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 Review Article 

Multiple Roles of Tenascins in Homeostasis and 
Pathophysiology of Aorta

Kyoko Imanaka-Yoshida, MD, PhD1,2 and Ken-ichi Matsumoto, PhD3

Tenascins are a family of large extracellular matrix (ECM) 
glycoproteins. Four family members (tenascin-C, -R, -X, and 
-W) have been identified to date. Each member consists of 
the same types of structural domains and exhibits time- and 
tissue-specific expression patterns, suggesting their specific 
roles in embryonic development and tissue remodeling. 
Among them, the significant involvement of tenascin-C 
(TNC) and tenascin-X (TNX) in the progression of vascu-
lar diseases has been examined in detail. TNC is strongly 
up-regulated under pathological conditions, induced by a 
number of inflammatory mediators and mechanical stress. 
TNC has diverse functions, particularly in the regulation of 
inflammatory responses. Recent studies suggest that TNC 
is involved in the pathophysiology of aneurysmal and dis-
secting lesions, in part by protecting the vascular wall from 
destructive mechanical stress. TNX is strongly expressed in 
vascular walls, and its distribution is often reciprocal to that 
of TNC. TNX is involved in the stability and maintenance 
of the collagen network and elastin fibers. A deficiency in 
TNX results in a form of Ehlers–Danlos syndrome (EDS). 
Although their exact roles in vascular diseases have not yet 
been elucidated, TNC and TNX are now being recognized 
as promising biomarkers for diagnosis and risk stratification 
of vascular diseases.

Keywords: tenascin-C, tenascin-X, inflammation, aortic 
aneurysm, aortic dissection

Introduction
Tenascins are a family of large extracellular matrix (ECM) 
glycoproteins. There are four tenascins in vertebrates: 
tenascin-C (TNC), tenascin-R (TNR), tenascin-X (TNX) 
(known as tenascin-Y in birds), and tenascin-W (TNW, 
also tenascin-N).1,2) Each of the four tenascin family 
members consists of the same types of structural domains, 
including a cysteine-rich segment at the amino terminus, 
epidermal growth factor (EGF)-like repeats, fibronectin 
type III (FNIII)-like repeats, and a fibrinogen (FG)-like 
domain at the carboxyl terminus.

TNC is the original “tenascin.” It was discovered inde-
pendently by several laboratories, given different names, 
and was shown to be highly expressed in tendons, em-
bryos, and cancer stroma. TNR is the second member and 
is predominantly expressed in the central and peripheral 
nervous systems. TNW is primarily found in pre-osteo-
genic areas, the periosteum, kidney, smooth muscle, and 
most prominently, in cancer stroma. TNX is expressed in 
loose connective tissue such as the dermis, epimysium, and 
blood vessels.

Tenascin family members exhibit time- and tissue-spe-
cific expression patterns in the embryo and adult and have 
been categorized as “matricellular proteins,” which are 
unique ECM proteins.3,4) Although each matricellular pro-
tein is unrelated based on the primary structure, they share 
a number of characteristics: 1) secreted by diverse types 
of cells, 2) associated with, but not necessarily a part of 
the insoluble/fibrillar ECM, 3) counter-adhesive for cells 
under various conditions, 4) prevalent in areas of tissue 
remodeling associated with normal and pathological pro-
cesses, and 5) featured prominently in embryogenesis.5)

Tenascin-C is an original matricellular protein in addi-
tion to thrombospondin-1 (TSP-1) and SPARC.3,6) TNX, 
TSP2, osteopontin, CCN1, and CTGF (CCN2) were 
subsequently added.7) The term “matricellular protein” is 
becoming more widely used and new members, such as ga-
lectins, periostin, and fibulin-5, have joined this group.5,8)

An increasing number of reviews have described the 
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roles of tenascin family members, particularly TNC, 
in cancer invasion and neurological and inflammatory 
diseases.9–18) Therefore, we herein focus on the roles of 
TNC and TNX in development, homeostasis, and aortic 
diseases.

TNC
TNC is a large molecule of approximately 220–400 kDa 
as an intact monomer and assembles as a hexamer. It 
exists in a number of different isoforms that are created 
by the alternative splicing of FNIII-like repeats and post-
translational modifications through glycosylation and 
citrullination (reviewed in refs. 16, 18).

One of the characteristics of TNC is its spatiotem-
porally and tightly regulated expression. TNC is highly 
and transiently expressed in embryos at restricted sites 
often associated with cell migration, epithelial-mesenchy-
mal transition (EMT)/mesenchymal-epithelial transition 
(MET). It is sparsely expressed in normal adults, except 
in a few tissues that bear high mechanical stress are the 
locations of high cell turnover and are a specific niche for 
immune cells.

However, TNC is strongly up-regulated during injury, 
inflammation, repair/regeneration, and cancer invasion 
(reviewed in refs. 14, 18). Conversely, the prominent de 
novo expression of TNC in adults is a hallmark of injury 
and inflammation, which makes TNC applicable to clinical 
diagnoses. An increasing number of studies have reported 
the utility of the serum level of TNC as a biomarker for as-
sessing disease activity and predicting the prognosis of pa-
tients, for example, with myocardial diseases (reviewed by 
refs. 19–21), aortic diseases22,23), and coronary aneurysms 
in Kawasaki disease.24) Furthermore, in vivo inflammatory 
lesions in the cardiovascular system have been successfully 
imaged using Fab’ or the single chain Fv fragment of a 
monoclonal anti-TNC antibody.25–29)

Regulation of TNC expression
The specific expression of TNC suggests the existence of 
an accurately tuned regulatory system. The promoter of 
the TNC gene (Tnc) contains a TAT A box and a number 
of signaling pathways and transcription factors, such 
as Prx1, Notch, and Sox4, might contribute to specific 
expression in embryonic development (reviewed in refs. 
16, 18). Furthermore, a number of cytokines, growth fac-
tors, inflammatory mediators, angiotensin II, endothelin 
I, and signaling cascades, including transforming growth 
factor (TGF)/Smad 3/4, TLR4/NFκB, c-Jun/NFκB, 
platelet-derived growth factor (PDGF)/phosphoinosit-
ide 3-kinase/Akt, and PDGF/MAPK, are involved in the 
control of TNC expression during inflammatory/repair 
responses after injury.

Among the multiple regulatory mechanisms of expres-
sion, it is important to note that mechanical stress is a 
strong inducer of TNC.30,31) TNC is known to be highly 
expressed at sites subjected to mechanical stress such as 
myotendinous and osteotendinous junctions as well as the 
branching points of arteries.32,33) Chiquet and co-workers 
reported a mechanism by which a mechano-signal up-
regulates TNC expression.34) Mechanical stimuli activate 
the RhoA/ROCK signaling pathway via integrin β1,35) 
which, in turn, induces the assembly of G-actin and stress 
fiber formation. The depletion of the cytoplasmic G-actin 
pool results in the translocation of megakaryoblastic 
leukemia 1 (MKL1)/myocardin-related transcription fac-
tor A (MRTFA) into the nucleus, which is predominantly 
localized in the cytoplasm through interaction with G-
actin. MLK1/MRTFA induces TNC transcription partly 
as a co-activator of serum response factor (SRF).36,37) This 
RhoA-dependent mechanotransduction requires pericel-
lular fibronectin.38) TNC binds fibronectin and negatively 
affects the activation of RhoA.39) TNC also affects tissue 
stiffness, modeling the mechanical effects of its microenvi-
ronment.40,41) Moreover, TNC itself is an elastic molecule 
that may be stretched to several-fold its original size.42,43) 
Therefore, TNC may modulate tissue elasticity and stiff-
ness and may protect cells against mechanical stress.

Function of TNC
TNC directly affects cell behavior by binding to various 
cell surface receptors including integrins, which are their 
main receptor.15,44) TNC also indirectly acts by binding to 
other ECM molecules such as fibronectin or proteoglycans 
(reviewed in refs. 16, 18). In vitro, TNC might be effective 
in cell migration, inhibiting focal adhesion assembly, pro-
moting proliferation, playing an inductive or protective 
role in apoptosis, and changing gene expression in a man-
ner that is dependent on the cellular context. In addition 
to many other “important genes,” TNC knockout (TNC 
KO) mice show an almost normal phenotype,45) which 
initially suggested that TNC was a superfluous molecule. 
However, subsequent investigations on various disease 
models using TNC KO demonstrated the significant roles 
of TNC, particularly in inflammation, fibrosis, and tissue 
repair.

Accumulating evidence has highlighted the promotion 
of inflammation by TNC through its induction of innate 
immunity and up-regulation of proinflammatory cyto-
kines, chemokines, and proteases via many mechanisms.14) 
The most studied cascade is TNC activating Toll-like 
receptor 4 (TLR4) as a damage-associated molecular pat-
tern (DAMP) in macrophages, fibroblasts, chondrocytes, 
and neutrophils,11,46,47) thereby inducing two downstream 
signaling pathways: the NFκB pathway and interferon 
regulatory factor (IRF) pathway (Fig. 1). TLR4 activation, 



Annals of Vascular Diseases Vol. 11, No. 2 (2018) 171

Tenascins in Aortic Diseases

coupled with the signaling adaptor, myeloid differen-
tiation factor 88 (MyD88) adaptor-like protein (MAL), 
results in the nuclear translocation of NFκB and transla-
tion of proinflammatory cytokines. MyD88-independent 
signaling activates NFκB and IRF, inducing interferon 
(IFN) synthesis.47) TNC also stimulates inflammatory cells 
via several integrins. It stimulates the migration and pro-
inflammatory cytokine synthesis of macrophages through 
integrin αvβ3/ FAK/Src/NFκB48) and also activates macro-
phages, dendritic cells, and fibroblasts via α9-integrin.49,50) 
Furthermore, TNC may bind and interact with a range of 
growth factors including fibroblast growth factor (FGF), 
PDGF, and TGF-β,51) forming a positive feedback loop 
to augment inflammation. In support of this proinflam-
matory effect, in vivo studies demonstrated that a TNC 
deficiency attenuated experimental inflammatory diseases 
such as rheumatic arthritis,49,50) hepatitis,52) myocardi-
tis,53) and angiotensin II-induced myocardial fibrosis.48)

In contrast, aggravated inflammation in dermatitis,54) 
nephritis,55) and pressure-overloaded hearts56) have also 
been reported in TNC KO mice. TNC promotes T-lym-
phocyte recruitment, activation, and polarization, whereas 
it inhibits the proliferation and transmigration of T cells.57) 
TNC appears to play pro- and anti-inflammatory roles in 

a context-dependent manner, and thus, may orchestrate 
immune responses that protect the living body from the 
dangers posed by tissue injury and pathogen invasion.

TNC in the aorta
In the aorta, TNC is highly expressed during embryonic 
development, weakly expressed in normal adults, and its 
expression is up-regulated under pathological conditions 
as well as in other tissues. However, its expression pat-
tern is slightly complex. In mouse embryos, the expres-
sion of TNC in the wall of the ascending aorta becomes 
detectable by embryonic day (ED) 12–13; its expression is 
up-regulated around ED 14–15 when the systemic circula-
tory system is established, and its expression is stronger 
after birth.30) These changes in expression might reflect 
increased hemodynamic stress on the aortic wall. In adult 
mice, the constitutive expression of TNC is observed 
in the abdominal aorta but not in the thoracic aorta.58) 
TNC-producing cells of the abdominal aorta are medial 
smooth muscle cells as well as during embryonic develop-
ment. Since the origin of smooth muscle cells of the aorta 
is heterogeneous (reviewed in ref. 59), the characteristics 
of cells of the thoracic aorta and abdominal aorta may 
differ. However, the distribution of TNC in the aortic wall 

Fig. 1 Major proinflammatory signaling pathways by TNC. Activated TLR4 by TNC, ECM 
fragments as well as LPS induce two downstream signaling pathways. Nuclear 
translocation of NFκB and translation of proinflammatory cytokines/chemokines are 
induced mediated by MyD88/MAL. MyD88-independent signaling activates NFκB and 
IRF, inducing interferon synthesis. TNC also stimulates inflammatory cells through 
integrin αvβ3/FAK/Src/NFκB. MAL: myeloid differentiation factor 88 (MyD88) adap-
tor-like protein; TRAM: TLR-4 signaling adaptor; TRIF: Toll/IL-IR domain-containing 
adaptor-inducing IFN-β; IRF: Interferon regulatory factor
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is distinct in the mouse but ambiguous in humans (our 
unpublished data).

TNC and atherosclerosis
Atherosclerosis underlies the pathogenesis of vascular dis-
eases including those of the aorta.

Atherosclerosis is an inflammatory disease that begins 
in the intima of large- and medium-sized arteries and is 
caused by endothelial injury, hemodynamic disturbances, 
or the accumulation of low-density lipoproteins. Athero-
sclerotic plaques involve intimal thickening (neointima) 
and liquid accumulation, which are formed by prolifera-
tion and migration into the intima and ECM synthesis by 
vascular smooth muscle cells and accompanied by the 
infiltration of a wide range of inflammatory cells.60)

Previous studies reported that the deletion of TNC 
exacerbated the atherosclerotic intimal lesions of TNC in 
Apo-E-deficient mice,61,62) whereas neointimal hyperplasia 
was found to be reduced in a vascular injury model and 
artery graft model in TNC KO mice.63,64) Therefore, TNC 
might have harmful and protective effects on neointimal 
lesions.

TNC and abdominal aortic aneurysms
Abdominal aortic aneurysms (AAA) are a common and 
often fatal disease in elderly men. The central pathogenesis 
of AAA is considered to be chronic inflammation of the 
medial to adventitial layers of the aortic wall on the back-
ground of atherosclerosis.60,65) Inflammation and various 
up-regulated proteinases including elastin-degrading 
enzymes possibly induced by hemodynamic stress and 
an over-activated renin-angiotensin-aldosterone system 
trigger the fragmentation of elastic fibers. The fragment 
products of elastin and other ECM recruit more inflam-
matory cells to the aortic wall, causing an innate immune 
response that attempts to resolve damaged tissue followed 
by adaptive immune responses.

These inflammatory responses are normally controlled 
with an acute phase and subsequent resolution; however, 
poorly regulated and ongoing inflammation causes pro-
gressive damage to and vulnerability in the aortic wall, 
resulting in the progression of aneurysms.

The histopathological findings of AAA lesions are 
characterized by the destruction and fragmentation of 
elastic fibers and apoptosis of smooth muscle cells associ-
ated with chronic inflammatory cell infiltration. However, 
these pathological changes are not distributed homoge-
neously throughout the aneurysmal wall.65,66) In the longi-
tudinal strip of a human aortic aneurysm, the region with 
a normal diameter shows some intimal thickening but also 
well-preserved structures of the elastic lamella and smooth 
muscle layers with few inflammatory cells. The transi-
tional region from the normal diameter area to the dilated 

area exhibits straightened or fragmented elastic fibers, a 
mild decrease in smooth muscle cells, and the infiltration 
of macrophages. The maximally dilated region shows the 
marked loss of smooth muscle cells and elastic fibers re-
placed by collagen fibers. The strong expression of TNC is 
associated with inflammation and tissue destruction,67–69) 
mainly in the transitional/inflammatory region.70) In a 
CaCl2-induced mouse AAA model, the expression level of 
TNC was found to correlate with the expansion rate of 
the AAA diameter and destruction of the aortic wall.70) 
These findings suggest that TNC reflects inflammation 
and disease activity; however, the exact role of TNC in the 
progression of AAA remains unclear.

TNC and acute aortic dissection
Acute aortic dissection (AAD) is another major aortic dis-
ease.57) AAD starts with tearing of the intimal layer, and 
this is followed by tearing of the medial wall due to blood 
flow into the pseudolumen formed between the inner and 
outer layers of the medial layer of the aorta.

The pathogenesis of AAD is a multifactorial process. 
In addition to aortic stiffness and hypertension, sev-
eral genetic disorders including Marfan syndrome (MFS), 
Loeys–Dietz syndrome (LDS), and vascular Ehlers–Danlos 
syndrome (EDS) are known to predispose individuals to 
the development of AAD. MFS is a connective tissue dis-
ease caused by mutations in FBN1 encoding fibrillin-1.71) 
Fibrillin-1 molecules assemble into microfibrils, which are 
a physically supporting structure and play an important 
role in the modulation of TGF-β signaling.72)

The identification of mutations in the TGF-β receptors 
1 and 2 (TGFBR1/2) gene in patients with LDS, a Marfan-
related syndrome, implicated the involvement of excessive 
TGF-β signaling in the development of AAD73); however, 
the molecular mechanisms responsible for tissue destruc-
tion remain largely unknown.

We recently reported a protective role for TNC in the 
progression of AAD.58) As discussed above, TNC is con-
stitutively expressed in the abdominal aorta of normal 
adult mice. The biomechanically measured flexibility of 
the abdominal aorta of TNC KO mice was found to be 
significantly less than that of wild-type (WT) mice; how-
ever, TNC KO mice did not show a distinct phenotype in 
the normal state.

When we applied CaCl2 to the infrarenal aorta of a 
mouse, it caused inflammation that induced the destruc-
tion of the elastic lamina and periaortic fibrosis (Fig. 2). 
As a result, stiffness in treated sites increased, which, in 
turn, enhanced hemodynamic stress on the suprarenal 
aorta. The infusion of angiotensin II into this mouse 
model increased blood pressure and strongly augmented 
hemodynamic stress in the upper aorta, which resulted in 
the expression of TNC being strongly up-regulated. When 
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we applied this strong hemodynamic stress to the TNC 
KO mouse using a combination of a CaCl2 treatment and 
AgII infusion, it caused marked enlargement of the upper 
aorta, in which TNC was highly up-regulated in the WT 
mouse, and this was associated with the disruption of the 
elastic lamella of the vascular wall.

Transcriptome analysis of the suprarenal aorta of TNC 
KO mice before the development of AAD revealed the 
enhanced induction of proinflammatory genes and im-
paired induction of ECM protein genes over that in the 
WT mouse. Correspondingly, the TNC KO aorta showed 
greater infiltration of CD45-positive inflammatory cells 
and stronger activation of NFκB and STAT3 but reduced 
activation of the downstream molecule of TGF-β signal-
ing, SMAD2.

One possible explanation is that TNC induced by 
mechanical stress may protect tissue from destructive 
mechanical stress, thus reducing the inflammatory reac-
tion evoked by tissue injury. In vitro, exogenous TNC 
suppressed proinflammatory gene expression by smooth 
muscle cells from the thoracic aorta elicited by TNFα and 
partially rescued the down-regulated expression of the 
collagen gene family by TNFα. These findings suggest that 
TNC promotes matrix synthesis as a repair response to 
tissue injury and suppresses the inflammatory responses 
of vascular smooth muscle cells, which is in contrast to 
its proinflammatory effects exhibited in most settings. 

Although the impact of inflammatory responses under 
pathological conditions on injury is often emphasized, 
inflammation is also a necessary response for the restora-
tion of the tissue architecture. TNC may delicately adjust 
inflammatory reactions during tissue injury and repair 
depending on the context.

TNC may have many other roles in the progression of 
AAD such as protecting smooth muscle cells from apopto-
sis.74) The abnormal expression of TNC has been reported 
in the aneurysm tissue of patients with MFS associated 
with smooth muscle cell apoptosis.75)

This functional diversity may reconcile complex clinical 
data showing that a high serum TNC level on admission 
is a predictor of high mortality,23) whereas a high serum 
TNC level on hospital day 7 may be a predictive marker 
for a low risk of enlargement of the aortic lesions during 
the chronic stage.22)

TNX
TNX is the largest member of the tenascin family. It was 
identified as one of the causative genes of EDS, a clinically 
and genetically heterogeneous connective tissue disease.76) 
Approximately 1 in 5,000 individuals are affected. EDS 
has been classified into six subtypes based on major and 
minor diagnostic criteria.77) A complete deficiency of TNX 
is associated with a recessive form of the classical type of 

Fig. 2 A protective role of TNC in the aorta from destructive mechanical stress. (A) TNC is 
constitutively expressed in the abdominal aorta of normal adult mice. (B) Application 
of CaCl2 to the infrarenal aorta causes inflammation and fibrosis, resulting in stiffness 
in the treated sites and enhancement of hemodynamic stress on the suprarenal aorta, 
which induces TNC expression. (C) Infusion of angiotensin II into (B) increases blood 
pressure and augments hemodynamic stress in the upper aorta, which strongly up-
regulates TNC. (D) Application of the strong hemodynamic stress using a combination 
of a CaCl2 treatment and AgII infusion to the TNC KO causes AAD.
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EDS,78) whereas TNX haploinsufficiency leads to the hy-
permobility type of EDS,79,80) which is a major clinical fea-
ture of EDS. Thus, a TNX deficiency is the first example of 
a causative mutation for the classic type of EDS caused by 
factors other than fibrillar collagen or collagen-modifying 
enzymes.

Discovery of TNX
The human TNX gene (TNXB) was initially identified 
as an unknown gene termed gene X in 3′overlapping the 
opposite strand of the steroid 21-hydroxylase gene (CY-
P21A2, formerly CYP21B), a steroidogenic enzyme that is 
crucial for the synthesis of cortisol and mineralocorticoids 
in the class III region of the major histocompatibility 
complex (MHC).81) Extensive genomic analysis of an up-
stream portion of gene X identified a cluster of FNIII-like 
repeats that are highly homologous to those of TNC.82) 
Complete human and mouse genes were subsequently 
reported.83,84) Bovine TNX was also discovered as a new 
ECM glycoprotein that localized with fibril-associated 
collagens such as type XII and XIV collagens and was 
initially termed flexilin.85) Avian tenascin-Y (TNY) is an 
orthologous protein of TNX.86) Trimers are the main unit 
of the assembly of TNX.87)

Tissue expression of TNX
TNX is ubiquitously expressed in most tissues and is 
strongly detected in the heart, skin, and skeletal muscle.88) 
TNX is also frequently reported to be associated with 
blood vessels in all of the tissues that have been analyzed. 
In cardiac tissue, TNX localizes along muscle cells with a 
typical pattern of ECM glycoproteins.89) During the late 
stages of embryonic heart development, TNX expression 
starts in migrating cells of the epicardium and later in 
association with developing sub-epicardial blood vessels, 
and then by a non-myocyte, possibly interstitial fibro-
blasts.90,91) TNX is also strongly expressed in peripheral 
nerves, for example, in the perineurium and endoneurium 
of sciatic nerves.92,93)

Under physiological conditions, the distribution of 
TNX is distinct and often reciprocal to that of TNC in the 
skin and the digestive tract, particularly the esophagus, 
gut, and stomach.88) Under pathological conditions such 
as during tumorigenesis, TNX expression is opposite rath-
er than reciprocal to that of TNC.94,95) In xenographed 
experiments on tumor cells, TNC was found to be promi-
nent in the host fibrous stroma, which is adjacent to the 
tumor nest composed of transplanted tumor cells. In con-
trast, TNX expression was shown to be down-regulated 
in transplanted tumor cells and the host fibrous stroma. 
Another study showed that the expression of TNX nega-
tively correlated with the grade of astrocytomas, being 
lower in the perivascular stroma around tumor vessels in 

high-grade astrocytomas than in low-grade astrocytomas. 
In contrast to the expression of TNX, TNC was more 
strongly expressed in intercellular spaces in high-grade 
astrocytomas than in low-grade astrocytomas.96)

In in vitro analyses, the expression of TNX is signifi-
cantly reduced in fibroblasts by glucocorticoids, similar 
to that of TNC; however, its expression is not affected 
by growth factors such as TGF-β, EGF, TGF-α, PDGF, or 
basic FGF (bFGF), which have been shown to alter the 
expression level of TNC.94) Brain-derived neurotrophic 
factor (BDNF) induces the expression of TNX as well as 
that of vascular endothelial growth factor-B (VEGF-B)97) 
because TNX interacts with VEGF-B, and collectively, 
they enhance endothelial proliferation.98) Furthermore, 
short peptides derived from TNX show proangiogenic 
properties.99)

Limited information is currently available on the tran-
scription factors of TNX expression. However, a previ-
ous study demonstrated that the ubiquitously expressed 
transcription factor Sp1 was involved in the expression 
of TNX.100)

Cell surface receptors for TNX
Evidence for TNX possibly interacting with integrin came 
from initial reports on a bovine TNX sequence.89) FNIII-
like repeat 10 in bovine TNX has the integrin-binding 
tripeptide motif RGD. Elefteriou et al.101) showed that 
osteosarcoma (MG63) and bladder carcinoma (ECV304) 
cells attached the FNIII-like repeats 9 and 10 but not 
FNIII-like repeat 10 itself via αvβ3 integrin. They also 
found that MG63 cells adhere their FG-like domain via 
β1-containing integrin. Alcaraz et al.102) reported that fi-
brosarcoma (HT-1080) cells adhere to the FG-like domain 
in bovine TNX via α11β1 integrin, which is required for 
the activation of latent TGF-β.

Function of TNX
Several lines of evidence support TNX regulating the 
ECM architecture and tissue integrity. Flexilin (bovine 
TNX) was identified as a collagen fibril-associated pro-
tein and localizes at the surface of and between collagen 
fibrils.85) A solid-phase interaction assay demonstrated 
that TNX interacted with types I, III, and V fibrillar colla-
gens, types XII and XIV fibril-associated collagens,103) and 
decorin.104) In contrast, TNX very weakly binds to laminin 
and does not bind to fibronectin.103,105) The interfibril-
lar distance of collagen fibrils was found to be increased 
in the TNX-deficient skin of an EDS patient.106) Other 
studies suggested that TNX is involved in collagen fibril-
logenesis and increases both the rate and extent of fibril 
formation in vitro.105,107) Further analyses showed that 
the presence of TNX in collagen gels in vitro augmented 
collagen gel stiffness. This finding indicates that TNX 
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participates in the mechanical properties of the extracel-
lular environment.108) TNX-deficient mice exhibit several 
features, similar to patients with EDS, such as progressive 
skin hyperextensibility.109) The density of collagen fibrils 
in the skin of TNX-deficient mice was shown to be signifi-
cantly reduced. Fibroblasts derived from TNX-deficient 
mice failed to deposit type I collagen around their cells. 
These findings indicated that TNX is involved in collagen 
synthesis or deposition.

Apart from the role of TNX as a regulator of the collag-
enous network in ECM, it is also involved in the stability 
and maintenance of elastin fibers. Patients with TNX-
deficient EDS showed fragmented immature elastic fibers 
with irregular shapes in the skin dermis.110,111)

Similar to TNC with antiadhesive properties that pro-
mote the detachment of cells, TNX also has antiadhesive 
properties. The antiadhesive properties of TNX are medi-
ated by the activation of p38 mitogen-activated protein 
(MAP) kinase.112) TNX-deficient mice showed greater 
tumor invasion and the metastasis of inoculated mela-
noma cells than WT mice.113) Matrix metalloproteinase 
(MMP)-2 and MMP-9 activities were increased in TNX-
deficient mice in vivo. Increased MMP activities may 
promote tumor invasion and metastasis in TNX-deficient 
mice. Furthermore, since TNX exhibits antiadhesive activ-
ity, the adhesion of cancer cells in a metastatic focus may 
be facilitated by a TNX deficiency.

Alcaraz et al.102) showed that the FG-like domain of 
TNX interacts with the small latent TGF-β in vivo and in 
vitro and activates the latent form of TGF-β into the ma-
ture form, leading to EMT in epithelial cells.

EDS caused by a TNX deficiency and haploinsuf-
ficiency
EDS is a heterogeneous group of connective tissue diseases 
that are characterized by skin hyperextensibility, joint 
hypermobility, and tissue fragility.114) Most forms of EDS 
result from mutations in one of the genes encoding fibril-
lar collagen or collagen-processing enzymes. However, a 
complete deficiency of TNX results in an autosomal reces-
sive form of EDS.78) Patients with a complete deficiency of 
TNX have marked joint hypermobility, skin hyperexten-
sibility, and easy bruising without atrophic scars or poor 
wound healing, which distinguish the TNX-deficient type 
from another classical type of EDS caused by defects in 
type I and V collagen. Since TNX is weakly expressed in 
the early phases of wound healing87) and is not involved 
in matrix deposition, the lack of atrophic scars indicates 
that TNX is involved in the later phases at which matrix 
assembly and maturation occur.115) Previous studies re-
ported a high prevalence of cardiovascular abnormalities 
in patients with EDS, particularly in the vascular type of 
EDS.116) Among all known EDS subtypes, the vascular 

type of EDS has the most severe clinical findings, including 
the rupture of arteries, excessive bruising, a characteristic 
facial appearance, and thin and translucent skin, but with-
out skin hyperextensibility.114)

Regarding the clinical findings of TNX-deficient EDS 
in cardiovascular diseases, a previous study investigated 
cardiac abnormalities in seven patients with TNX-defi-
cient EDS.117) Two patients from the same family showed 
slight billowing of the mitral valve and another patient 
had mitral valve prolapse. Although the serum form of 
TNX is present with 140 kDa (Fig. 3), which is detected 
at a molecular weight of 140 kDa with the C-terminal 
part (10.5 fibronectin type III-like repeats (hu23–hu33) 
and a C-terminal fibrinogen-like domain) of full-length 
TNX,84,118) coagulation properties were not impaired in 
these patients. Although the patient group is small, these 
findings indicate that severe cardiovascular impairment is 
not present in TNX-deficient patients.

On the other hand, the clinical findings of the hypermo-
bility type of EDS are hyperextensible smooth and velvety 
skin, joint hypermobility, recurring joint dislocations, tis-
sue fragility, and chronic pain. The hypermobility type of 
EDS shows similar clinical features to joint hypermobility 
syndrome (JHMS), which is also called benign joint hy-
permobility syndrome (BJHS).119) The causative genes of 
the hypermobility type of EDS had not been identified for 
a long time. However, Zweers et al.79,80) showed that TNX 
haploinsufficiency was associated with the hypermobility 
type of EDS. The incidence of TNX haploinsufficiency in 
patients diagnosed with the hypermobility type of EDS 
was 7.5%, and all patients were female.79) Patients with 
the TNX-haploinsufficient hypermobility type of EDS 
had hypermobile joints, joint subluxations, and chronic 
musculoskeletal pain.79) However, skin abnormalities such 
as hyperextensibility were less severe than in those with 
the TNX-deficient type of EDS.114) Furthermore, patients 
with the TNX-haploinsufficient hypermobility type of 
EDS lack the easy bruising observed in patients with the 
TNX-deficient type of EDS.79) Cardiovascular anomalies 
have not yet been reported in patients with the TNX-
haploinsufficient hypermobility type of EDS. However, 

Fig. 3 Structure of human TNX and serum form of TNX (sTNX). 
Human TNX consists of a cysteine-rich segment (heptad 
repeats) at the amino terminus, 18.5 EGF-like repeats 
(EGF0–EGF18), 33 FNIII-like repeats (hu1–hu33), and a 
FG-like domain at the carboxyl terminus. Human sTNX 
consists of the C-terminal part of full-length TNX, namely, 
10.5 FNIII-like repeats (hu23–hu33) and a FG-like domain.
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Atzinger et al.120) demonstrated that although there is an 
increased risk of aortic dilation and mitral valve prolapse 
in patients with the classical and hypermobility types of 
EDS, they are generally not severe.

Furthermore, CAH-X syndrome patients with TNX-
haploinsufficient EDS and congenital adrenal hyperplasia 
(CAH) due to a 21-hydroxylase deficiency not only had 
EDS clinical features such as joint hypermobility and 
chronic joint pain but also structural cardiovascular ab-
normalities including a cardiac valve abnormality and 
chamber enlargement.121,122)

Petersen and Douglas123) hypothesized that a deficiency 
in or haploinsufficiency of TNX reduced risk factors for 
adverse cardiovascular events by the laxity of arterial 
stiffness. However, this hypothesis does not appear to be 
supported by existing data.122)

TNX in cardiovascular disease
TNX is strongly expressed in aortas and is present 
throughout the entire vascular wall, colocalizing with 
elastic lamellae in the aortic media.124) However, immuno-
fluorescent staining showed that the expression of TNX 
strongly decreased in AAA tissues without an association 
with elastin.124) In contrast, AAA is associated with a high 
level of serum TNX (sTNX).124) Furthermore, Zweers 
et al.124) suggested a relationship between sTNX levels and 
peripheral vascular disease but not between sTNX levels 
and cerebrovascular or coronary artery disease. These 
findings suggest that systemically increased TNX expres-
sion or the increased breakdown of TNX in AAA tissues 
may occur.

Decreased levels of TNX in calcific aortic valves
Calcific aortic valves (CAVs) result in valvular aortic 
stenosis, which leads to heart failure and death. The 
process of calcification of the aortic valves is similar to 
that of bone formation in valves.4) There were several 
significant advances related to our understanding of the 
basic mechanisms of dystrophic vascular calcification. 
The identification of potential biomarkers associated with 
the development and progression of CAVs is important 
for its diagnosis and risk stratification. Therefore, we 
comprehensively identified proteins in CAVs that were 
differentially expressed from those in adjacent normal 
valvular (NV) tissues using a quantitative proteomic ap-
proach with the isobaric tag for relative and absolute 
quantitation (iTRAQ) labeling followed by nano-liquid 
chromatography (nano-LC)-matrix-assisted laser de-
sorption ionization (MALDI)-time of flight (TOF/TOF)-
tandem MS (MS/MS).125) Consequently, we identified 105 
proteins that were differentially expressed in CAVs than 
in adjacent NV tissues. Among them, fetuin-A (α-2-HS-
glycoprotein), a potent calcification inhibitor,126) showed 

maximum increase in expression (6.54-fold).125) This may 
have been due to the feedback mechanism of increased 
fetuin-A to prevent further ectopic calcification in the 
aortic valves. On the other hand, we identified TNX as 
the protein showing the greatest decrease in its expression 
(0.37-fold) in CAVs from that in adjacent NV tissues.125) 
Furthermore, the expression of many ECM proteins that 
are important for the modulation of the collagen structure 
and deposition, such as type I collagen, mimecan, decorin, 
fibromodulin, and type VI collagen, was also weaker in 
CAVs than in NV tissues. These findings indicate that the 
large-scale destruction of ECM involved in the modula-
tion of collagen fibrils occurs during the onset of valvular 
calcification.

Quantification of sTNX by nano-LC/MS/MS
The quantification of sTNX is necessary for the diagnosis 
and risk stratification of EDS caused by TNX deficiency 
and haploinsufficiency. Furthermore, it is of interest to 
measure sTNX in patients with cardiovascular diseases 
such as AAA and aortic valve sclerosis and stenosis. There-
fore, we attempted to develop a method for the quantifica-
tion of sTNX using nano-LC/MS/MS with selected/mul-
tiple reaction monitoring (SRM/MRM).127) We initially 
selected the candidate peptide, AVAVSGLDPAR, which is 
located in the 26th fibronectin type III-like repeat (hu26) 
in sTNX,84) for the quantification of sTNX concentrations 
in silico using Pinpoint software. The limit of quantifica-
tion (LOQ) of sTNX by the nano-LC/MS/MS method was 
2.8 pg. Using this analysis, the sTNX concentration in the 
sera of healthy controls was found to be 144 ng/ml.127)

Conclusion
TNC and TNX may play significant roles in the patho-
physiology of cardiovascular diseases such as aortic aneu-
rysms and dissection.

Many have shown that various inflammatory mediators 
and mechanical stress induce TNC expression and also 
that TNC has diverse functions that regulate cell behavior, 
particularly inflammatory responses in tissue repair after 
injury. Since TNC may exert harmful and beneficial ef-
fects in a context-dependent manner, understanding the 
clinical significance of TNC may not be straightforward. 
Few studies have documented mutations in TNC genes 
in human patients with cardiovascular disease. Carefully 
designed experiments using TNC KO mice will provide 
insights for understanding its significant role in vascular 
diseases.

In contrast, a complete TNX deficiency results in EDS; 
however, patients with TNX-deficient or TNX-haploin-
sufficient EDS do not show severe cardiovascular impair-
ment. The exact roles of cardiovascular abnormalities 
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in many of these patients need to be elucidated in more 
detail.

Furthermore, in view of practical clinical applications, 
TNC and TNX are both promising biomarkers for the 
diagnosis and risk stratification of various cardiovascular 
diseases.
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