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ABSTRACT

Tenascin-C (TNC) is an extracellular glycoprotein categorized as
a matricellular protein. It is highly expressed during embryonic
development, wound healing, inflammation, and cancer invasion, and
has a wide range of effects on cell response in tissue morphogenesis
and remodeling including the cardiovascular system. In the heart,
TNC is sparsely detected in normal adults but transiently expressed
at restricted sites during embryonic development and in response to
injury, playing an important role in myocardial remodeling. Although
TNC in the vascular system appears more complex than in the
heart, the expression of TNC in normal adult blood vessels is gener-
ally low. During embryonic development, vascular smooth muscle
cells highly express TNC on maturation of the vascular wall, which
is controlled in a way that depends on the embryonic site of cell ori-
gin. Strong expression of TNC is also linked with several pathologi-
cal conditions such as cerebral vasospasm, intimal hyperplasia,
pulmonary artery hypertension, and aortic aneurysm/ dissection.
TNC synthesized by smooth muscle cells in response to developmen-
tal and environmental cues regulates cell responses such as prolifer-
ation, migration, differentiation, and survival in an autocrine/
paracrine fashion and in a context-dependent manner. Thus, TNC
can be a key molecule in controlling cellular activity in adaptation
during normal vascular development as well as tissue remodeling in
pathological conditions. Anat Rec, 297:1747-1757, 2014. © 2014
Wiley Periodicals, Inc.
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Fig. 1. The modular structure of TNC and known binding receptors.
Each TNC monomer comprises four distinct domains: an assembly
domain, EGF-L, constant (gray), and alternatively spliced (black) FNIil
repeats, and the C-terminal FBG. (Modified from Midwood et al., Cell
Mol Life Sci, 2011, 68, 3175-3199).

Living tissue is composed of multiple heterogeneous
cells and extracellular matrix (ECM) synthesized by
these cells. ECM provides the structural framework to
mechanically support cell shape and position and to inte-
grate mechanical forces generated inside individual cells
and transmit them to the whole tissue. Furthermore,
ECM biologically regulates cell function. Increasing
attention has been directed to a unique functional cate-
gory of ECM, matricellular protein, which does not con-
tribute directly to structures such as fibrils or basement
membranes, but rather modulates cell function by inter-
acting with cell-surface receptors, proteases, grow fac-
tors, and other matrix molecules (Bornstein and Sage,
2002; Bornstein, 2009).

Tenascin-C (TNC) is a prototype member of matricel-
lular proteins along with thrombospondin-1 and SPARC
(Sage and Bornstein, 1991; Bornstein, 1995). TNC is
highly expressed during embryonic development, wound
healing, inflammation and cancer invasion, and has a
wide range of effects on cell adhesion, motility, differen-
tiation, growth control, and extracellular matrix produc-
tion and deposition. As in the case of target disruption
of several other matricellular protein genes, TNC knock-
out mice do not display distinct phenotypes (Saga et al.,
1992; Forsberg et al., 1996). However, accumulating
data based on detailed studies of disease models using a
TNC knockout have demonstrated that TNC could play
an important role in the development and remodeling of
various tissues [reviewed in (Chiquet-Ehrismann and
Tucker, 2011)]. Several other excellent reviews have
been directed toward understanding the role of TNC in
cancer invasion and inflammation (Midwood and Orend,
2009; Midwood et al., 2011; Udalova et al., 2011; Van
Obberghen-Schilling et al., 2011; Brellier and Chiquet-
Ehrismann, 2012). In this review, we will focus on the
role of TNC in cardiovascular development and disease,
highlighting its biological significance for vascular
smooth muscle cells (VSMCs).

TENASCIN-C

Tenascins are a family of four multimeric extracellular
matrix glycoproteins: tenascin-C, X, R, and W (Tucker
et al., 2006; Chiquet-Ehrismann and Tucker, 2011). The
best described member of the family is TNC, which is a
huge molecule of about 220-400 kDa as an intact mono-
mer and assembled with a hexamer. The molecule con-
sists of an N-terminal assembly domain, followed by
EGF-like repeats, constant and alternatively spliced
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fibronectin Type III repeats, and a C-terminal fibrino-
gen-like globular domain (Fig. 1). Each domain of TNC
interacts with other matrix molecules and cell surface
receptors including integrins «981, avB3, and avB6, toll-
like receptor 4 (TLR-4) and syndecan-4, and transmits
multiple signals [also see (Orend and Chiquet-
Ehrismann, 2006; Midwood and Orend, 2009)].

Regulatory Mechanism of TNC Expression

Strong expression of TNC is found in the embryo near
migrating cells, at sites of epithelial-mesenchymal inter-
actions, and in adult tissue, for example, in the cancer
stroma or at sites of tissue repair and regeneration asso-
ciated with inflammation. Gene expression of TNC is
tightly regulated dependent on the tissue microenviron-
ment; in particular, various growth factors and many
signaling pathways are involved in the regulation of
TNC expression [reviewed in (Tucker and Chiquet-
Ehrismann, 2009)]. The promoter region of TNC has sev-
eral binding sites for transcription factors, including
Prx1 (activated by FAK signaling; McKean et al., 2003),
Ets (Watanabe et al., 2003), AP1 elements (activated via
ERK/MAPK; Chiquet-Ehrismann et al., 1994, 1995), and
Smad 2/3 (Jinnin et al., 2004).

Furthermore, it is well recognized that mechanical
stress is an important modulator of the expression of
TNC. Indeed, TNC is often expressed at sites subjected
to mechanical stress, such as myotendinous and osteo-
tendinous junctions (Jarvinen et al., 2000), and its
expression is down-regulated by immobilizing tendons
while load-induced bone remodeling and muscle overload
up-regulates TNC expression (Webb et al., 1997; Fluck
et al., 2000; Mikic et al., 2000; Mackey et al., 2011). In
vitro, mechanical strain induces TNC expression in
fibroblasts (Asparuhova et al., 2009, 2011) and VSMCs
(Feng et al., 1999).

The molecular pathway of the mechano-induction of
TNC has been extensively studied in fibroblasts. Chiquet
et al. (2009) have elegantly demonstrated a RhoA-
mediated signaling axis of TNC induction (Fig. 2). In
culture, cyclic tensile strain activates RhoA in fibro-
blasts, depending on integrin 1 (Chiquet et al., 2007)
and integrin-linked kinase (ILK; Maier et al.,, 2008),
which causes the reduction of monomeric G-actin by
inducing actin assembly and stress fiber formation (Rid-
ley and Hall, 1992). Depletion of the G-actin pool frees
MAL/myocardin-related transcription factor-A (MRTF-
A)/megakaryoblastic leukemia-1 (MKL1) to enter the
nucleus (Asparuhova et al., 2009), which induces TNC
expression partly depending on serum response factor
(SRF) (Asparuhova et al.,, 2009, 2011). This RhoA-
mediated actin signaling activated by mechanical stimu-
lation requires pericellular fibronectin (Lutz et al,
2010). Meanwhile, exogenous TNC interferes with
fibronectin-mediated RhoA activation (Wenk et al,
2000), destabilizes actin stress fibers through down-
regulation of tropomyosin-1(Ruiz et al., 2004), and
finally suppresses TNC transcription (Lutz et al., 2010),
creating a negative feedback loop controlling TNC
expression.

Moreover, it is noteworthy that TNC itself is an elastic
molecule that can be stretched to several times its rest-
ing length in vitro (Oberhauser et al., 1998; Marin et al.,
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Fig. 2. Schematic presentation of the molecular pathway of the
mechano-induction of TNC. Mechanical strain activates RhoA in fibro-
blasts, depending on fibroncetin, integrin 81 and ILK, which causes
the reduction of monomeric G-actin by inducing actin assembly and
stress fiber formation. Depletion of the G-actin pool frees MAL/MRTF-
A/MKL1 to enter the nucleus, which induces TNC expression partly
depending on SRF. Meanwhile, TNC interferes with fibronectin-
mediated RhoA activation, and finally suppresses TNC transcription.
(Adapted from Asparuhova et al., Scand J Med Sci Sports, 2009, 19,
490-499).

2003), and may contribute to tissue elasticity and protect
against mechanical stress as a shock absorber.

TNC in Cardiovascular System

The characteristic of spatiotemporally restricted
expression during embryonic development and tissue
remodeling in response to injury is clearly observed in
the heart. During the development of the heart, TNC is
transiently expressed at restricted sites during several
important stages such as differentiation of cardiomyo-
cytes (Imanaka-Yoshida et al., 2003). It is sparsely
detected in the normal adult myocardium, but reappears
under pathological conditions associated with inflamma-
tion. In various heart diseases such as myocardial
infarction, myocarditis and hypertension, TNC synthe-
sized by interstitial non-cardiomyocytes plays an impor-
tant role in tissue remodeling by weakening the
adhesion of cardiomyocytes to connective tissue, promot-
ing the recruitment of myofibroblasts, and modulating
inflammatory responses [reviewed in (Imanaka-Yoshida,
2012; Imanaka-Yoshida et al., 2004; Midwood et al.,
2011; Okamoto and Imanaka-Yoshida, 2012)]. Conse-
quently, by taking advantage of its specific expression,
TNC can be applicable as a biomarker and a molecular
imaging target for diagnosis of disease activity (Ima-
naka-Yoshida, 2012; Okamoto and Imanaka-Yoshida,
2012). In contrast, TNC in the vascular system is more
complex. In general, the expression of TNC in the nor-
mal vascular wall is low and upregulated in pathological
conditions; however, positive immunostaining of TNC is
sometimes seen at branching sites of normal muscular
vessel walls (Mackie et al., 1992). Constitutive expres-
sion of TNC is also detected in the medial layer of the
abdominal aorta of normal adult mice but not in the tho-
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racic aorta (Kimura et al., in press). TNC-producing cells
in the vascular wall are predominantly smooth muscle
cells in media.

Vascular Development and TNC

Smooth muscle is an involuntary nonstriated muscle
found in various organs/tissues, such as the bladder,
uterus, gastrointestinal tract, bronchus, and medial
layer of blood vessels. VSMCs contribute to the contrac-
tion and relaxation of the vessels, controlling blood pres-
sure, and blood flow. VSMCs are derived from multiple
progenitor cell types and the diversity of precursor cells
may contribute to various cellular function of the vascu-
lar wall (Majesky, 2007, 2013; Majesky et al., 2011; Xie
et al., 2011, 2013). VSMC populations with different
embryonic origins are observed not only in different ves-
sels but also within segments of the same vessel, located
in discrete groups within the vessel (Majesky, 2013; Xie
et al., 2013).

Development of aorta and TNC. The origin of
VSMCs of the aorta is heterogeneous (Fig. 3). The sec-
ond heart field gives rise to VSMCs of the root of the
aorta as well as the pulmonary trunk (Waldo et al,
2005). The cardiac neural crest contributes ascending
and arch portions of the aorta and its branches, the
innominate and right subclavian arteries, right and left
common carotid arteries, and ductus arteriosus, but not
left and right pulmonary arteries. The origin of VSMCs
of the descending aorta is more complex. Initially,
smooth muscle cell differentiation is induced in lateral
plate mesoderm-derived cells; however, this population
is replaced by paraxial mesoderm (somites) derivatives
(Esner et al., 2006; Pouget et al., 2006; Wasteson et al.,
2008; Wiegreffe et al., 2009). Individual somites build up
locally restricted spatial domains of the “segmental” aor-
tic wall (Majesky, 2007).

Despite the mosaic origin of the component cells, no
evident segmental expression pattern of TNC is observed
during development of the aorta. In E12-13 mouse
embryos, very weak expression of TNC is observed in
the ascending aorta and pulmonary truncus, in contrast
to the strong expression in outflow and pulmonary
arteries (Fig. 4A). Expression of TNC in medial smooth
muscle cells of the aorta is upregulated after ED14-15
(Fig. 4B) when the systemic circulatory system is estab-
lished, and becomes stronger after birth. This upregu-
lated expression may reflect the increased hemodynamic
stress on the aortic wall. Similarly, increased mechanical
stress produced by ligation of pulmonary arteries
increased TNC expression (Jones et al., 2002).

Development of coronary artery and TNC.
Most cells of coronary vessels originate from extracar-
diac tissue known as the proepicardial organ. Mesenchy-
mal cells from-this region attach to and migrate along
the surface of the heart to form a nascent epicardium.
Subsequently, the epithelial epicardium undergoes
epithelial-mesenchymal transition and seeds pluripotent
mesenchymal cells into the subepicardial space, which
differentiate into coronary smooth muscle cells, perivas-
cular fibroblasts, myocardial interstitial cells, and possi-
bly part of the endothelial cells (Mikawa and Gourdie,
1996; Dettman et al., 1998; Perez-Pomares et al., 1998)
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Fig. 3. The heterogeneous origin of vascular smooth muscle cells of
the aorta and coronary arteries. Different colors explains different
embryonic origins for vascular smooth muscle cells as indicated in the
boxed images to the left and right columns. Cardiac neural crest cells
form the ascending and aortic arch and branch walls, and preotic neu-
ral crest cells contribute to the septal branch coronary artery. The pro-
epicardium, splanchnic mesoderm, and mesothelium are marked by

[also see (Nakajima and Imanaka-Yoshida, 2013) for
review]. TNC is wupregulated at the epithelial-
mesenchymal transition of epicardial cells. Epicardium-
derived endothelial precursors form the vascular plexus.
Once the primitive coronary endothelial tubes connect
with the aortic sinuses of the ascending aorta, VSMCs s
are recruited. While VSMC s of the coronary arteries are
mainly derived from the proepicardial organ, the preotic
neural crest contributes to the septal coronary artery
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Splanchnic
Mesoderm

arrows in each boxed image. The mesothelium forms vascular smooth
muscle cells of the developing intestine and lung. The yellow line
shows that various sources of stem cells contribute to both local and
systemic vascular wall. a: Atrium; ao: dorsal aorta; sm: somite; v: ven-
tricle (Adapted from Majesky, Arterioscler Thromb Vasc Biol, 2007, 27,
1248-1258).

(Arima et al, 2012). Strong expression of TNC is
detected, closely associated with the formation of the
thick a-smooth muscle actin («SMA) positive vascular
wall (Ando et al., 2011; Fig. 5), which suggests that TNC
may be involved in maturation of the coronary artery.
Maturation of the vascular wall includes the differen-
tiation of mural cells from the undifferentiated mesen-
chyme, mural cell proliferation, and recruitment.
Addition of TNC to epicardial cells in culture changes



