the scar tissues in either of the genotypes following safranin
O staining at 8 days post-injury (Figure 1e). In contrast, the
mean area of adipocyte accumulation, the number of blood
vessels observed in HE staining analyses (Figures 1f–h) and
validated by immunofluorescence staining and quantification
for perilipin- (Figures 1i and j) and collagen IV-positive areas
(Figures 1i and k), were significantly increased in the scar
sites of Tnmd�/� mice compared with WT controls. We also
found increased mRNA levels of the adipogenic marker
genes, peroxisome proliferator-activated receptor gamma
(Ppar�) and lipoprotein lipase (Lpl) in the tendons of
Tnmd�/� mice through quantitative reverse transcriptase
PCR (qRT-PCR) (Figures 1l and m). Expression of fatty
acid-binding protein 4 (Fabp4), another adipogenic marker,
was unaffected (Figure 1n). The above data revealed for the
first time that the absence of Tnmd leads to an inferior
morphological outcome and lower cellular density, whilst it
activates adipocyte accumulation and adipose-related gene
expression as well as vessel numbers in the early repair
region of injured tendons.

Tnmd�/� tendons demonstrate reduced cell proliferation
and CD146-positive cell numbers, downregulated levels
of certain tendon-related genes, whilst increasing cell
apoptosis and occurrence of p53-expressing cells. To
test whether the reduction in cell numbers was due to a
decreased proliferation or increased apoptosis, we carried
out proliferative and apoptotic assays by bromodeoxyuridine
(BrdU) and terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick end labeling (TUNEL) stainings. Further-
more, immunofluorescence staining was also performed for
p53, which regulates the apoptosis in oxidative stress-
exposed tenocytes,21 and has been previously shown by us
to be elevated in the tendons of uninjured Tnmd�/� mice.11

BrdU analysis confirmed a lower number of proliferating cells
at the scar site of injured Achilles tendons in Tnmd�/� than
WT mice (Figures 2a and b). Furthermore, TUNEL assays
and immunofluorescence staining for p53 showed that
Tnmd�/� scars had an increased number of apoptotic cells
(Figures 2c–f). In order to track activated local stem/
progenitor cells at the scar site, we performed immunofluor-
escence analysis for CD146, which labels MSCs as well as

the TSPCs.22–24 The number of CD146-positive cells was
significantly lower in Tnmd�/� compared with WT mice eight
days after injury (Figures 2g and h). Following this, we
analyzed how the absence of Tnmd affects the expression
levels of tendon-associated gene markers using qRT-PCR of
Tnmd�/� and WT tendon-derived mRNA. We observed
significantly lower mRNA levels for early growth response
protein 1 and 2 (Egr1, Egr2), collagens I, III and V (Col1a1,
Col3a1, Col5a1), tenascin C (Tnc), thrombospondin 2
(Thbs2), alpha smooth muscle actin (Acta2) and transforming
growth factor beta 1 (Tgfb1) in Tnmd�/� samples (Figure 2i).
On the contrary, the relative expression levels of mohawk
(Mkx), scleraxis (Scx), cartilage oligomeric protein (Comp)
and lubricin (Prg4) displayed a dramatic increase, without
affecting those of sine oculis homeobox homolog 1 (Six1),
collagens VI and XII (Col6a1, Col12a1) and thrombospondin
4 (Thbs4) (Figure 2i). In sum, we concluded that the loss of
Tnmd causes simultaneously reduced numbers of BrdU- and
CD146-expressing cells, but an increased incidence of
TUNEL- and p53-positive cells in the tendon scar tissue
and dysregulated expression of key tendon-related transcrip-
tion factors and ECM genes, which in turn can lead to altered
tendon tissue composition during repair.

Tnmd�/� scar tissues are characterized by erroneous
ECM deposition and abnormal macrophage profile. The
ECM of tendon tissue is composed primarily of collagen I, as
well as collagen III, elastin and various proteoglycans and
mucopolysaccharides.3 Anomalies in the ECM composition
of the scar tissue after tendon injury may contribute to a poor
and delayed healing process resulting in compromised tissue
quality.20 Prompted by this observation and the gene
expression changes in Tnmd�/� tendons, we carried out an
ECM phenotyping of the scar tissues of both genotypes. First,
we performed immunofluorescence staining with an anti-C-
terminal Tnmd antibody visualizing Tnmd secretion in the
ECM of WT mice Achilles tendon, but not in Tnmd�/� mice
(Figures 3a and b). Surprisingly, three ECM proteins, namely
biglycan, Comp and fibronectin, were more expressed in
Tnmd�/� tendon healing sites than WT mice (Figures 3c–h).
The increased protein deposition of Comp in Tnmd�/�

samples was consistent with the qRT-PCR data showing
higher Comp mRNA levels in this group (Figure 2i). However,
collagens I and III, decorin, elastin, fibromodulin and lumican
were not significantly affected (Supplementary Figure 1a).
Nonetheless, picrosirious red-stained tendon sections ana-
lyzed by polarized light microscopy exhibited ECM containing
thicker collagen fibers in the scar areas and tendon ends of

Figure 1 Tnmd deficiency results in an inferior tendon repair process, lower cell density and increased adipocyte and vessel accumulation. (a) Low-magnification HE staining
indicates a very different scar organization with clear adipocyte accumulation in Tnmd�/� mice. (b) Evaluation of tendon healing using an established histological scoring system
revealed that Tnmd�/� mice had a significantly lower total histological score at 8 days postoperatively compared with WT mice. (c,d) Cell density in the healing region was
significantly lower in Tnmd�/� versus WT mice. DAPI images were analyzed by computerized image analysis with ImageJ. (e) Ectopic endochondral ossification was not revealed
by safranin O staining in the tendons of either genotype at day 8. (f–h) In HE-stained sections increased areas of adipocyte accumulation and numbers of large blood vessels were
detected in the scar region of Tnmd�/� tendons compared with WT mice. (i) Visualization of adipocytes and blood vessels in Tnmd�/� and WT Achilles tendon scars via
immunofluorescence staining for perilipin and collagen IV. (j,k) The perilipin-positive areas and number of collagen IV-labeled blood vessels were significantly higher by 8 days
after surgery in Tnmd�/� versus WT mice. (l–n) qRT-PCR revealed upregulated mRNA levels of Ppar� and Lpl, but no changes in Fabp4 expression in Tnmd�/� versus WT
tendons. For quantification in (b, d, g, h, j and k), statistical significance was calculated using two-tailed non-parametric Mann–Whitney test, n = 8 (8 animals per group; each
animal represented by 3 tissue sections). For qRT-PCR in (l, m and n), statistical significance between 2 groups was determined by unpaired Student’s t-test (two-tailed) for 5
independent experiments. *Po0.05; ***Po0.001, compared with WT. S, scar; T, tendon; yellow arrows, blood vessels; black arrows, adipocytes. Scale bars: 200 �m
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the Tnmd�/� than that of WT mice (Supplementary
Figure 1b). Our observation of the increased erroneous
ECM deposition in the repair sites of Tnmd�/� tendons
motivated us to investigate by using target-specific ELISA
whether Tnmd�/� TSPCs secrete higher amounts of biglycan
and fibronectin proteins. The obtained quantitative data
further confirmed our in vivo results by showing that the

levels of both proteins were significantly increased in the
supernatant of Tnmd�/� compared with WT TSPCs
(Figures 3i–l).

The repair of injured tendons begins with an early
inflammatory response that is associated with infiltration of
pro-inflammatory, classically activated (M1) macrophages,
whereas the secondary inflammatory response involves

Figure 2 Tnmd deficiency results in reduced cell proliferation, CD146-positive cells, increased cell apoptosis and p53-expressing cells and an altered expression of certain
tendon-related genes. (a,b) BrdU staining and quantification in the tendon scars revealed decreased proliferative cell numbers in Tnmd�/� versus WT mice at 8 days
postoperatively. (c,d) TUNEL-based analyses detecting apoptotic cells showed increased cell apoptosis in Tnmd�/� mice compared with WT mice. (e,f) Increased number of p53-
positive cells was found at day 8 in the tendons scar tissues of Tnmd�/� tendons compared with WT mice. (g,h) Immunofluorescence staining for CD146 showed that the number
of CD146-expressing cells, corresponding to local MSCs and/or TSPCs was lower in Tnmd�/� mice than WT mice. (i) Tnmd�/� tendons displayed significantly lower expression
levels for Egr1, Egr2, Col1a1, Col3a1, Col5a1, Tnc, Thbs2, Acta2 and Tgfb1 compared with WT mice. In contrast, the relative gene expression of Mkx, Scx, Comp and Prg4
displayed a dramatic increase. No effect was found for Six1, Col6a1, Col12a1 and Thbs4. For quantification in (b, d, f and h), statistical significance was calculated using two-
tailed non-parametric Mann–Whitney test, n = 8 (8 animals per group; each animal represented by 3 tissue sections). For qRT-PCR in i, statistical significance between 2 groups
was determined by unpaired Student’s t-test (two-tailed) for 5 independent experiments. *Po0.05; ***Po0.001, compared with WT. Black arrows, BrdU-positive cells. Scale
bars: 100 �m
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anti-inflammatory, alternatively activated (M2) macro-
phages.25 Recent evidence suggested that proper modulation
of inflammation in the early stages of tendon repair may lead to
improved healing.26 Interestingly, in our model, the numbers of
cells positive for CD68, (a prominent surface marker for M1
and tissue-resident macrophages), and CD80, (a M1 macro-
phage surface marker), were significantly increased
(Figures 4a–d), whilst the number of cells expressing
CD163, (a M2 macrophage surface marker), was significantly
reduced in Tnmd�/� mice compared with WT mice eight days
after injury (Figures 4e and f). These results were further
substantiated by immunofluorescence staining of F4/80, a
monoclonal antibody directed specifically against mouse
macrophages, demonstrating a significant increase of labeled

cells in the scar sites of Tnmd�/� mice (Figures 4g and h).
Collectively, this set of data shows that Tnmd deficiency leads
to erroneous ECM deposition in vivo and in vitro and leads to
an abnormal macrophage profile with pre-dominating M1
macrophages in the repair site at day 8 of tendon healing.

Tnmd�/� TSPCs show significantly lesser migratory and
proliferative capacities but have accelerated adipogenic
differentiation rate and significantly upregulated Ppar�
and Lpl mRNA expression. Figures 1c and d and
Figures 2a, b, g and h demonstrated that loss of Tnmd is
associated with significantly lower cell density and numbers
of BrdU- and CD146-positive cells in the scar tissues at day
8. These imply that Tnmd may regulate the migration and

Figure 3 The absence of Tnmd increases erroneous ECM deposition. (a,b) Immunofluorescence staining with anti-Tnmd C-terminal antibody showed Tnmd secretion in the
ECM of WTAchilles tendon, but not in Tnmd�/�. (c–h) Biglycan, Comp and fibronectin protein deposition in the tendon scar, analyzed by fluorescent digital signal quantification,
was clearly augmented in Tnmd�/� when compared with WT mice at 8 days postoperatively. (i–l) Biglycan and fibronectin protein levels from cell lysates and supernatant were
assessed by ELISA and the levels of both proteins were significantly increased in the supernatant and slightly increased in the cell lysates of Tnmd�/� versus WT TSPCs. For
quantification in (b, d, f and h), statistical significance was calculated using two-tailed non-parametric Mann–Whitney test, n = 3 (3 animals per group; each animal represented by
3 tissue sections). For ELISA in (i, j, k and l), statistical significance between 2 groups was determined by unpaired Student’s t-test (two-tailed) for two independent experiments
with two donors/genotypes. *Po0.05 compared with WT. S, scar; T, tendon ends. Scale bars: 100 �m
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self-renewal capacities of TSPCs. Therefore, we carried out
scratch assays mimicking wound closure in vitro. To estimate
the effect of ECM proteins and because of the increased
fibronectin deposition in Tnmd�/� tendons, our scratch
assays were performed on collagen I- and fibronectin-
coated dishes. Quantification of scratch closure rate after
24 h, showed that the migration speed of Tnmd�/� TSPCs
was significantly lower compared with WT TSPCs
(Figures 5a–d). This finding was further solidified by random
migration analysis after 48 h, in which forward migration index
(FMI) of multiple single cells migrating on either of the ECM
proteins was calculated (Figures 5e and f). Quantification of
velocity, accumulated and Euclidean distance, also clearly
indicated a significant reduction of Tnmd�/� TSPCs motility
compared with WT (Figures 5g–l). Furthermore, during
12 days of culture, DNA-based CyQUANT assays at various
time points showed that Tnmd�/� TSPCs proliferated
significantly slower than WT TSPCs (Figure 5m), confirming
and expanding our earlier report that Tnmd is a positive
regulator of TSPC self-renewal.13

The observed adipocyte accumulation during early tendon
healing prompted us to test whether the loss of Tnmd can
accelerate TSPCs differentiation into adipocytes. Previously,
we have observed an increased tendency of in vitro adipogen-
esis of Tnmd�/� TSPCs.13 Here we again subjected TSPCs to
adipocyte differentiation and examined the outcome in-depth.
Tnmd�/� TSPCs grown in adipogenic medium had signifi-
cantly more BODIPY 493/503 staining of neutral lipid droplets,

indicating a higher adipogenic propensity than WT TSPCs
after 7, 14 and 21 days, respectively (Figures 6a and b).
Additional analysis, with the AdipoRed reagent revealed
similar results (Figure 6c). Consistent with our in vivo results,
semi-quantitative RT-PCR and densitometric PCR band
evaluation showed that the expression levels of Ppar� and
Lpl, but not Fabp4, were significantly increased in Tnmd�/�

TSPCs compared with those of WT following 21 days of
adipogenic stimulation (Figures 6d–f). We conclude that the
lack of Tnmd in TSPCs negatively alters their migratory and
proliferative capacities, whilst accelerating their commitment
towards adipocytes and the expression of critical adipose
regulatory genes such as Ppar� and Lpl.

Discussion

Effective strategies to speed up the healing process of tendon
injuries are still not developed because the understanding of
tendon biology lags far behind that of the other components of
the musculoskeletal system, and the molecular mechanisms
controlling the migration, proliferation and fate of TSPCs
during tendon repair are not well understood.1,9 Therefore, it is
still very challenging to identify molecular targets that can be
used to develop medicinal boosters for complete and timely
repair of injured tendons or ligaments. Tnmd is a useful
phenotypic marker of mature tenocytes and ligamentocytes
that has been shown to have intriguing and diverse roles in
developing tendons and those challenged by physical

Figure 4 The lack of Tnmd alters the macrophage profile during early tendon healing. (a–h) The numbers of CD68-, CD80- and F4/80-positive cells were significantly
increased, whereas the number of CD163-positive cells was significantly reduced in the Tnmd�/� tendon scar tissues compared with WT mice. For quantification in (b, d, f and h),
statistical significance was calculated using two-tailed non-parametric Mann–Whitney test, n = 8 (8 animals per group; each animal represented by 3 tissue sections). **Po0.01;
***Po0.001, compared with WT. Scale bars: 100 �m
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exercise.9–12,27 Herein, we further explored the potential roles
of Tnmd in the tendon healing process by subjecting Tnmd�/�

mice to full thickness Achilles tendon injury and carrying out in-
depth characterization of the scar tissues at day 8 as well as
investigating certain TSPCs functions in vitro. The novel
results of this study demonstrate for the first time that the

absence of Tnmd causes inferior tendon repair process, as
shown by adipocyte accumulation and fibrovascular scar
formation during early tendon healing.

Efficient molecular modulation of tendon healing should
accelerate cell proliferation and inhibit apoptosis, or at least
not augment the number of apoptotic events.28 We have

Figure 5 The absence of Tnmd in TSPCs leads to significantly reduced cell migration and proliferation. (a–d) In vitro wound healing assays on collagen I and fibronectin
showed that Tnmd�/� TSPC scratch closure was significantly slower compared with WT TSPCs. The borders of the scratches are outlined with yellow lines. (e,f) Forward
migration index (FMI) plots showed that Tnmd�/� TSPCs were indeed less migratory than WT TSPCs. Upper arrows on each type of matrix show the start point while lower
arrows the end point of example migratory cells. (g–l) Quantification of velocity, accumulated and Euclidean distances further validated Tnmd�/� migratory deficiency. (m) During
0, 4, 8 and 12 days of culture cell growth kinetics were estimated by DNA-based CyQUANTassay revealing that the proliferation of Tnmd�/� TSPCs was significantly lower than
that of WT TSPCs. For quantification in (c, d and m), n = 4 independent experiments per group. For quantifications in random migration, n = 3 independent experiments per group
(total of 70–80 tracks per genotype). Statistical significance was calculated using two-tailed non-parametric Mann–Whitney test. *Po0.05; **Po0.01; ***Po0.001, compared
with WT. Blue arrows, WT TSPCs; d, day; h, hour; Red arrows, Tnmd�/� TSPCs; Scale bars: 200 �m
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