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Tenomodulin (TNMD, Tnmd) is a gene highly expressed in tendon known to be important for tendonmaturation
with key implications for the residing tendon stem/progenitor cells aswell as for the regulation of endothelial cell
migration in chordae tendineae cordis in the heart and in experimental tumourmodels. This review aims at pro-
viding an encompassing overviewof this gene and its protein. In addition, its knownexpression pattern aswell as
putative signalling pathwayswill be described. A chronological overview of the discovered functions of this gene
in tendon and other tissues and cells is provided as well as its use as a tendon and ligament lineage marker is
assessed in detail and discussed. Last, information about the possible connections between TNMD genomic mu-
tations and mRNA expression to various diseases is delivered. Taken together this review offers a solid synopsis
on the up-to-date information available about TNMD and aids at directing and focusing the future research to
fully uncover the roles and implications of this interesting gene.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Tendons are dense connective tissues arranged in a hierarchical
manner. Mature tendons are normally characterized by low cellular
density and this is one of themost obvious featureswhen looking at ten-
don histological preparations. About 90–95% of the cellular content of
tendon comprises tendon-specific cell types described in the literature
as tenoblasts and tenocytes, the latter being the terminally differentiat-
ed form (Kannus, 1997; Chuen et al., 2004). During development new-
born tendons have a very high cell-to-matrix ratio with tenoblasts of
various shapes and sizes aligned in long parallel chains. Following ten-
donmaturation, the ratio between cells andmatrix gradually decreases,
with tenoblasts transforming from an ovoid to a spindle and elongated
shape, specific for their differentiated counterparts, tenocytes (Ippolito
et al., 1980).

Although the general knowledge about the differentiated cells resid-
ing in tendon tissue has been developing in the latest years, still little is
known about their precursors. Stem/progenitor cells of mesenchymal
origin, such as the tendon lineage, are of great interest in order to under-
stand tendon development and healing processes. In 2007, Bi et al.
(2007)demonstrated that human andmouse tendons harbour a unique
cell population which has universal stem cell characteristics such as
clonogenicity, self-renewal capacity and multipotency. Compared to
bone marrow stromal stem cells, these tendon-derived cells expressed
high levels of Scleraxis (SCX), cartilage oligomeric matrix protein
(COMP), tenascin-C and tenomodulin (TNMD), all tendon-related fac-
tors, thus identifying their origin. Additionally, these isolated cells
showed the ability to regenerate tendon-like tissue after extended ex-
pansion in vitro and transplantation in vivo. However, the fact that the
cells of this population showed heterogeneity in their stem properties
and the possibility of containing tendon progenitor cells as well, made
the authors name them- tendon stem/progenitor cells (TSPCs).

The repair of musculoskeletal tissues often recapitulates the cellular
and molecular events of development. Thus, understanding the process
of tendon development can significantly help to develop novel repair
strategies. So far, the knowledge on the ontogeny of the tendon lags
far behind other mesodermal tissues due to both the lack of specific
markers exclusive to the tendon lineage. However, the identification
of the basic helix-loop-helix (bHLH) transcription factor Scx as a specific
and earlymarker of tendon progenitors during embryonic development
(Cserjesi et al., 1995; Schweitzer et al., 2001) and the study of mice
harbouring genetic mutations leading to tendon phenotypes, reviewed
in Tozer and Duprez (2005) and Liu et al. (2011), have provided some
insights into the onset of the tendon lineage and themolecules involved
in this process. Using knockout mouse models, further transcription
factors were identified to be essential for tendon differentiation and de-
velopment such asMohawk (Mkx), Egr1 and Egr2 (Ito et al., 2010; Lejard
et al., 2011; Guerquin et al., 2013).

Tenomodulin was discovered in 2001 by Brandau et al. (2001) and
Shukunami et al. (2001) as a gene sharing high homology with
chondromodulin-1 (CHM1, alternative names chondromodulin-1 and
alternative abbreviations, CHM-I, LECT1, BRICD3 and MYETS1) (Hiraki
et al., 1991). Both research groups described high expression in tendons,
explaining the rationale behind its name. It was hinted to be useful as a
tendon-specific marker, which later on became an established marker
for the mature tendon and ligamentous lineage.

Despite great progress in deciphering tendon development, the
exact molecular pathways orchestrating tendon progenitor specifica-
tion and differentiation still remain largely unknown. Therefore, further
studies are required to identify novel tendon-specificmarkers, to under-
stand their roles and to elucidate themolecular cascades occurring dur-
ing tendon development and maintenance.

In view of the above, the focus in this review is on TNMD, one of the
best so far tendon-specific marker genes. We carried out a systematic
review analysis on all available articles in the PubMed databank. The ex-
amination was performed by searching tenomodulin under its full
name, but also by its alternative names and abbreviations (tendin and
myodulin, TNMD and TeM). A summary of the selection of articles for
this review is shown in Fig. 1.

2. Tenomodulin

2.1. Gene discovery and nomenclature

TNMD was found independently by Brandau et al. (2001) and
Shukunami et al. (2001). Brandau's team named it tendin with the
justification that it is highly expressed in tendons and ligaments.
Shukunami's team, on the other hand named it tenomodulin, since it
shares high homology to chondromodulin-I, but is expressed in ten-
dons, hence postulating a similar modulatory function in these tissues.
Tenomodulin also circulated around the literature very briefly under
the name of myodulin (Pisani et al., 2004; Pisani et al., 2005). The au-
thors gave the alternative name myodulin based on detecting Tnmd
mRNA in Northern blot analysis of rat gastrocnemius muscles. As previ-
ously mentioned, its abbreviations in the literature are found under
TNMD and TeM.

2.2. Gene and protein structure

TNMD, Tnmd belongs to the new family of type II transmembrane
glycoproteins with a highly conserved cleavable C-terminal cysteine-
rich domain (Brandau et al., 2001; Shukunami et al., 2001). The TNMD,
Tnmd gene consists of seven exons localized on the X chromosome
(Fig. 2) and accounts for an approximately 1.4 kb transcript and a pre-
dicted protein consisting of 317 amino acids (Brandau et al., 2001;
Shukunami et al., 2001). Analysis of primary amino acid sequences
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