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Tenascin-X is the largest member of the tenascin (TN)
family of evolutionary conserved extracellular matrix
glycoproteins, which also comprises TN-C, TN-R and TN-W.
Among this family, TN-X is the only member described so far
to exert a crucial architectural function as evidenced by a
connective tissue disorder (a recessive form of Ehlers-Danlos
syndrome) resulting from a loss-of-function of this
glycoprotein in humans and mice. However, TN-X is more
than an architectural protein, as it displays features of a
matricellular protein by modulating cell adhesion. However,
the cellular functions associated with the anti-adhesive
properties of TN-X have not yet been revealed. Recent
findings indicate that TN-X is also an extracellular regulator of
signaling pathways. Indeed, TN-X has been shown to regulate
the bioavailability of the Transforming Growth Factor (TGF)-b
and to modulate epithelial cell plasticity. The next challenges
will be to unravel whether the signaling functions of TN-X are
functionally linked to its matricellular properties.

Introduction

The Tenascin-X-encoding gene was serendipitously cloned as
an unknown (“X”) gene located within the class III region of the
HLA locus on human chromosome 6p21, whose 30 part over-
lapped with the steroid 21-hydroxylase-encoding (CYP21B)
gene.1 While searching for a CYP21Bmutant responsible for con-
genital adrenal hyperplasia (CAH), a life-threatening disease,
Morel et al.1 cloned a novel transcript overlapping the 30 untrans-
lated region of CYP21B mRNA, but transcribed from the

complementary DNA strand.1 Intensive chromosome walking
experiments and sequencing efforts of the “X” gene led to the pre-
diction of a 450 kDa glycoprotein consisting of 5 distinct
domains: a signal peptide, a hydrophobic domain consisting in 4
heptad repeats, a series of 18.5 repeats of epidermal growth factor
(EGF)-like motif, a high number of fibronectin type III (FNIII)
module, and a fibrinogen (FBG)-like globular domain at its C-ter-
minus2-4 (Fig. 1A). The predicted protein exhibited a similar
modular structure to the prototypic Tenascin-C (TN-C) glyco-
protein (formerly called Tenascin/Hexabrachion/Cytotactin)5-7

and to the Tenascin-R (TN-R) protein (Restrictin/J1-160/180/
Janusin),8-10 the latter being discovered at the same time as the
“X” protein. This newly identified protein was thus further termed
Tenascin-X (TN-X) and the corresponding gene TNXB4. TN-X is
the largest member of the growing Tenascin family, while the
TN-R, together with the latest identified member, Tenascin-W11

(TN-W; also called Tenascin-N12), are the smallest ones.13

Indeed, human TN-W monomer has an apparent molecular
weight of 160 kDa,14 whereas human TN-R appears in 2 major
protein forms of 160 and 180 kDa,15 and human TN-C has
monomers ranging from 190 to 300 kDa.16 In parallel to the
TNXB gene cloning and characterization, TN-X was also indepen-
dently identified as a flexible glycoprotein associated with collagen
fibrils, and was initially termed flexilin.17

In this review, we present all the major findings since the ini-
tial identification of TN-X. More precisely, we summarize the
structural specificities as well as the histological and ultrastruc-
tural distributions of TN-X. We emphasize the architectural role
of this glycoprotein that was revealed by an inherited and engi-
neered loss-of-function, respectively, in humans and mice.
Finally, we discuss the putative matricellular role of TN-X and
highlight the recent findings showing that TN-X is also an extra-
cellular regulator of signaling pathways.

TN-X is a Trimeric Protein with a Peculiar
Proline-Rich Motif

The hydrophobic residue-rich heptad repeats located at the N-
terminus of this glycoprotein are capable of forming a helices
that serve as a structural basis for the trimerization of TN-X
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monomers. This region is flanked by 7 cysteine residues that are
predicted to stabilize the trimer by forming disulfide bonds.
However, TN-X lacks the amino-terminal cysteine found in TN-
C and TN-W which allows 2 trimers to assemble into a hexamer
structure.18,19 Transmission electron microscopy observations of
rotary shadowed replicas of recombinant bovine TN-X (Fig. 1B)
confirmed that this glycoprotein forms a trimer,20 as does TN-
R.21 Note that the flexible appearance of the FNIII repeats
endowed this glycoprotein with the name ‘flexilin’17 (Fig. 1B).

The number of FNIII repeats encoded by TNXB genes varies
among mammalian species, with 30, 31 and 32 repeats in

bovine,22 mouse23 and human,13 respectively (Fig. 1A). More-
over, as for other TNs, several alternatively spliced TN-X mRNA
isoforms have been described in mouse, in which some exons
encoding FNIIII repeats were absent23 (Fig. 1A). Whether this
variability leads to the exposure of distinct functional domains in
different tissues is still an open question for TN-X. Alternative
splicing events might also explain why a putative exon located
between the sequences coding for the second and third FNIII
repeats of mammalian TN-X have never been detected by cDNA
analysis. The fact that (i) these sequences encode a fragment
evocative of the SPX (serine/proline-rich) and Y1/2 regions of

Figure 1. TN-X is a tribrachion. (A) Schematic representation of human, mouse and bovine TN-X monomers. Each molecule is composed of the N-termi-
nal oligomerization domain (tenascin assembly domain), followed by 18.5 epidermal growth factor (EGF)-like repeats, between 30 to 32 fibronectin type
III (FNIII) repeats and with a fibrinogen (FBG)-like domain at the C-terminus. The FNIII repeats are potentially interrupted by a serine/proline-rich (SPX)
region that was identified in the TN-Y molecule, the avian TN-X ortholog.24 For each TN-X ortholog, FNIII repeats (Hu1-32, M1-31 and b0-29) are num-
bered according to the nomenclature used in the original publications.4,22,23 The alternatively spliced FNIII repeats found in the mouse TN-X are in yellow
(M3, and M15-M22).23 Cell-surface receptors of the bovine TN-X are depicted under the corresponding monomer. The heparin-binding site is underlined.
Note that the human and bovine TN-X glycoproteins, but not the mouse ortholog, have a RGD sequence in a conserved FNIII module (Hu11 and b10,
respectively). (B) Electron Micrographs of rotary shadowed purified recombinant bovine TN-X molecules (upper panels) and their respective putative
schematic representation (lower panels). Bars, 50 nm.
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the chicken TN-Y, the avian ortholog of mammalian TN-X,13,24

and (ii) that they are in the right open reading frame and do not
include stop codons, highly suggests that this exon is probably
present in some TN-X mRNA isoforms. This putative TN-X
SPX region (Fig. 1A), of about 240 amino acids, is composed of
a proline-rich sequence followed by a FNIII-like domain. This
SPX region has not been identified in other TNs and may exhibit
a peculiar intrinsic function.

TN-X Tissue Distribution is Frequently Reciprocal
to that of TN-C during Development, Tissue

Homeostasis and Physio-Pathological Conditions

TN-X is ubiquitously expressed during late stages of embry-
onic development, but not in early embryonic events, indicat-
ing that this glycoprotein is mainly involved in
organogenesis.4,25 TN-X mRNA is particularly highly detected
in developing heart, skeletal muscles and limbs, in a spatially
and temporally controlled manner, suggesting that this matrix
protein not only supports cell migration, but may also have a
role in cell fate determination or cell differentiation.25 In
adult, TN-X mRNA is also observed at different levels in a
variety of organs and tissues, such as lung, kidney, mammary
and adrenal glands, blood vessels, testis, ovaries, with a higher
level in the digestive tract (pancreas, stomach, jejunum, ileum,
and colon), and the highest expression in the heart, the skin,
skeletal muscles, ligaments and tendons.4,26,27 TN-X mRNA
is also present in peripheral nerves in adult pigs.27 A closer
examination of TN-X protein distribution indicated that this
glycoprotein is constitutively localized in connective tissues,
such as the peritendineum, epimysium, perimysium, skin der-
mis, muscularis mucosae, kidney glomeruli and around blood
vessels22,26 (Fig. 2A). Positive staining for TN-X is also detect-
able in peripheral nerves (Fig. 2A).

Interestingly, both in embryonic and adult tissues, TN-X dis-
plays a pattern of expression that is mostly opposed to that of
TN-C. For instance, TN-C mRNA is highly detected in spinal
cord, spleen and cerebrum, whereas TN-X mRNA is not present
or weakly detected in these tissues.26,27 Moreover, when both
TN-C and TN-X proteins were detected in the same tissues,
such as the digestive tract (esophagus, gut, stomach) and skin der-
mis, the 2 proteins displayed mostly separated, although adja-
cent, staining patterns.26 TN-W has a restricted expression
pattern in adult tissues (kidney tubules, aortic valve, corneal lim-
bus and periosteum).11 Although TN-W localization has never
been compared in detail with that of TN-X, these 2 proteins
appear to display mostly distinct expression patterns in adults.
Finally, TN-R is strictly restricted to the central nervous sys-
tem,10,28 where TN-X is virtually absent.

As illustrated below, the opposite localization of both TN-X
and TN-C proteins is also observed during physiological pro-
cesses, such as wound healing. In normal skin, TN-X is widely
distributed within the dermis and is also strongly associated with
the basement membrane (Fig. 2B). In wounds, TN-X is not
detected or only weakly present in the connective tissue, as well

as in basement membranes, in the early stages of healing
(Fig. 2B). TN-X then becomes re-expressed later during healing,
at stages coinciding with matrix assembly and maturation29

(Fig. 2B). Conversely, TN-C is sparsely detected in intact skin
dermis, but its expression is induced at the edge of wound,
underneath the epidermal-dermal junction accompanying
migrating keratinocytes, as well as in the granulation tissue.30

These observations suggest that TN-X might mainly be involved
in skin tissue homeostasis, most likely by restricting keratinocyte
or fibroblast cell proliferation and migration, whereas TN-C
plays the opposite role, by promoting cell division and motility.

In pathological conditions, such as tumorigenesis, TN-X
expression is also frequently opposed to that of TN-C. In a swine
model of malignant melanoma formation and progression, the
level of TN-X protein has been found to be dramatically
decreased in the tumor stroma compared to the normal dermis.
In contrast, TN-C protein secretion was induced by both tumor
cells and surrounding stromal cells.31 Similarly, another study
revealed that TN-X, which was expressed in mouse glioma and
renal carcinoma cells in vitro, was highly down-regulated in vivo
after transplantation of these cells into immune-compromised
mice. Indeed, TN-X expression was decreased both in tumor cells
and host-mouse stroma in favor of TN-C, whose expression was
induced by both tumor and stromal cells.32 Finally, TN-X
expression has also been found to be up-regulated in low-grade
astrocytomas compared to normal brain. However, the positive
TN-X staining decreased significantly with the degree of histo-
logical malignancy of human astrocytomas. In contrast, TN-C
staining positively correlated with the grade of astrocytomas,
being highly expressed in high-grade astrocytomas and glioblasto-
mas.33 These observations further indicate a distinct, possibly
antagonistic, role of TN-X and TN-C during pathological disor-
ders. Considering that TN-C has mainly pro-oncogenic actions
in tumorigenesis,34 their reciprocal distribution might suggest
that TN-X most likely exerts tumor suppressive activities.

An Architectural Function Illustrated by the Ehlers-
Danlos Syndrome Associated with TN-X Deficiency

TN-X has an important function in extracellular matrix
(ECM) architecture and tissue integrity, as supported by several
in vivo and in vitro observations. TN-X was initially biochemi-
cally co-purified with types XII and XIV collagens17 and has
been further shown to localize between or at the surface of colla-
gen fibrils in tendon, skin dermis and the mesangium of kidney
glomeruli.17,35 These in vivo co-localizations are accompanied by
multiple interactions between TN-X and several components of
the extracellular matrix in vitro, such as types I, III and V fibrillar
collagens, types XII and XIV fibril-associated collagens,20,36-38

and the small proteoglycan decorin.39 The regions with which
TN-X interacts with fibrillar collagens are not clearly identified
as discrepancies have been obtained between independent groups,
some arguing that the FNIII region is the main interaction
site,37,38 others showing that both the fibrinogen globe and
EGF-like repeats are indispensable.20 In contrast to TN-C,40
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TN-X does not bind to fibronectin,20,38 further indicating that
these 2 TNs exert distinct functions in vivo.

This architectural function is also compatible with an alter-
ation of biomechanical properties of connective tissues observed
in TN-X deficient patients suffering from Ehlers-Danlos syn-
drome (EDS). EDS constitutes a group of diseases characterized
by a fragility of soft connective tissues and associated with vari-
able clinical manifestations affecting primarily the skin, liga-
ments, blood vessels and internal organs.41 As might be expected

from TN-X distribution,
complete deficiency of this
glycoprotein causes an autoso-
mal recessive form of
EDS.42,43 Indeed, patients
present with joint hypermo-
bility, skin hyperextensibility
and easy bruising,43 but they
also suffer from generalized
muscle weakness and distal
contractures.44 This recessive
form is phenotypically dis-
tinct from classic EDS, as
atrophic scarring is not
observed and patients do not
have poor wound healing.43,45

Truncating mutations and
large deletions in both alleles
of the TNXB gene are respon-
sible for the complete TN-X
deficiency.42,43 Interestingly,
TN-X haploinsufficiency
leads to a hypermobility form

of EDS.46 However, the exact role played by TN-X in these 2
types of EDS is not clearly understood.

TN-X-deficient mice, generated by 2 independent
groups,47,48 also display several features mimicking a recessive
form of EDS, such as hyperextensible skin47 and muscle weak-
ness.49 Interestingly, the genetic background markedly influences
EDS manifestations, as the phenotype was less severe on a
homogenous (C57BL/6) compared to a mixed (129/SvJ,
C57BL/6 and FVB) genetic background.29,47,49 One possible

Figure 2. Tissue distribution of
TN-X (A) in fetal bovine tissues
and (B) during wound healing
in mice. (A) Indirect immunoflu-
orescence of TN-X performed
on cryostat sections of fetal
bovine tissues (at the indicated
weeks of gestation) using a
monoclonal antibody (8F2) rec-
ognizing the FNIII b10 domain
of the bovine glycoprotein. (B)
Indirect immunofluorescence of
TN-X performed on cryostat
sections of mouse skin after
incisional wound (*). TN-X was
detected using polyclonal anti-
bodies directed against the
bovine TN-X FNIII b9-b10
repeats. Note that TN-X is
hardly detected in the wound
(*) even after the completion of
the re-epithelialization process
(day 7). TN-X staining is re-
observed in the deep layers of
the wound 13 days after inci-
sion. Bars, 50 mm.
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explanation is that the qualitative and/or
quantitative composition of ECM in dif-
ferent tissues may be variable according
to mouse strains.

A closer examination of TN-X-defi-
cient mice or patients has suggested sev-
eral putative architectural functions for
this glycoprotein. Firstly, an in-depth
analysis of TN-X-deficient mice indi-
cated a role for TN-X as a regulator of
collagen expression. Indeed, fibroblasts
from TN-X-/- mice displayed a decreased
expression of types I and VI collagens, as
well as of several collagen fibril-associ-
ated molecules (types XII and XIV colla-
gens, lumican and fibromodulin).50,51

However, whether the down-regulation
of those matrix protein-encoding genes
reflects an adaptive process due to TN-
X-deficiency or an active regulatory role
exerted by TN-X remains an open ques-
tion. While the overexpression of full-
length TN-X led to an increase of type
VI collagen expression in immortalized
BALB/3T3 fibroblasts, suggesting that
the regulation of this gene by TN-X is a
direct process,50 some discrepancies have been observed between
mouse and human tissues deficient in TN-X in terms of matrix
gene regulation, instead implying an adaptive process. This fact
has been illustrated for the type XII collagen whose level is
markedly reduced in TN-X-/- mice muscle samples (compared
to wild-type mice), but remains unchanged in human biopsies
deficient in TN-X (compared to healthy donors).51 Secondly,
the analysis of TN-X-deficient mice indicated a role for TN-X
as a regulator of collagen deposition into the ECM. Indeed, der-
mal fibroblasts from TN-X-/- mice deposited fewer type I colla-
gen molecules into the ECM compared to wild-type fibroblasts
in vitro.47 This hypothesis is also consistent with the observa-
tions showing that dermal tissues from TN-X-deficient mice
and patients have a lower amount of type I collagen compared
to wild-type littermates or healthy patients.47,52 While several
authors have suggested a role for TN-X during type I collagen
fibrillogenesis,37,38 showing that TN-X accelerates the rate of
fibrillogenesis in vitro, our laboratory demonstrated that recom-
binant full-length TN-X did not affect purified collagen fibrillo-
genesis in a cell-free system.53 However, it cannot be ruled out
that TN-X might also participate in a cell-mediated fibrillogene-
sis process.

An ultrastructural analysis of skin from TN-X-deficient
patients and mice revealed that the morphology of collagen fibrils
was regular,47,54 in contrast to the irregular shapes of collagen
fibrils observed in the classic and hypermobility forms of EDS.55

The most striking feature was an increased distance between
fibrils.35,47 From those observations and the in vitro interaction
studies emerged a model in which the architectural function of
TN-X is proposed: TN-X regulates the collagenous network by

bridging collagen fibrils through direct interaction with fibrillar
collagens and/or, indirectly, via with the cooperation of ECM
components such as types XII and XIV collagens and/or
decorin35,56 (Fig. 3). Consistent with this model, our laboratory
demonstrated that recombinant full-length TN-X increased the
stiffness of 3-dimensional collagen gels in vitro.53 In this cell-free
system, we hypothesized that TN-X increased collagen gel stiff-
ness by re-enforcing molecular interactions between fibrils.
Although the stiffness has never been assessed in biopsies from
healthy or TN-X-deficient patients or mice, TN-X absence or
haploinsufficiency markedly alters the biomechanical properties
of dermis in mice.47 This observation could also be related to the
fact that TN-X owns intrinsic elastic properties, due to the
remarkable ability of its constitutive FNIII modules to unfold
under mechanical stretching and to refold after physical con-
straint removal.57

Alterations in collagen expression, deposition and inter-
fibril spacing may not account for all the observed bio-
mechanical defects due to TN-X deficiency. Indeed, histologi-
cal examination of skin dermis from TN-X-deficient patients
displayed a marked fragmentation of elastic fibers, and abnor-
mal elastic fibers were also observed at the ultrastructural
level. Notably, their dermis shows elastic fibers that are
mostly immature, devoid of microfibrils and irregularly
shaped.52 TN-X has also been shown to localize to elastic
fibers in vivo58 and to interact with tropoelastin in vitro
through its C-terminal region including the last FNIII
domains and the fibrinogen globe.37 It is also conceivable
that TN-X might be involved in elastic fibers formation and
maturation.29,58

Figure 3.Model of TN-X integration within the collagenous network. TN-X regulates the spacing and
cohesiveness between collagen fibrils through direct interaction with collagen molecules and/or
through molecular associations with several ECM components interacting with collagen fibrils. Type
XII collagen interacts with TN-X through its non-collagenous N-terminal NC3 domain.36 The binding
site of this NC3 domain has not been identified in the full-length TN-X. The dermatan sulfate chains
of decorin ensure the binding to the heparin-binding site included within the FNIII b10 and b11
domains of bovine TN-X.39 TN-X might also anchor collagen fibrils at the vicinity of cell surface
through its interaction with (not yet identified) heparin-sulfate proteoglycan receptor(s) and/or the
a11b1 integrin.
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In summary, TN-X appears to be a general regulator of the
biomechanical properties of connective tissues due to its
intrinsic elastic properties and to its ability to regulate, directly
or indirectly, the expression of matrix molecule and/or their
correct assembly into supramolecular structures, such as colla-
gen fibrils and elastic fibers.

TN-X is a Matricellular Protein with as yet
Unidentified Cell Functions

‘Matricellular’ proteins have been defined as a group of matrix
extracellular proteins that do not directly contribute to the for-
mation of structural elements but serve to modulate cell function,
through the modulation of cell–matrix interactions.59 This defi-
nition implies that matricellular proteins interact with other
matrix proteins as well as with cell-surface receptors. TN-R, TN-
C and TN-W glycoproteins have been shown to belong to this
group of extracellular modulators of cell functions as they exhibit
anti-adhesive properties and promote the detachment of cells
from other ECM molecules.8,40,60 Is TN-X also a matricellular
protein? TN-X shares similar properties with the other TN mole-
cules as it causes in vitro cell rounding22,61 and detachment.62

Anti-adhesive properties of TN-X are characterized by a
decreased formation of focal adhesions and are correlated with an
impaired phosphorylation of the Focal Adhesion Kinase (FAK)
on tyrosine residue at position 397.62 However, the mechanisms
by which TN-X modulates cell adhesion are currently not known
and require further investigation. Some matricellular proteins are
able to interact directly with cell-surface receptors or other mem-
brane-associated signaling molecules, thereby regulating intracel-
lular pathways leading to alteration of cell adhesion. For
instance, the amino-terminal heparin-binding (HepI) domain of
the matricellular thrombospondin-1 (TSP-1) protein inhibits cell
adhesion by interacting with cell-surface calreticulin, resulting in
the disassembly of focal adhesions.63 Alternatively, matricellular
proteins have been shown to act indirectly, by binding to other
ECM molecules and competing with their binding sites for cell-
surface receptors. TN-C has been shown to disrupt the adhesion
of cells to fibronectin by interacting with the HepII site of fibro-
nectin and preventing it from binding to the signaling cell-sur-
face receptor, syndecan 4.64 It is important to assess whether
TN-X has an intrinsic anti-adhesive property by interacting with
inhibitory signaling cell-surface receptors, or through the com-
petitive binding to other ECM molecules for cell-surface recep-
tors. Bovine TN-X has been shown to interact with cells using
several adhesion sites (Figs. 1A and 3): (i) a conformational hepa-
rin-binding site comprising 2 FNIII modules (FNIII b10 and
b11 domains) being a natural ligand for heparan-sulfate proteo-
glycan receptors65; (ii) a cryptic RGD-containing cell adhesion
site located between the contiguous FNIII b9 and b10 domains
being a ligand for the avb3 integrin61; and (iii) the C-terminal
FBG-like domain, which is the major cell adhesion site of the
whole molecule and involves the a11b1 integrin receptor.61,66

The next challenge will be to determine the involvement of those

receptors, and their corresponding binding sites, in the anti-adhe-
sive properties of TN-X.

What are the cell functions regulated by the TN-X-mediated
modulation of cell adhesion? To our knowledge, no cell function
has been reported to be directly associated with TN-X. Matsu-
moto et al. (2001) demonstrated that tumor invasion and metas-
tasis of grafted melanoma cells was promoted in host TN-X-/-

mice compared to receiving wild-type mice.48 Those observations
are in agreement with our hypothesis that TN-X might act as a
tumor suppressor protein (related to its decreased expression dur-
ing tumor progression). Compared to wild-type mice, the level of
matrix metalloproteinases (MMP)-2 and MMP-9 has been shown
to be increased in TN-X-deficient mice in vivo and this up-regula-
tion is believed to facilitate melanoma cell invasion and dissemi-
nation.48 Although Mmp2 gene expression is also increased in
fibroblasts isolated from TN-X-/- mice and overexpression of TN-
X negatively regulates the level of MMP-2 in a fibroblast cell
line,67 it is not clear whether the transcriptional regulation of the
MMP-2-encoding gene relies on cell interaction with TN-X, and
hence, whether the anti-tumor activity of TN-X relies on the
matricellular activity of the glycoprotein. It is also tempting to
speculate that the tumor-suppressive activity of TN-X may be
linked to the architectural function of this glycoprotein. By modi-
fying the global composition and/or organization of the ECM,
TN-X deficiency might promote cell invasiveness and motility.

Independently of its cell adhesion-modulating properties,
TN-X has an indirect involvement in cell signaling, enabling it to
induce various responses. For instance, TN-X has been shown to
interact with vascular endothelial growth factor B (VEGF-B) and
to enhance cell endothelial proliferation in combination with this
growth factor.68 The interacting site has been mapped to the
FNIII M13-M25 repeats of the mouse TN-X. VEGF-B could
simultaneously bind to both TN-X and VEGF receptor-1
(VEGF-R1) and this interaction would facilitate VEGFR-1 enzy-
matic activity.68 Even though the mechanism by which TN-X
enhances the ability of VEGF-B to trigger VEGF-R1 signaling
activity has not been elucidated, one can speculate that the inter-
action with TN-X modifies the conformation of VEGF-B and
efficiently increases its ability to bind to VEGF-R1.

TN-X regulates the bioavailability of Transforming Growth
Factor-b (TGF-b)

TGF-b is a pleiotropic cytokine having a fundamental role in
embryonic development (histogenesis and organogenesis) and tis-
sue homeostasis (wound healing, ECM synthesis and remodel-
ing).69 TGF-b is also implicated in several pathological
processes, such as fibrosis and tumor progression.69,70 TGF-b is
a dimeric polypeptide secreted as a latent complex in which the
mature entity remains non-covalently bound to its pro-domain
called Latency-Associated Peptide (LAP) (Fig. 4). In some physi-
ological or pathological conditions, mature (also called bioactive)
TGF-b has to be liberated from the latent complex, a process
called latent TGF-b activation. This activation process is a crucial
step in the initiation of a TGF-b signaling and has to be tightly
controlled to ensure proper signaling whenever required by cells.
Despite the crucial importance of this regulation, very few
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mechanisms have been described for the conversion of latent
TGF-b into its biologically active form.71 Several proteases have
demonstrated to be involved in the proteolytic cleavage of the
LAP
pro-domain enabling the liberation of the TGF-b.72-77 A confor-
mational change of the LAP¢TGF-b complex has also been
proposed to allow the exposure of the TGF-b entity to cell
surface receptors. Different cell surface receptors, such as RGD-
dependent integrins,78 mannose 6-phosphate receptor79 and neu-
ropilin-180 have been shown to facilitate latent TGF-b activation
at the vicinity of the plasma membrane by inducing a conforma-
tional change of the LAP¢TGF-b complex. Similarly, the matri-
cellular TSP-1 protein has been shown to bind to, and to

activate, the latent TGF-b complex through a conformational
unmasking.81,82 Once activated, mature TGF-b initiates a signal
via 2 transmembrane serine/threonine-kinase receptors, the types
I and II TGF-b receptors (TbRI and TbRII, respectively). Upon
interaction with the ligand, the TGF-b receptor complex then
phosphorylates and activates the “canonical” Smad pathway or
alternative signaling pathways (MAPK, RhoA, PI3K/AKT) in
order to regulate different sets of TGF-b-responsive genes.83

We recently demonstrated that full-length TN-X interacted
with the latent LAP¢TGF-b complex in vitro and in vivo.66 This
interaction resides in the C-terminal FBG-like domain of TN-X.
More importantly, we found that the FBG-like domain of TN-X
was able to activate the latent TGF-b in different cell types in

Figure 4. Model of TGF-b activation by the FBG-like domain of TN-X. The small latent TGF-b complex (SLC) interacts with the FBG-like domain of TN-X. In
this full-length glycoprotein, the LAP¢TGF-b thus constitutes a reservoir of signaling molecule within the ECM. During physiological or pathological
events of ECM remodeling, we hypothesized that some proteases would cleave the FBG-like domain of TN-X from the full-length molecule. At the vicinity
of cell membrane, the FBG-like domain interacts with the a11b1 integrin receptor, allowing a conformational change of the latent complex, facilitating
the presentation of mature TGF-b to TbRII and TbRI receptors. Latent TGF-b activation by the FBG-like domain results in the induction of Smad signaling
and subsequent TGF-b response, such as EMT.

160 Volume 9 Issues 1-2Cell Adhesion & Migration



order to induce a TGF-b/Smad intracellular signal.66 As the FBG-
mediated activation of latent TGF-b is direct (no protein synthesis
required) and does not involve any proteolytic enzymatic activity,
we hypothesized that the FBG-like domain could induce a confor-
mational change of the latent complex to unmask the mature
entity. We also confirmed that this activation process was not
mediated by the RGD-dependent integrins and the matricellular
TSP-1 protein, suggesting a novel mechanism of latent TGF-b
regulation. Interestingly, cell adhesion to the FBG-like domain
was required for the latent TGF-b activation. Indeed, no TGF-b
activation was seen in a TGF-b-responsive cell line that is unable
to adhere to or interact with the FBG-like domain of TN-X. We
identified that the TN-X/FBG cell-surface receptor, i.e. the a11b1
integrin, was essential for latent TGF-b activation. Indeed, the
silencing of the a11 integrin subunit fully abrogated the activation
process mediated by the FBG-like domain. Conversely, the ectopic
expression of a11b1 integrin in a cell line unable to adhere to the
FBG-like domain restored its ability to activate latent TGF-b
mediated by the C-terminal domain of TN-X.66

We thus defined a new mechanism of latent TGF-b activation
that is induced by a matricellular protein other than TSP-1. In
our model (Fig. 4), we speculate that under physiological (wound
healing) or pathological (fibrosis or tumor progression) condi-
tions, in which the ECM is ultimately remodeled, some proteases
would cleave the full-length TN-X molecule to release a C-termi-
nal fragment containing at least the FBG-like domain. In this
fragment, the FBG-like domain might sequester the latent TGF-
b complex or might interact with free cell-secreted latent TGF-b
upon cleavage. When the FBG¢LAP¢TGF-b complex is
recruited to the vicinity of the cell surface and binds to the
a11b1 integrin, the FBG-like domain would induce a conforma-
tional change of the latent complex, unmasking the mature TGF-
b entity and exposing it to the cell-surface receptors. The exact
role played by a11b1 integrin in latent TGF-b activation is not
clear. This cell-surface receptor might serve as a docking site for
the FBG¢LAP¢TGF-b complex at the membrane, or might
have a more active role in the activation process by “helping” the
FBG-like domain to trigger the conformational change of the
latent complex. The next step will be to elucidate the precise
molecular mechanisms by which the FBG-like domain and the
a11b1 integrin complex activate the latent TGF-b. It will be of
particular importance to identify (i) the specific sequences medi-
ating the interaction between the FBG-like domain and the
LAP¢TGF-b complex and (ii) and the ‘active’ sites which bind
the FBG-like domain to the a11b1 integrin. More importantly,
the exact role played by the a11b1 integrin in the activation pro-
cess remains to be deciphered.

TN-X, a novel regulator of epithelial cell plasticity?
Activated TGF-b is a potent inducer of the epithelial-to-mes-

enchymal transition (EMT),84 a fundamental cell process govern-
ing the conversion of polarized epithelial cells into motile
mesenchymal ones.85 Although the full-length TN-X and the
FBG-like domain were able to activate latent TGF-b and to
induce subsequent Smad intracellular signaling with similar effi-
ciencies, full-length TN-X caused a mild EMT response in

contrast to the FBG-like domain that induced a full process.66

Indeed, the full-length TN-X induced a partial delocalization of
E-cadherin and actin from adherens junctions (Fig. 5A). More-
over, TN-X downregulated the expression of selected epithelial
marker genes, but failed to trigger the expression of mesenchymal
genes. The partial EMT observed in the presence of TN-X is
peculiar as, to our knowledge, there are no example of such mole-
cules triggering a decrease of epithelial markers without induc-
tion of mesenchymal features. For instance, TGF-b efficiently
regulates both sets of genes in an opposite manner.84 It would be
interesting to determine the molecular mechanisms preventing
the expression of mesenchymal genes, while allowing the repres-
sion of genes encoding the epithelial markers. We identified that
the FNIII-containing region of TN-X was able to antagonize the
EMT response induced by the FBG-like domain, indicating that
the FNIII repeats and the FBG domain regulate cell plasticity
through distinct signaling pathways in the intact molecule66

(Fig. 5B). The specific pathway triggered by the central region of
the glycoprotein remains to be determined.

These findings suggest that TN-X is a novel regulator of epi-
thelial cell plasticity, depending on the region that is exposed to
the cells. It is tempting to speculate that the FBG-like domain
induces an EMT process, through latent TGF-b activation,
whereas the FNIII repeats maintain the epithelial cells phenotype
or even promote the conversion of mesenchymal-like cells into
epithelial ones, a process called mesenchymal-to-epithelial transi-
tion.85 If this hypothesis is true, this implies that both regions,
FNIII repeats and the FBG-like domain, have to be separated
from each other to exert their distinct cell responses.

Conclusion and Perspectives

TN-X is widely expressed in the organism and serves as an
architectural support for structural matrix macromolecular com-
plexes, such as collagen fibrils and elastic fibers, providing connec-
tive tissues with appropriate biomechanical properties. Besides this
architectural function, TN-X behaves as a matricellular protein by
regulating cell adhesion-de-adhesion processes. However, in con-
trast to the other TN molecules, the cellular functions of TN-X
have not yet been determined. The regulation of cell plasticity by
the central region of the glycoprotein (FNIII repeats) might pro-
vide the first clue of a cell function controlled through a cell adhe-
sion-modulating activity for TN-X. Additional experiments will be
necessary to identify the exact ‘active’ sequences within the FNIII
region, as well as the corresponding cell surface receptor, and to
unravel the molecular mechanisms by which the central region of
the TN-X inhibits EMT. Our laboratory has also generated evi-
dence that the C-terminal FBG-like domain of TN-X is able to
activate latent TGF-b and to induce an EMT in vitro. Whether
TN-X activates latent TGF-b in vivo is still an open issue. How-
ever, it has been shown that patients suffering from congenital
adrenal hyperplasia associated with TN-X deficiency (CAH-X) dis-
play some manifestations, such as bifid uvula and cardiac valvular
abnormalities, that are overlapping with connective tissue dysplasia
phenotypes, which are associated with the dysregulation in the
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Figure 5. The FNIII region of TN-X antagonizes the induction of EMT by the FBG-like domain. (A) Actin direct fluorescence in normal murine mammary
epithelial (NMuMG) cells seeded onto non-coated dishes or dishes containing equimolar quantities of immobilized recombinant full-length TN-X, FBG-
like domain, FNIII repeats (TN-XDEDF) or both FNIII repeats and FBG-like domain. Note that compared to the uncoated condition, where almost all cells
exhibited a cortical actin staining, the full-length TN-X induced a mild EMT, visualized by a partial delocalization of actin cytoskeleton from cell junctions
(*). In contrast, the FBG-like domain caused a full EMT, as illustrated by the acquisition of elongated cell morphology and the organization of actin cyto-
skeleton into stress fibers. Recombinant human TGF-b1, used here as a positive control, gave similar results to those obtained with the FBG-like domain.
However, the FNIII region of TN-X fully inhibited the EMT triggered by the FBG-like domain. Bars, 15 mm. (B) Model representing the regulation of epithe-
lial cell plasticity by TN-X. When separated from the intact TN-X molecule, the FBG-like domain is able to induce a robust EMT response, through its ability
to activate latent TGF-b. This response relies on the presence of TbRII/I receptors and a11b1 integrin at the cell surface. In the intact TN-X molecule, the
FNIII region antagonizes the EMT induced by the FBG-like domain, most likely via distinct intracellular cues that are initiated by the interaction of certain
FNIII repeats to a yet unidentified receptor.
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TGF-b signaling pathway and frequently observed in Marfan,
Loey’s Dietz and Shprintzen-Golberg syndromes.86 Interestingly,
the TGF-b family pathway has been demonstrated to be abnormal
in patients suffering from CAH-X,87 indicating a putative func-
tional link between TN-X and the TGF-b pathway in vivo. A
deeper analysis of TN-X-deficient mice in physiological (wound
healing) or pathological (fibrosis or tumor progression) conditions
requiring activation of latent TGF-b will provide a functional link
between the TN-X and the regulation of mature TGF-b bioavail-
ability in vivo.
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