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Introduction
Dynamic cross talk between cells and the surrounding ECM is 
essential to tissue homeostasis (Nelson and Bissell, 2006). The 
ECM is a network of highly organized macromolecules that are 
generally large and complex, with multiple distinct domains ar-
ranged with specific juxtapositions. Some of these domains inter-
act with cell surface receptors, such as integrins, which mediate 
cell–matrix adhesion and signal transduction into cells (Kim et al., 
2011). Matrix molecules can also interact with cell–surface growth 
factor receptors or sequester growth factors in the ECM and acti-
vate them when needed (Hynes, 2009). The ECM thus acts as an 
epigenetic informational entity capable of integrating various ex-
tracellular cues so as to regulate multiple cell phenotypes and 
behaviors (Kim et al., 2011).

The glycoprotein tenascin-X (TNX) is an example of a ma-
trix protein with such a structural and informational role. It be-
longs to the tenascin family, whose members (TNC, TNR, TNX, 
and TNW) share a similar domain pattern: an N-terminal assem-
bly domain allowing tenascin oligomerization followed by a se-
ries of EGF-like domains, a variable number of FNIII (fibronectin 
type III) modules, and a C-terminal fibrinogen-like (FBG) do-
main (Tucker et al., 2006). TNX is a disulfide-linked trimeric pro-
tein found in numerous adult tissues. This protein has been shown 
to interact with ECM components, such as fibrillar (types I, III, 
and V) and fibril-associated (types XII and XIV) collagens, and 
the small proteoglycan decorin (Elefteriou et al., 2001; Lethias  
et al., 2006; Veit et al., 2006; Egging et al., 2007a). Its impact in 
ECM network formation and three-dimensional collagen matrix 
stiffness (Margaron et al., 2010) is supported by the symptoms of 
the TNX deficiency-related Ehlers–Danlos syndrome, a human 

Transforming growth factor  (TGF-) isoforms are 
secreted as inactive complexes formed through non-
covalent interactions between the bioactive TGF- 

entity and its N-terminal latency-associated peptide prodo-
main. Extracellular activation of the latent TGF- complex 
is a crucial step in the regulation of TGF- function for tis-
sue homeostasis. We show that the fibrinogen-like (FBG) 
domain of the matrix glycoprotein tenascin-X (TNX) inter-
acts physically with the small latent TGF- complex in vitro 
and in vivo, thus regulating the bioavailability of mature 

TGF- to cells by activating the latent cytokine into an ac-
tive molecule. Activation by the FBG domain most likely 
occurs through a conformational change in the latent 
complex and involves a novel cell adhesion–dependent 
mechanism. We identify 111 integrin as a cell surface 
receptor for TNX and show that this integrin is crucial to 
elicit FBG-mediated activation of latent TGF- and subse-
quent epithelial-to-mesenchymal transition in mammary 
epithelial cells.
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Figure 1. Recombinant TNX fragments differentially regulate EMT in mammary epithelial cells. (A) The recombinant TNX fragments (solid lines) are de-
picted below the schematic diagram representing the full-length TNX monomer. (B) Phase-contrast images of NMuMG cells cultured for 48 h either in the 
presence of soluble recombinant human TGF-1 (2 ng/ml) or after seeding onto noncoated dishes or dishes coated (111 pmol/cm2) with recombinant full-
length TNX, TNXEF fragment, or FBG domain. Bars, 30 µm. (C) F-actin direct fluorescence and E-cadherin indirect immunofluorescence were performed 
in NMuMG cells cultured as described in B. Bars, 15 µm.
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phosphoinositide 3-kinase, and RhoA) to elicit regulation of other 
sets of genes (Kang et al., 2009).

In this study, we analyze how full-length TNX and individ-
ual domains of this matricellular protein might affect the regula-
tion of epithelial cell plasticity. We show that the C-terminal FBG 
domain of TNX triggers an EMT in mammary epithelial cells by 
stimulating TGF- signaling activity. We demonstrate that this 
domain physically interacts with the SLC complex, thereby fur-
ther activating the latent cytokine into a bioactive molecule. This 
FBG-mediated activation most likely occurs through a conforma-
tional change in the latent complex and involves a novel cell  
adhesion–dependent mechanism. Indeed, we identify 111 inte-
grin as a cell receptor for TNX and show that this integrin is crucial 
to FBG-triggered TGF- activation and subsequent EMT.

Results
The FBG domain of TNX induces EMT in 
mammary epithelial cells
The full-length recombinant TNX protein and various fragments 
thereof used in this study (Fig. 1 A) were produced in mammalian 
cells and purified (Fig. S1 A) as previously described (Lethias 
et al., 2001, 2006). To explore whether TNX regulated epithelial 
cell plasticity, we first compared the phenotype of normal murine 
mammary gland (NMuMG) epithelial cells seeded onto noncoated 
dishes (control) or dishes coated with recombinant full-length 
TNX. In the control condition, epithelial cells adopted a cuboi-
dal shape and formed compact colonies with established cell–
cell contacts, as shown by phase-contrast microscopy (Fig. 1 B). 
In contrast, NMuMG cells seeded onto full-length TNX displayed 
an altered epithelial morphology, some of them adopting an elon-
gated shape (Fig. 1 B). To determine which TNX domain was re-
sponsible for the cell shape changes, we analyzed the morphology 
of NMuMG cells seeded onto dishes coated with equimolar 
amounts of TNX fragments, either a derivative consisting only of 
the FNIII domains (TNXEF) or the C-terminal FBG domain 
(Fig. 1 A). Cells seeded onto TNXEF protein-coated culture 
dishes maintained a cuboidal shape and cell–cell contacts (Fig. 1 B). 
However, NMuMG cells seeded onto the FBG domain or in the 
presence of TGF-1, a potent inducer of EMT (Valcourt et al., 
2005), adopted an elongated morphology, lost their close con-
tacts, and scattered (Fig. 1 B). EMT in the presence of the FBG 
domain was confirmed by the rearrangement of actin cytoskele-
ton into stress fibers and the loss of E-cadherin from adherens 
junctions (Fig. 1 C). Concomitantly, quantitative gene expres-
sion analyses revealed a decrease of epithelial cell markers  
(E-cadherin, Keratin-19, and Mucin-1) and a gain of mesenchymal 
cell markers (N-cadherin, Vimentin, and Fibronectin-1), as well 
as of EMT inducers (Hmga2, Snail1, and Zeb1), when cells were 
seeded onto the FBG domain (Fig. S1 B). Immunoblotting analy-
ses confirmed the decrease of E-cadherin and the increase of 
N-cadherin (Fig. S1 C). Recombinant TGF-1 gave similar results 
to the FBG domain (Figs. 1 C and S1, B and C). Interestingly, the 
EMT process was milder in the presence of the full-length TNX, 
as only a partial loss of actin and E-cadherin was observed at 
cell–cell junctions (Fig. 1 C). Moreover, only a decrease of epi-
thelial markers, but not a gain of mesenchymal ones or EMT 

heritable disorder characterized mainly by joint laxity and skin 
hyperextensibility (Schalkwijk et al., 2001). TNX has also been 
described as a matricellular protein, i.e., a protein modulating 
cell–matrix interactions. It interacts with cells via two main adhe-
sion sites: a heparin binding site comprising two adjacent FNIII 
modules, which is a putative ligand for heparan sulfate proteogly-
can receptors (Lethias et al., 2001), and the C-terminal FBG do-
main, which is the major cell adhesion site of the whole molecule 
and involves an unidentified 1-containing integrin receptor 
(Elefteriou et al., 1999). TNX has also been shown to regulate 
cell adhesion/deadhesion (Fujie et al., 2009) and thus to inhibit 
cell spreading in vitro (Elefteriou et al., 1999). In orthotopic ex-
periments conducted on wild-type and TNX-deficient mice, TNX 
was found to restrain tumor cell invasion and metastasis forma-
tion in vivo (Matsumoto et al., 2001). The mechanisms by which 
TNX exerts these biological activities are not well understood.

To gain further insights into the molecular and cellular mech-
anisms through which TNX regulates cell invasion and migration, 
we focused on epithelial cell plasticity. Indeed, several ECM mole-
cules have been shown to induce the epithelial-to-mesenchymal 
transition (EMT), a cell process allowing conversion of polarized, 
adherent epithelial cells into motile, mesenchymal-like cells 
(Thiery et al., 2009). For instance, type I collagen induces EMT by 
regulating diverse signaling cues (Koenig et al., 2006; Shintani 
et al., 2006, 2008a) and notably the TGF- pathway (Shintani 
et al., 2008b; DeMaio et al., 2012).

TGF- family members (TGF-1, 2, and 3) are synthe-
sized as proproteins and form disulfide-linked homodimers that 
are proteolytically processed before secretion. Upon cleavage, 
the prodomain, called the latency-associated peptide (LAP),  
remains noncovalently bound to the mature (bioactive) TGF- 
moiety, maintaining it in a latent state by inhibiting its exposure 
to cell surface receptors (Moustakas and Heldin, 2009; Wu and 
Hill, 2009). Latent TGF- can be found as a soluble entity, 
called the small latent complex (SLC; Miyazono et al., 1991), 
but it is also secreted as a large latent complex in which the SLC 
is covalently bound to a latent TGF-–binding protein (Miyazono 
et al., 1991). In some physiological or pathological contexts, 
mature TGF- is released from the latent complex, a process 
called latent TGF- activation. The mechanisms described for 
latent TGF- activation (ten Dijke and Arthur, 2007) include 
proteolytic cleavage of the LAP and release of TGF- (Mu et al., 
2002) and/or a conformational change in the LAP, allowing ex-
posure of the TGF- entity. Depending on the cell context, the 
latter mechanism might involve either various cell surface re-
ceptors, such as RGD-dependent integrins (Wipff and Hinz, 
2008), or the ECM protein thrombospondin 1 (TSP-1; Schultz-
Cherry and Murphy-Ullrich, 1993). Once activated, mature 
TGF- initiates a signal via the type I (TRI) and the type II 
(TRII) transmembrane serine/threonine kinase TGF- recep-
tors. TRII propagates signals by phosphorylating the TRI re-
ceptor. Activated TRI phosphorylates and activates Smad2 and 
Smad3 proteins, which then interact with Smad4. This complex 
then translocates into the nucleus and binds to the chromatin to 
regulate TGF-–responsive genes (Massagué, 2012). As an al-
ternative to this canonical signaling pathway, TGF- receptors 
can propagate signals via other intracellular routes (MAPK, 

http://www.jcb.org/cgi/content/full/jcb.201308031/DC1
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Figure 2. The FNIII repeats of TNX molecule inhibit the EMT induced by the FBG domain in mammary epithelial cells. (A) Phase-contrast images of NMuMG 
cells cultured for 48 h either in the presence of soluble recombinant human TGF-1 (2 ng/ml) or after seeding onto noncoated dishes or dishes coated  
(111 pmol/cm2) with the TNXEF fragment, the FBG domain, or both recombinant proteins. Bars, 30 µm. (B) F-actin direct fluorescence and E-cadherin 
indirect immunofluorescence were performed in NMuMG cells cultured as described in A. Bars, 15 µm.
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Altogether, these results indicate that, in mammary epithelial 
cells, the FBG domain of TNX activates the TGF-–Smad sig-
naling pathway to elicit EMT.

The FBG domain of TNX regulates the 
bioavailability of mature TGF-

The induction of TGF- signaling by the FBG domain did not 
require protein synthesis because the presence of the translation 
inhibitor cycloheximide did not impair Smad2 phosphorylation 
triggered by the FBG domain or mature TGF-1 (Fig. 4 A). To 
test the hypothesis that the FBG domain might exert its effects 
by increasing the bioavailability of mature TGF- to cell surface 
receptors, we analyzed the effects of the FBG domain on the 
TGF- signaling pathway in the presence of a neutralizing anti–
TGF-1/2/3 antibody directed against the active TGF- entity. 
In mammary epithelial cells, the blocking antibody significantly 
compromised Smad2 phosphorylation (Fig. 4 B) and subsequent 
reporter gene activity (Fig. 4 C) induced by either soluble mature 
TGF-1 or the coated FBG domain, as compared with control 
IgG. This anti-pan–TGF- antibody also fully abolished the EMT 
response (E-cadherin internalization and actin stress fiber forma-
tion) that was induced by mature TGF-1 and the FBG domain in 
NMuMG cells (Fig. 4 D). Altogether, these results suggest that 
the TNX FBG domain induces Smad signaling by increasing the 
bioavailability of mature TGF-.

The FBG domain of TNX interacts 
physically with the SLC
As the recombinant FBG domain was produced in mammalian 
cells and secreted into the conditioned medium, we tested whether 
endogenously synthesized TGF- might have copurified along 
with this TNX domain, using an immunoassay detecting mature 
TGF-1. As shown in Fig. 5 A, FBG-enriched fractions displayed 
a weak, but nonnegligible, signal for mature TGF-1. When these 
fractions were subjected to physicochemical conditions known to 
activate latent TGF-, i.e., heat denaturation and acid treatment 
(Brown et al., 1990), the signal was much higher (Fig. 5 A). Inter-
estingly, mature TGF-1 reactivity was also associated with the 
intact TNX molecule, whereas almost no signal was detected in 
fractions containing the recombinant TNX lacking the FBG do-
main (TNXEF; Fig. 5 A). These results suggest that the puri-
fied recombinant proteins comprising, or consisting solely of, the 
FBG domain contain latent TGF- molecules that can be acti-
vated under certain physical conditions. Immunoblotting per-
formed on the purified full-length TNX and FBG proteins 
confirmed the presence of both the mature TGF-1 and the 
LAP(1) entities (Fig. 5 B). Conversely, almost no signal was 
detected for LAP and the mature TGF-1 on purified TNXEF 
protein (Fig. 5 B). This experiment confirmed that the FBG do-
main of TNX could associate with the SLC not only as a soluble 
entity but also when comprised in the intact TNX. Moreover, the 
coated or soluble full-length TNX, but not the TNXEF frag-
ment, also stimulated mature TGF- bioavailability, as shown 
by the induction of Smad2 phosphorylation in NMuMG cells 
(Figs. 5 C and S3 D). This result suggests that the weak alteration 
of epithelial cell morphology induced by the native TNX also re-
lies on TGF-–Smad signaling.

inducers, was seen in the presence of the full-length TNX (Fig. S1, 
B and C). In contrast, NMuMG cells remained fully epithelial 
when seeded onto the TNXEF protein, as judged by the over-
all analyses of the markers (Figs. 1 C and S1, B and C).

As full-length TNX caused a milder EMT response com-
pared with the FBG domain, recombinant proteins being used in 
an immobilized (Fig. 1, B and C) or a soluble form (Fig. S2 A), 
we then determined whether the FNIII repeat–containing region 
(TNXEF fragment) could negatively regulate the activity in-
duced by the FBG domain comprised in the native TNX mole-
cule. Compared with the FBG domain alone, the scattering of 
NMuMG cells was fully abolished when dishes were coated with 
equimolar quantities of both TNXEF and FBG proteins, as 
observed by phase-contrast microscopy (Fig. 2 A). Analyses of 
epithelial and mesenchymal markers clearly indicated that the 
TNXEF fragment inhibited the FBG-induced EMT (Figs. 2 B 
and S2 B). Altogether, these experiments show that the FBG do-
main of TNX is able to cause an EMT when acting as a separate 
entity but that the FNIII repeats exert an inhibitory activity over 
the FBG domain when contained in the intact TNX.

The FBG domain activates the TGF-–Smad 
signaling pathway
Because the FBG domain triggered an EMT response almost as 
potent as TGF- in NMuMG cells, we investigated whether this 
TNX domain stimulated the TGF- signaling pathway. SB431542, 
a TRI kinase inhibitor (Inman et al., 2002), completely abol-
ished the EMT response induced by recombinant human TGF-1 
or the coated FBG domain in NMuMG cells, as judged by the ep-
ithelial morphology and the F-actin staining at the vicinity of cell 
junctions (Fig. 3 A). The FBG domain thus causes EMT by stim-
ulating the TGF- signaling pathway. Moreover, immobilized 
FBG domain or recombinant TGF-1 led to a marked increase of 
the transcriptional activity of an artificial TGF-–responsive el-
ement (TRE) reporter construct (TRE-Luc [luciferase]) in stably 
transfected human mammary epithelial (MCF10A) cells (Fig. 3 B). 
These transcriptional responses were sensitive to SB431542 
(Fig. 3 B). These results confirm that the TGF- signaling path-
way is stimulated upon cell exposure to the FBG domain.

To confirm whether the FBG domain activated the canoni-
cal Smad pathway, we monitored the phosphorylation status of 
Smad2 in NMuMG cells over time (Fig. 3 C). NMuMG cells 
seeded onto the coated FBG domain displayed phosphorylation 
of the two C-terminal serine residues of Smad2, whereas cells 
seeded onto noncoated dishes showed no phosphorylated Smad2. 
Interestingly, this experiment showed strong phosphorylation of 
Smad2 as early as 1 h after seeding, at which time cells were 
starting to adhere to the coated FBG domain, and the phospho-
Smad2 signal remained high, although gradually decreasing after 
3 h (Fig. 3 C). As expected, the SB431542 inhibitor fully abol-
ished the FBG-induced Smad2 phosphorylation (Fig. 3 D). Like-
wise, adenovirus-mediated overexpression of Smad7, a natural 
inhibitor of Smad signaling (Nakao et al., 1997), impaired both 
TGF-1– and FBG-induced phosphorylation of Smad2 (Fig. S3 A) 
and prevented the FBG domain from inducing EMT in NMuMG 
cells, as observed by phase-contrast microscopy (Fig. S3 B) and 
the impaired decrease of E-cadherin gene expression (Fig. S3 C). 

http://www.jcb.org/cgi/content/full/jcb.201308031/DC1
http://www.jcb.org/cgi/content/full/jcb.201308031/DC1
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Figure 3. The FBG domain of TNX stimulates the TGF-–Smad signaling pathway. (A) Phase-contrast microscopy (top) and F-actin direct fluorescence 
(bottom) applied to NMuMG cells cultured for 36 h on noncoated or 222 pmol/cm2 FBG-coated dishes, or stimulated with 5 ng/ml of soluble TGF-1, in 
the presence of 10 µM SB431542 or vehicle (DMSO). Bars, 30 µm. (B) Firefly luciferase activity in MCF10A-TRE-Luc cells cultured for 16 h as described 
in A. *, P < 0.05 versus control condition. Error bars are means ± SD. (C) Immunoblot analyses showing levels of phosphorylated Smad2 (P-Smad2) and 
total Smad2/3 in NMuMG cells cultured in noncoated () or 222 pmol/cm2 FBG-coated (+) dishes or stimulated with 5 ng/ml of mature TGF-1 for 
the indicated time. Ratio of phospho-Smad2 to total Smad2/3 levels is indicated below. (D) Phospho-Smad2 levels in NMuMG cells cultured for 3 h as 
described in A.
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Figure 4. The FBG domain of TNX activates latent TGF- in vitro. (A) Immunoblots showing phospho-Smad2 (P-Smad2) levels in NMuMG cells incubated 
for 3 h on either noncoated () or 222 pmol/cm2 FBG-coated (+) dishes or stimulated for 3 h with 5 ng/ml of soluble human TGF-1 in the presence of 
10 µg/ml cycloheximide or the corresponding vehicle (DMSO). (B) Immunoblots showing levels of phospho-Smad2 in NMuMG cells incubated for 3 h on 
either noncoated () or 222 pmol/cm2 FBG-coated (+) dishes or stimulated for 3 h with 5 ng/ml TGF-1 in the presence of a control IgG or 10 µg/ml anti-
pan–TGF- antibody. (C) Firefly luciferase activity in MCF10A-TRE-Luc cells cultured for 16 h under the same conditions as described in B. *, P < 0.05 versus 
control IgG. Error bars are means ± SD. (D) F-actin direct fluorescence (top) and indirect immunofluorescence staining of E-cadherin (bottom) performed in 
NMuMG cells cultured for 36 h under the same conditions as described in B. Bars, 15 µm.
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Figure 5. The FBG domain of TNX interacts physically with the SLC in vitro and in vivo. (A) Quantitative (ELISA) analysis of mature human TGF-1 associ-
ated with equimolar concentrations (111 nM) of purified recombinant FBG domain, full-length TNX, or TNXEF fragment, subjected (+) or not subjected 
() to conditions activating latent TGF- (heat and acid treatments). (B) Levels of mature human TGF-1 and of its LAP(1) propeptide associated with 
equimolar concentrations (111 nM) of purified recombinant FBG domain, full-length TNX, or TNXEF protein were determined by immunoblotting. The 
monoclonal anti-TNX antibody recognizes the 10th FNIII domain. (C) Levels of phospho-Smad2 (P-Smad2) in NMuMG cells cultured for 3 h on noncoated 
dishes (N-C) or dishes coated with the different recombinant TNX variants (111 pmol/cm2) or stimulated with 5 ng/ml of soluble TGF-1. Ratio of phos-
pho-Smad2 to total Smad2/3 levels is indicated below. (D) Coimmunoprecipitation of the mature TGF-1 entity and of its LAP(1) propeptide with the 
purified recombinant FBG domain. Immunoprecipitations were performed with anti-FBG (-FBG), anti-–human TGF-1 (-TGF-1), or anti–human LAP(1) 
antibodies or with control IgG. (E) Quantitative detection (ELISA) of mature TGF-1 associated with the FBG domain of bovine TNX immunoprecipitated 
from FBS with either anti-FBG domain (-FBG) antibody or control IgG. Samples were subjected (+) or not subjected () to activating conditions before the 
ELISA. An FBS fraction corresponding to 2.5% of the total volume used for the immunoprecipitation was also subjected to ELISA. *, P < 0.05. Error bars 
are means ± SD. IP, immunoprecipitation.
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FBG domain, as compared with cells cultured in noncoated 
dishes (Fig. 6 C).

To obtain a recombinant protein devoid of TGF-, we even-
tually produced the FBG domain of TNX in a prokaryotic system 
and determined whether it could activate exogenous latent TGF- 
when presented to cells in a soluble form. Although the bacteria-
produced FBG domain did not contain any LAP or TGF-1 
(FBG*; Fig. 6 D), it induced the phosphorylation of Smad2 in 
NMuMG cells (Fig. 6 E) and stimulated the transcriptional acti-
vation of the TGF-–responsive promoter in MCF10A-TRE-Luc 
cells (Fig. 6 F), as potently as the soluble FBG domain produced 
in mammalian cells. The bacterially expressed FBG domain in-
duced an EMT as observed by the delocalization of E-cadherin 
from adherens junctions and the partial reorganization of the actin 
filaments (Fig. 6 G). These experiments conclusively prove that 
the FBG domain devoid of TGF- is able to interact with the pool 
of latent TGF- secreted by the cells and leads to its activation.

FBG-induced activation of latent TGF- is a 
protease-independent process
Proteolytic cleavage of the LAP prodomain is one of the mecha-
nisms allowing latent TGF- activation (Wipff and Hinz, 2008). 
We tested the ability of different broad-spectrum protease in-
hibitors to block latent TGF- activation in the presence of the 
FBG domain to examine whether one or more proteolytic events 
were required for this process. Inhibitors of serine (leupeptin 
and aprotinin), cysteine (leupeptin and E-64), and aspartyl (pep-
statin A) proteases and a matrix metalloproteinase (MMP) in-
hibitor (GM6001) all failed to prevent Smad2 phosphorylation 
in the presence of the FBG domain (Fig. 7 A). Hence, the FBG-
mediated activation of latent TGF- does not involve the activ-
ity of any of these proteases. Using a reporter assay (Fig. 7 B), 
we found that TGF- activation by the FBG domain did not re-
sult in the production of a diffusible mature polypeptide, as the 
medium conditioned by donor NMuMG cells seeded onto the 
FBG domain failed to induce any luciferase activity in the re-
cipient MCF10A-TRE-Luc reporter cells (Fig. 7 C). In contrast, 
the medium conditioned by TGF-1–treated donor cells did in-
duce luciferase activity in the recipient cells (Fig. 7 C). As ex-
pected, donor cells exposed to FBG domain or mature TGF-1 
displayed a high level of Smad2 phosphorylation (Fig. 7 C). 
These results suggest that TGF- activation requires intimate 
contact of the FBG domain with cells. This conclusion was sup-
ported by similar results obtained in co-culture experiments in 
which soluble molecules were allowed to diffuse from donor 
cells cultured in coated inserts to reporter cells (Fig. 7, D and E). 
Altogether, these data indicate that FBG-mediated activation of 
latent TGF- is a protease-independent process occurring in the 
cell vicinity and most likely involving a conformational change 
in the LAP prodomain to cause local exposure of the mature 
TGF- entity.

FBG-induced activation of latent TGF- 
does not involve TSP-1 activity
The matricellular protein TSP-1 has been well documented to bind 
and activate latent TGF- by triggering a conformational change 
in the latent complex (Schultz-Cherry and Murphy-Ullrich, 1993; 

Coimmunoprecipitation experiments using a monoclonal 
antibody directed against the FBG domain confirmed a physical 
interaction between this purified TNX domain and the latent 
TGF-1 complex in vitro, as we detected both TGF-1 and 
LAP(1) (Fig. 5 D). In immunoprecipitates obtained with anti-
body raised against mature TGF-1 or the LAP propeptide, the 
FBG domain was weakly detected, indicating that the mature cy-
tokine moiety is partially masked within the SLC–FBG complex 
(Fig. 5 D). To ascertain the biological relevance of this observa-
tion, we sought to detect TGF-1 interaction with the endogenous 
FBG domain. As multiple TNX fragments are found in serum 
(Schalkwijk et al., 2001; Egging et al., 2007b), we immunopre-
cipitated TNX molecules comprising the C-terminal FBG domain 
from FBS with the anti-FBG antibody and used an ELISA to de-
tect mature TGF-1 associated with the precipitates (Fig. 5 E). 
Compared with IgG-treated control samples, immunoprecipitated 
fractions containing the FBG domain showed a significantly 
higher signal for mature TGF-1 under both basal (threefold) and 
activated (1.7-fold) conditions. These results indicate that the 
FBG domain present in serum in vivo associates physically with 
the SLC.

FBG domain devoid of TGF-1 retains  
the ability to activate cell-secreted  
latent TGF-1
To obtain an FBG fraction devoid of TGF-, the recombinant 
FBG protein was further purified by affinity chromatography per-
formed under alkaline conditions (pH 11), a procedure described 
to dissociate the TSP-1–TGF- complex (Murphy-Ullrich et al., 
1992; Schultz-Cherry and Murphy-Ullrich, 1993). In contrast to 
the untreated FBG domain (input condition), the FBG protein pu-
rified under alkaline conditions (bound fractions) displayed no 
signal for mature TGF-1 in immunoassays or on immunoblots 
(Fig. 6 A). TGF-1 dissociation from the FBG domain at pH 11.0 
was confirmed by the presence of mature TGF-1 in the unbound 
(Fig. 6 A) and wash (not depicted) fractions. These data suggest 
that the FBG domain and TGF-1 can form a complex held to-
gether by noncovalent interactions that are disrupted at pH 11. 
The FBG domain, once stripped of associated TGF-1 activity, 
maintained the ability to form complexes with cell-secreted 
TGF- and to induce its activation, as a clear Smad2 phosphory-
lation was seen in NMuMG cells seeded onto dishes coated with 
stripped FBG domain (i.e., the bound fraction), in contrast to the 
cells seeded onto noncoated dishes (Fig. 6 B). This phospho-
Smad2 signal was almost as intense as those observed in positive 
controls, i.e., on dishes coated with the unstripped FBG domain 
(input) or with unbound and wash fractions obtained after alka-
line treatment (Fig. 6 B). Even though alkaline conditions are 
known to cause cysteine disulfhydryl bond reduction (Hogg, 
2003), the FBG-mediated latent TGF- activation was specific, 
as alkaline-treated BSA did not show an enhancement of the 
Smad signaling compared with the untreated BSA (Fig. 6 B). The 
ability of the FBG domain devoid of TGF- to activate latent 
TGF- and promote subsequent intracellular Smad signaling was 
confirmed in NMuMG transiently transfected with the (CAGA)9-
Luc reporter construct (Dennler et al., 1998), in which gene tran-
scription was stimulated ninefold in the presence of the stripped 
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Figure 6. The FBG domain of TNX devoid of TGF- activity retains the ability to activate cell-secreted latent TGF-1. (A) The FBG domain was stripped of 
TGF-1–associated activity under alkaline conditions. (top) ELISA quantitation of total active human TGF-1 was performed with 2.5 µg protein from un-
treated FBG domain (input fraction) or from unbound and bound fractions of purified FBG domain under alkaline conditions. (bottom) Immunoblot analyses 
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not required for this activation. Collectively, our results indicate 
that the FBG-mediated activation of latent TGF- requires a 
cell adhesion receptor other than an RGD-dependent integrin 
and does not involve actin-mediated cell traction.

The integrin 111, a new cell surface 
receptor for TNX, is required for activation 
of latent TGF- by the FBG domain
It has been previously shown that the FBG domain is the main 
cell adhesion site on TNX. A 1 chain–containing integrin 
emerged as a possible receptor of TNX, but the associated  
 chain remained unidentified (Elefteriou et al., 1999). To iden-
tify the integrin receptor potentially involved in FBG-mediated 
activation of latent TGF-, we performed cell adhesion assays 
coupled to RNA interference–based screening of a subset of  
 chains known to associate with the 1 subunit. We found that 
integrin 111 was a cell surface receptor for the FBG domain 
of TNX. Indeed, knockdown of ITGA11 gene, encoding the in-
tegrin subunit 11, with two independent shRNA, resulted in a 
markedly impaired adhesion of HT-1080 cells to the FBG do-
main as compared with a scrambled shRNA control (Fig. 9 C). 
This integrin receptor specifically binds to the FBG domain in 
the intact TNX molecule, as the two shRNA also markedly de-
creased HT-1080 cell adhesion to the full-length molecule but 
not to the TNXEF fragment (FNIII repeats; Fig. 9 C). To 
monitor a direct interaction between the 11 integrin subunit 
and the FBG domain, we performed a solid-phase assay using 
the inserted (I) domain of the 11 chain fused to the GST. The 
I domain is closely related to the von Willebrand factor A do-
main, which mediates binding to native collagens. As expected, 
the recombinant GST–11-I protein interacted with triple-helical, 
but not denatured, type I collagen (Fig. 9 D; Zhang et al., 2003). 
GST–11-I also specifically associated to the FBG domain 
and to the full-length TNX. On the contrary, a very weak inter-
action was shown with the TNXEF protein (FNIII repeats). 
Altogether, these experiments demonstrate that the I domain 
of 11 chain directly associates with the FBG domain, confirm-
ing that the 111 integrin is a receptor for the C-terminal do-
main of TNX.

Down-regulation of ITGA11 expression in HT-1080 cells 
caused a marked decrease in phosphorylated Smad2 in the pres-
ence of the FBG domain, when compared with the scramble con-
trol (Fig. 9 E). Furthermore, knockdown of ITGA11 expression in 
an HT-1080 cell–based Smad reporter construct ((CAGA)9-Luc) 

Schultz-Cherry et al., 1994). As the TNX FBG domain might 
interact with TSP-1 in a specific matrix microenvironment, we 
tested whether TSP-1 was involved in FBG-mediated latent TGF- 
activation. Using phospho-Smad2 as a marker for TGF- acti-
vation, we first confirmed that purified TSP-1 could trigger acti-
vation of latent TGF- (Fig. 8, A and C), a process inhibited by 
TSP-1–neutralizing antibody (Fig. 8 A; Schultz-Cherry and 
Murphy-Ullrich, 1993) and by competing LSKL peptide (Fig. 8 C; 
Ribeiro et al., 1999). The scrambled peptide SLLK (Fig. 8 C) did 
not affect TSP-1–induced activation of latent TGF-. In contrast, 
neither the anti–TSP-1 antibody (Fig. 8 B) nor the LSKL pep-
tide (Fig. 8 D) had any effect on the level of phosphorylated 
Smad2 induced by the FBG domain as compared with the IgG or 
scrambled peptide control. These results indicate that the FBG 
domain does not require TSP-1 to activate latent TGF-.

FBG-induced activation of latent TGF- 
requires a cell adhesion receptor but not 
the action of RGD-dependent integrins
FBG-induced activation of latent TGF- must either involve an 
intrinsic activity of this domain or require a cell surface adhesion 
receptor. To discriminate between these hypotheses, we moni-
tored the TGF-–Smad signaling activity in the TGF- reporter 
Burkitt’s lymphoma (BL41-(CAGA)9-Luc) cell line (Rogier et al., 
2005), which did not adhere to the coated FBG domain (Fig. 9 A). 
Although this cell line did respond to mature TGF-1, it dis-
played no luciferase activity when incubated in the presence of 
coated FBG domain (Fig. 9 B), suggesting that cell adhesion to 
the FBG domain must play a crucial role in its mediated activa-
tion of latent TGF-.

A subset of integrins (v3, v5, v6, and v8) has 
been reported to activate latent TGF-, through interaction with 
an Arg-Gly-Asp (RGD) sequence present at the N termini of the 
LAP(1) and LAP(3) prodomains (Wipff and Hinz, 2008). 
Using two different sets of RGD-containing competitor pep-
tides, we demonstrated that the RGD sequence contained in the 
LAP and the associated RGD-dependent integrins are not re-
quired for activation of latent TGF- by the FBG domain of 
TNX (Fig. S4, A–D). These observations were confirmed by the 
ability of the FBG domain to activate exogenous latent TGF-2, 
an isoform lacking the RGD sequence (Fig. S4 E). Moreover, 
cytochalasin B–induced F-actin depolymerization did not in-
hibit TGF- activation by the FBG domain (Fig. S4, F and G). 
Thus, cell traction, mediated by an intact cytoskeleton coupled 
to certain RGD-dependent integrins (Wipff and Hinz, 2008), is 

of TGF-1 and the FBG domain were performed in parallel on the same fractions (2.5 µg protein). (B) Western blot analysis of phospho-Smad2 (P-Smad2) 
in NMuMG cells cultured for 3 h with the different fractions (50 µg/ml) containing the FBG domain stripped of TGF-1–associated activity (bound fraction) 
or unbound (flow through) and wash fractions as described in A. As a control, untreated or alkaline-treated BSA was used instead of FBG domain. Ratio of 
phospho-Smad2 to actin levels is indicated below. (C) Firefly luciferase activity in NMuMG cells transiently transfected with the Smad-responsive (CAGA)9-
Luc reporter construct. The cells were incubated for 24 h with either recombinant TGF-1 (5 ng/ml) or the different fractions (50 µg/ml) containing the FBG 
domain subjected or not subjected to alkaline treatment described in A. N-C, noncoated. (D, top) SDS-PAGE analysis of purified FBG domain produced 
in mammalian cells (FBG) and in E. coli (FBG*). MM, molecular mass markers. (bottom) Immunoblot analysis of the levels of mature human TGF-1 and of 
its LAP(1) propeptide associated with purified FBG domain (111 nM each). (E) Immunoblot analysis of phospho-Smad2 in NMuMG cells cultured for 3 h 
with 5 ng/ml TGF-1, soluble purified FBG domain (111 nM) produced in mammalian cells (FBG) or in E. coli (FBG*), or the corresponding vehicle (PBS). 
Ratio of phospho-Smad2 to total Smad2/3 levels is indicated below. (F) Firefly luciferase activity of MCF10A-TRE-Luc cells incubated for 24 h as described 
in E. (G) F-actin direct fluorescence (top) and indirect immunofluorescence staining of E-cadherin (bottom) performed in NMuMG cells cultured for 48 h 
with soluble FBG domains produced in eukaryotic (FBG) or prokaryotic (FBG*) system (111 nM). Bars, 15 µm. *, P < 0.05 versus control condition. Error 
bars are means ± SD. WB, Western blot.
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Figure 7. Mature TGF- activated by the FBG domain of TNX is not diffusible, and its activation does not require any proteolytic event. (A) Phosphorylated 
Smad2 (P-Smad2) level in NMuMG cells seeded onto 222 pmol/cm2 FBG-coated (+) or uncoated () dishes and cultured for 3 h in the absence (vehicle) 
or presence of the indicated protease inhibitor (10 µM) or recombinant TGF-1 (5 ng/ml). #, nonspecific band. (B) Culture of recipient MCF10A-TRE-Luc 
reporter cells with conditioned medium (CM) from donor NMuMG cells seeded onto a noncoated (N-C) or a 222 pmol/cm2 FBG-coated dish or treated with 
5 ng/ml of mature TGF-1 for 1–6 h. (C) Firefly luciferase activity of MCF10A-TRE-Luc cells cultured for 24 h with NMuMG cell–conditioned medium (top) 
and phospho-Smad2 levels in the donor NMuMG cells (bottom). White lines indicate that intervening lanes have been spliced out. (D) Co-culture assay of 
recipient MCF10A-TRE-Luc reporter cells (bottom well) with donor NMuMG cells (top well) seeded onto a porous membrane (pore size of 0.4 µm) coated 
or not coated with 222 pmol/cm2 of recombinant FBG domain or treated with 5 ng/ml of mature TGF-1. (E) Firefly luciferase activity of MCF10A-TRE-
Luc cells co-cultured for 24 h with or without NMuMG cells in the presence or absence of FBG domain or TGF-1 as described in D. *, P < 0.05 versus 
uncoated condition. Error bars are means ± SD.
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Consequently, extracellular regulation of latent TGF- activation 
is crucial for tissue homeostasis. TSP-1 is the only matrix mole-
cule described so far to bind and activate latent TGF- in vitro 
(Schultz-Cherry and Murphy-Ullrich, 1993; Schultz-Cherry et al., 
1994) and in vivo (Crawford et al., 1998). Here, we find that the 
C-terminal FBG domain of TNX interacts with the TGF- SLC 
in vitro and in vivo and that this molecular association promotes 
the presentation of mature TGF- to cells to induce specific re-
sponses such as EMT. We also provide evidence that FBG-
mediated TGF- activation occurs independently of TSP-1, and 
to our knowledge, the FBG domain of TNX is the second exam-
ple of a matrix protein that is able to activate latent TGF-.

Although the full-length TNX molecule does interact with 
the SLC and activate latent TGF- (Fig. 5, A–C), it induces a 
mild EMT response, in contrast to the FBG domain alone, which 
causes a full EMT in mammary epithelial cells (Fig. 1, B and C). 
This result was explained by the fact that the FNIII-containing 
TNX region, when used as a separate protein, acted negatively on 
the soluble FBG domain in inducing EMT (Fig. 2). Unexpect-
edly, the FNIII repeat–containing region does not prevent the 
FBG domain in the intact TNX molecule from activating latent 
TGF- and inducing Smad signaling (Fig. 5 C). Our results sug-
gest that the FNIII repeat–comprising region and the FBG do-
main regulate EMT through distinct signaling pathways in the 
intact molecule. The cell surface receptor and the molecular 
mechanisms by which the central region of the TNX inhibits 
EMT have not yet been identified and are under investigation in 

was found to compromise FBG-induced transcriptional activa-
tion (Fig. 9 F). These results were confirmed in MCF10A-TRE-
Luc cells showing a loss of adhesion to the FBG domain in the 
presence of ITGA11 shRNA (Fig. S5 A) and subsequent impair-
ment of FBG-induced luciferase activity (Fig. S5 B) and Smad2 
phosphorylation (Fig. S5 C). Conversely, overexpression of 11 
integrin subunit enhanced the phosphorylation of Smad2 trig-
gered by the FBG domain (Fig. 10 A). Moreover, transient ex-
pression of both 11 and 1 integrin chains in BL41-(CAGA)9-Luc 
cells induced a significant transcriptional activation of the TGF-–
responsive promoter in the presence of the FBG domain but not 
in response to recombinant TGF-1 (Fig. 10 B). Our data indi-
cate that the 111 integrin is crucial for activation of latent 
TGF- by the FBG domain of TNX. Furthermore, the formation 
of actin stress fibers in MCF10A cells seeded onto the FBG do-
main was almost entirely abolished in the presence of ITGA11 
shRNA (Fig. 10 C), indicating that the knockdown of 11 integ-
rin subunit impaired the EMT induced by coated FBG domain. In 
conclusion, 111 integrin–mediated cell adhesion to the FBG 
domain is a prerequisite to activation of latent TGF- and subse-
quent Smad signaling and gene responses leading to EMT.

Discussion
Secreted TGF- isoforms are mainly sequestered in the ECM 
(Taipale et al., 1994, 1996; Nunes et al., 1997) and constitute a 
reservoir of signaling molecules that are activated when required. 

Figure 8. TSP-1 is not required for FBG-mediated activation of latent TGF-. (A) Immunoblots showing phospho-Smad2 (P-Smad2) levels in NMuMG  
cells cultured for 3 h with (+) or without () soluble purified TSP-1 (11 nM) in the presence of neutralizing anti–TSP-1 antibody (-TSP1) or normal serum IgG 
(10 µg/ml). (B) Levels of phosphorylated Smad2 in NMuMG cells cultured for 3 h on noncoated (N-C) or 222 pmol/cm2 FBG-coated dishes or treated with 
5 ng/ml of mature TGF-1 in the presence of neutralizing anti–TSP-1 antibody as described in A. (C) Levels of phospho-Smad2 in NMuMG cells cultured 
for 3 h with (+) or without () 11 nM of soluble purified TSP-1 in the presence of a competing (LSKL) or control (SLLK) peptide (10 µM). (D) Phospho-Smad2 
levels in NMuMG cells cultured for 3 h on noncoated () or FBG-coated (+) dishes, in the absence () or presence of competing or control peptide as 
described in C.

http://www.jcb.org/cgi/content/full/jcb.201308031/DC1
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Figure 9. Activation of latent TGF- by the FBG domain requires cell adhesion and the 111 integrin. (A) Adhesion of NMuMG and BL41-(CAGA)9-Luc 
cells to an increasing quantity of recombinant FBG domain. (B) Luciferase activity of BL41-(CAGA)9-Luc reporter cells cultured for 24 h on coated FBG 
domain or treated with 5 ng/ml TGF-1. (C) Adhesion analysis of HT-1080 fibrosarcoma cells transiently expressing a scrambled shRNA or one of two 
shRNAs (#1 and #2) targeting different sequences of the ITGA11 mRNA and cultured for 30 min onto coated recombinant FBG domain or other TNX frag-
ments (111 pmol/cm2). Results represent the percentage of cell adhesion relative to the scramble shRNA condition for each recombinant protein analyzed. 
(D) Solid-phase assay of the interaction between the inserted domain of 11 integrin chain in fusion with GST (1 µM) and 5 µg/ml of native or denatured 
(Denat.) type I collagen or the different TNX derivatives (111 nM). FL, full length. (E) Immunoblotting analysis of phospho-Smad2 and the 11 integrin chain 
in HT-1080 cells transiently transfected as in C and seeded for 3 h onto uncoated () or 222 pmol/cm2 FBG-coated (+) dishes. (F) Firefly luciferase activity 
of HT-1080 cells transiently cotransfected with the Smad-responsive (CAGA)9-Luc reporter construct and a scrambled or an ITGA11-targeting shRNA and 
cultured for 24 h in noncoated (N-C) or 222 pmol/cm2 FBG-coated wells. *, P < 0.05 versus control condition. Error bars are means ± SD.
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are suggested to arise through tissue matrix clearance. For ex-
ample, the TNX molecule present in human arteries has recently 
been identified in vitro as a potential substrate of MMP-3, -9, 
and -14 (Stegemann et al., 2013). Interestingly, a 75-kD C-terminal 
fragment of TNX is the predominant form detected in human 
serum (Egging et al., 2007b) and among the MMP substrates 
identified in human arteries in vitro (Stegemann et al., 2013). 
These studies, however, have not demonstrated the integrity of 

our laboratory. More importantly, our results indicate that the 
FBG domain has to be separated from the region containing the 
FNIII repeats to exert a biological response, such as a full EMT.

Several lines of evidence suggest that TNX C-terminal 
fragments comprising the FBG domain exist in vivo. Serum 
TNX forms of different molecular weights have been found in 
human and mouse (Schalkwijk et al., 2001; Matsumoto et al., 
2006; Egging et al., 2007b). These proteolysis-derived forms 

Figure 10. 111 integrin is required for the 
induction of EMT by the FBG domain of TNX. 
(A) Immunoblot analysis of phospho-Smad2  
(P-Smad2), total Smad2/3, and the 11 integ-
rin chain in HT-1080 cells transiently express-
ing, or not expressing (MOCK), 11 integrin 
subunit and seeded for 3 h onto uncoated 
() or 222 pmol/cm2 FBG-coated (+) dishes. 
(B) Luciferase activity of BL41-(CAGA)9-Luc 
reporter cells transiently cotransfected or not 
transfected (MOCK) with plasmids encoding 
11 or 1 integrin chain and cultured for  
24 h on coated FBG domain (222 pmol/cm2) 
or treated with 2 ng/ml TGF-. Significant 
(*, P < 0.05) or nonsignificant (ns) difference 
versus the mock counterpart is indicated for 
each condition. Error bars are means + SD. 
N-C, not coated. (C) Direct fluorescence actin  
staining in MCF10A cells transiently transfected 
with a scrambled or an ITGA11-targeting 
shRNA and incubated for 48 h on either a 
noncoated or 222 pmol/cm2 FBG-coated 
coverslips. Bars, 10 µm. (D) Model of TGF- 
activation by the FBG domain of TNX.
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mice in physiological (wound healing) or pathological (fibrosis 
or tumor progression) conditions requiring activation of latent 
TGF- will provide a functional link between the TNX–111 
axis and the regulation of mature TGF- bioavailability.

On the basis of the present observations, we propose the 
following model (Fig. 10 D): Under physiological or pathological 
conditions ultimately inducing ECM remodeling, we speculate 
that proteases cleave the TNX molecule to release a fragment 
comprising at least the FBG domain. In this fragment, the FBG 
domain might already be associated with SLC or might interact 
with free cell-secreted SLC. Upon recruitment to the cell surface 
and subsequent interaction with the 111 integrin, the FBG do-
main would trigger a conformational change in the SLC, allow-
ing the presentation of mature TGF- to the TRII–I receptor 
complex and subsequent intracellular signaling liable to induce 
an EMT response. The next challenge will be to unravel the pre-
cise molecular mechanisms by which the FBG–111 integrin 
complex activates latent TGF-.

Materials and methods
Cell culture, adenoviruses, and reagents
Normal murine (NMuMG) and human (MCF10A) mammary gland epithe-
lial cells and the human fibrosarcoma (HT-1080) cell line were obtained 
from the ATCC and maintained as recommended by the ATCC. MCF10A 
cells expressing firefly luciferase under the control of a TRE were donated 
by I. Mikaelian (Centre de Recherche en Cancérologie de Lyon, Lyon, 
France). The Burkitt’s lymphoma cell line BL41 expressing the firefly lucifer-
ase under the control of nine Smad-binding elements ((CAGA)9) was a gift 
from M.-F. Bourgeade (Institut National de la Santé et de la Recherche 
Médicale Unité 785, Villejuif, France) and was used as previously de-
scribed (Rogier et al., 2005). Adenoviruses expressing the control protein 
-galactosidase (Ad-LacZ) or N-terminally FLAG-tagged Smad7 were donated 
by A. Moustakas (Ludwig Institute for Cancer Research, Uppsala, Sweden) 
and amplified and titrated as previously described (Piek et al., 1999).

Recombinant mature human TGF-1 was obtained from PeproTech 
and dissolved in 0.1% (wt/vol) BSA in 4 mM HCl buffer. SB431542, a 
small molecular weight inhibitor of the TGF- (TRI), Activin (ALK-4), and 
Nodal (ALK-7) type I receptors (Inman et al., 2002), was purchased from 
Sigma-Aldrich. The protein synthesis inhibitor cycloheximide and the prote-
ase inhibitors (leupeptin, aprotinin, and pepstatin) were purchased from 
Sigma-Aldrich. The compounds E64 and GM6001 were obtained from 
EMD Millipore. For neutralization experiments, mouse monoclonal anti–
TGF-1/2/3 (1D11) antibody was purchased from R&D Systems. The 
mouse monoclonal anti–TSP-1 (mAB133) antibody and competing (LSKL) 
and control (LLSK) peptides were obtained from J.E. Murphy-Ullrich (Univer-
sity of Alabama, Tuscaloosa, AL). Purified human platelet thrombospondin 
was purchased from Athens Research & Technology, Inc. The RGD peptides 
GRGDNP and cyclo(RGDFV) and the control peptide GRADSP were ob-
tained from Enzo Life Sciences. The RGD peptides GRGDTP and GRGDS, 
the control peptide SDGRG, and cytochalasin B were obtained from 
Sigma-Aldrich.

Recombinant protein purification and adsorption
Recombinant full-length TNX (from Gly23 to Gly4,135 residues according to 
the GenBank reference NM_174703) and its variants, the TNXEF frag-
ment (consisting of FNIII modules only, from Gly745 to Thr3,910 residues) and 
the FBG domain (C-terminal FBG domain, from Gly3,911 to Gly4,135 resi-
dues), were produced in stably transfected HEK-293 cells using the pSec-
Tag2/hygromycin expression vector (Invitrogen) and purified as described 
previously (Lethias et al., 2001, 2006). In brief, recombinant proteins were 
purified from the conditioned medium by means of two chromatographic 
steps. The first chromatography was performed on heparin-Sepharose  
(GE Healthcare) for full-length TNX and TNXEF or on a nickel-chelating 
column (Ni–nitrilotriacetic acid agarose; QIAGEN) for the FBG domain. 
Eluted proteins were dialyzed against 50 mM Tris, pH 8.0. A second chro-
matography was performed on a Q-Sepharose column (GE Healthcare), 
and elution was performed with a linear gradient of NaCl in 50 mM Tris, 
pH 8.0. After dialysis against PBS, fractions enriched in recombinant proteins 

the FBG domain in these TNX fragments. TNC, the most studied 
member of the tenascin family, is cleaved in vitro by meprin-, 
releasing a 40–55-kD fragment containing the FBG domain 
along with two to three FNIII repeats (Ambort et al., 2010). 
Meprin-–mediated release of the C-terminal fragment fully 
abolishes the adhesion-modulating property of TNC (Ambort 
et al., 2010). Whether MMPs or meprins cleave the TNX mole-
cule to release a fragment comprising the FBG domain is under 
investigation in our laboratory.

FBG-dependent activation of latent TGF- appears to in-
volve a conformational change in the LAP–TGF- complex, al-
lowing local exposure of the mature entity to cells. This conclusion 
rests first on our observation that broad spectrum protease inhibi-
tors fail to impair FBG-mediated TGF- activation, indicating 
that this process does not require a proteolytic event. Second, we 
show in two independent assays that the unmasked mature TGF- 
in the SLC–FBG complex is not diffusible, suggesting that acti-
vation of latent TGF- occurs in the cell vicinity. Accordingly, 
cell adhesion to the FBG domain is required for activation of la-
tent TGF-. Although some RGD-dependent integrins have been 
shown to mediate a conformational change in the latent complex, 
causing bioactive TGF- to be exposed to cells (Munger et al., 
1999; Asano et al., 2005, 2006; Wipff et al., 2007), we found that 
FBG-mediated TGF- activation does not require those integrins. 
Using an RNA interference–based functional screen for the inte-
grin -chain, we here identify 111 integrin as a cell receptor 
for the FBG domain. The 111 integrin was previously shown 
to specifically interact with several collagens, such as type I and 
IV collagens (Velling et al., 1999; Tiger et al., 2001), by binding 
to a GFOGER motif (Zhang et al., 2003). Though the FBG do-
main does not contain this motif, we show that the 11 integrin 
chain interacts directly with the recombinant FBG domain both 
as a separate entity or comprised in the full-length TNX mole-
cule. More importantly, we show that cell adhesion to the FBG 
domain through 111 integrin is a prerequisite to subsequent 
activation of latent TGF-.

Although a link between TNX, 111 integrin receptor, 
and latent TGF- activation has not yet been reported in vivo, we 
cannot exclude that such physical and functional interactions 
occur. Indeed, the TGF- pathway has been recently shown to be 
abnormal in patients suffering from congenital adrenal hyper-
plasia associated with TNX deficiency (Morissette et al., 2014). 
Moreover, deficiency or haploinsufficiency of TNX both in pa-
tients and mice is correlated with a decreased content of collagen 
and elastic fibers in connective tissues, thus compromising their 
biomechanical properties (Mao et al., 2002; Zweers et al., 2004). 
As TGF- is a potent actor in matrix protein synthesis and ECM 
remodeling (Verrecchia and Mauviel, 2002), it will be of interest 
to determine whether a local impairment of latent TGF- activa-
tion in TNX-deficient conditions would account for the observed 
decrease of ECM molecules. Moreover, 11-deficient mice dis-
played a defect in incisor tooth eruption as a result of a defective 
matrix organization of the periodontal ligament (Popova et al., 
2007). Authors observed a decreased expression of many matrix 
protein–encoding genes in mutant periodontal ligaments (Popova 
et al., 2007), but a putative defect of TGF- activation has not 
been addressed. A deeper analysis of TNX- and 11-deficient 

http://www.ncbi.nlm.nih.gov/nucleotide/NM_174703
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HindIII and EcoRI sites. The integrity of the cloned sequences was checked 
by direct sequencing.

The retroviral vectors encoding human integrins 8 (pBABE-Puro-8) 
and 6 (pBABE-Puro-6) were gifts from S. Nishimura (University of Califor-
nia, San Francisco, San Francisco, CA; Mu et al., 2002) and D. Sheppard 
(University of California, San Francisco, San Francisco, CA; plasmid #13596; 
Addgene), respectively. NMuMG cells were infected with murine retroviral 
particles containing a wild-type (pBABE-Puro) or an integrin-expressing vector 
and further cultured in the presence of puromycin (PAA Laboratories) to obtain 
stable cell lines. The mammalian expression vectors encoding the human latent 
TGF-1 (pcDNA3-LAP-1), TGF-2 (pcDNAI-LAP-2), and TGF-3 (pcDNAI-
LAP-3) isoforms were a gift from A. Moustakas.

Quantitative analysis of TGF-1 and cell reporter assays
For cell reporter assays, 105 MCF10A-TRE-Luc or 106 BL41-(CAGA)9-Luc 
cells were seeded into 24-well plates (coated or not coated with recombi-
nant FBG domain) or stimulated or not stimulated with recombinant mature 
TGF-1 for 16–24 h. Alternatively, HT-1080 or NMuMG cells were co-
transfected with the pGL3-basic reporter plasmid (Promega) encoding fire-
fly luciferase under the control of TGF-–responsive elements ((CAGA)9-Luc; 
Dennler et al., 1998) together with the phRLCMV vector (Promega) encod-
ing Renilla luciferase under the control of the cytomegalovirus ubiquitous 
promoter to determine the transfection efficiency and to normalize firefly lu-
ciferase values. Medium conditioned by NMuMG cells cultured for the in-
dicated time in 6-well plates (4 × 105 cells/well) containing immobilized 
FBG domain or soluble recombinant mature TGF-1 was collected, clari-
fied, transferred to serum-starved recipient MCF10A-TRE-Luc cells (500 µl), 
and incubated for 24 h. In co-culture experiments, 5 × 104 NMuMG cells 
were seeded into an insert of a Transwell support (pore size of 0.4 µm; 
Corning) containing or not containing the immobilized FBG domain. The 
lower part of the well contained 105 MCF10A-TRE-Luc recipient cells. Re-
combinant mature TGF-1 was added in the insert, and recipient cells 
were cultured for 24 h. Total protein was extracted in Passive Lysis Buffer 
(Promega) as recommended by the manufacturer. Luciferase activity in 
MCF10A-TRE-Luc and BL41-(CAGA)9-Luc cells was measured with the Lucif-
erase Assay System (Promega), whereas the transcriptional responses in 
HT-1080 cells were determined with the Dual-Luciferase Reporter Assay 
System (Promega) using a luminometer (TD-20/20; Turner BioSystems) as 
described previously (Pommier et al., 2012). If not stated otherwise, all re-
sults were corrected for luciferase production in cells grown in noncoated 
dishes and/or in the presence of the vehicle (conditions arbitrarily set at 1) 
and are presented as means ± SD of one representative experiment per-
formed in triplicate.

Levels of mature human and bovine TGF-1 were estimated with the 
human TGF-1 ELISA kit (Quantikine; R&D Systems) in accordance with the 
manufacturer’s instructions. Determination of the latent TGF- fraction was 
performed by subjecting samples to heat denaturation at 60°C for 10 min 
followed by acid treatment in 1 N HCl for 10 min at room temperature. 
Samples were then neutralized with an equal volume of 1.2 N NaOH–0.5 M 
Hepes as recommended in the manufacturer’s protocol before performing 
the immunoassay.

Coimmunoprecipitation and immunoblotting
Total protein was extracted from stimulated and/or transfected cells using 
radioimmunoprecipitation assay buffer (150 mM NaCl, 1% [vol/vol] Non-
idet P-40, 0.5% [vol/vol] sodium deoxycholate, 0.1 [wt/vol] SDS, and  
50 mM Tris-HCl, pH 7.5) containing protease and phosphatase inhibitor 
cocktail tablets (Roche), subjected to SDS-PAGE, and analyzed by Western 
blotting. Rabbit monoclonal antiphospho-Smad2 (Ser465/467; 138D4) 
and polyclonal anti-Smad2/3 antibodies were purchased from Cell Sig-
naling Technology, rat monoclonal anti–-tubulin antibody (YL1/2) was 
obtained from Abcam, goat polyclonal anti–human LAP (TGF-1) and 
anti–11 integrin antibodies were obtained from R&D Systems, rat mono-
clonal anti–mouse, –human, and –pig TGF-1 antibodies were obtained 
from BD, and mouse monoclonal anti–-actin (AC15) and anti–-tubulin 
(GTU-88) antibodies were obtained from Sigma-Aldrich. Mouse monoclo-
nal anti-FBG (TNX; clone 12B12) antibody was produced in house against 
the purified recombinant FBG domain of TNX. The mouse monoclonal anti-
body (clone 8F2) recognizing the 10th FNIII domain of TNX was previ-
ously described (Lethias et al., 2001). Secondary anti–mouse IgG and 
anti–rabbit IgG antibodies coupled to HRP were purchased from Bio-Rad 
Laboratories, anti–rat IgG-HRP was purchased from Jackson ImmunoRe-
search Laboratories, Inc., and anti–goat IgG-HRP was obtained from Dako. 
The electrochemiluminescence detection system (ECL Plus) was purchased 
from GE Healthcare. For coimmunoprecipitation analyses, 2.5 µg purified 
recombinant FBG domain or 2 ml FBS was precleared by incubation with 

were stored at 80°C. For preparations of “stripped” FBG domain (free of 
TGF- activity), a further nickel-affinity chromatography step was performed 
in 50 mM Tris at pH 11.0. The stripped FBG domain was eluted with 300 mM 
NaCl, 50 mM NaH2PO4, and 200 mM imidazole, pH 11.0, and then dia-
lyzed against PBS. The FBG domain (from Gly3,911 to Gly4,135 residues) 
containing a C-terminal hexahistidine tag was also produced in Esche-
richia coli strain BL21(DE3) using the pT7-7 vector (United States Biochemi-
cal Corp.) as described previously (Elefteriou et al., 1999). The FBG 
domain, produced in an insoluble form, was extracted from inclusion bod-
ies using 8 M urea in 100 mM N-cyclohexyl-3-aminopropanesulfonic acid, 
pH 11.0, buffer before purification on a Ni–nitrilotriacetic acid agarose 
column. Elution was performed with the same purification buffer containing 
100 mM imidazole, pH 8.0. The purified FBG domain was renaturated  
by dialysis against 100 mM N-cyclohexyl-3-aminopropanesulfonic acid, 
pH 11.0 buffer (without urea).

The purity of the recombinant proteins was assessed by SDS-PAGE 
with Coomassie blue staining (Bio-Rad Laboratories), and protein concen-
trations were determined with the bicinchoninic acid assay kit (QuantiPro; 
Sigma-Aldrich). The lower molecular mass of the bacterially produced FBG 
domain, compared with the FBG domain produced in HEK-293 cells, is a 
result of the absence of glycosylation in the prokaryotic system used.

Recombinant TNX fragments were diluted in PBS and allowed to im-
mobilize on (adsorb onto) cell culture coverslips or dishes or wells over-
night at 4°C. When the different TNX derivatives were used within the 
same experiment, the quantity of coating recombinant protein was 111 
pmol/cm2, whereas in the experiments in which the FBG domain was used in-
dependently, the quantity of coating recombinant protein was 222 pmol/cm2 
(corresponding to 10 µg/cm2), unless specified otherwise in the figure leg-
ends. Nonspecific interaction sites were saturated with 1% (wt/vol) BSA for 
1 h at 37°C. Cells were seeded onto immobilized recombinant TNX frag-
ments after three washes of the substrates with sterile PBS. In this study, the 
noncoated condition means that the cell culture support was incubated in 
the presence of vehicle (PBS) instead of recombinant protein.

The cDNA encoding the inserted (I) domain of 11 integrin chain 
(from Gln160 to Asn358 residues according to the GenBank reference NM_
001004439) was generated by PCR using the PrimeSTAR HS DNA  
Polymerase (Takara Bio Inc.) and the following forward, 5-CGCG-
GATCCCAGACCTACATGGACATCGTC-3, and reverse, 5-CCCAAGCTTT-
CAGTTCTTGTTGGTGCCTTC-3, oligonucleotides. Inserts were cloned into 
a derivative of the pGEX-KT vector (GE Healthcare) between the BamHI 
and HindIII sites to generate recombinant GST fusion protein of 11-I. 
DNA sequence was checked by sequencing the whole insert. Competent 
E. coli BL21(DE3) cells were transformed with the pGEX-KT-WT or pGEX-KT-
11-I plasmids for protein production. Clones were grown in 500 ml lysog-
eny broth medium (Sigma-Aldrich) containing 100 µg/ml ampicillin 
(Sigma-Aldrich) at 37°C until the absorbance at 600 nm of the suspension 
reached 0.7–0.8, and protein expression was induced with 0.4 mM iso-
propyl-1-thio--d-galactopyranoside and allowed to grow for an additional 
3 h before harvesting by centrifugation. Pelleted cells were resuspended 
in PBS, pH 7.4, buffer and then lysed by sonication followed by the addition 
of Triton X-100 to a final concentration of 2%. After incubation for 30 min 
on ice, suspensions were centrifuged. Soluble proteins were purified on 
glutathione–Sepharose columns (GE Healthcare). After extensive washes 
of the columns with PBS, fusion proteins were eluted using 30 mM glutathi-
one. Purified recombinant GST fusion proteins were dialyzed against PBS 
before solid-phase assays.

Cell transduction and plasmids
Cells were either transiently transfected with plasmids by means of Lipo-
fectamine 2000 (Invitrogen; MNuMG and HT-1080 cells) or microporated 
(MCF10A and BL41-(CAGA)9-Luc cells) with the Neon Transfection System 
(Invitrogen) and an MP-100 microporator (Invitrogen), according to the man-
ufacturer’s instructions. shRNAs targeting expression of the human ITGA11 
gene (NM_001004439) were obtained by cloning the corresponding 
sequence (11#1, 5-CCGGGCCATCCAAGATCAACATCTTCTCGAGAA-
GATGTTGATCTTGGATGGCTTTTTG-3; or 11#2, 5-CCGGGCTGGAGA-
GATACGATGGTATCTCGAGATACCATCGTATCTCTCCAGCTTTTTG-3) 
into the pLKO.1 TRC cloning vector (plasmid #10878; Addgene) between 
the EcoRI and AgeI sites. The pLKO.1 scramble shRNA vector (plasmid 
#1864; Addgene) was used as a control. The cDNA encoding the open 
reading frame of the human ITGA11 gene was amplified from human der-
mal fibroblast mRNA by RT-PCR using the PrimeSTAR HS DNA Polymerase 
and the following forward, 5-AAAAAGCTTCGGGCCATGGACCTGCCC-3, 
and reverse, 5-TTTGAATTCTCACTCCAGCACTTTGGGGG-3, oligo-
nucleotides and cloned into the pcDNA3 vector (Invitrogen) between the 
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ambient temperature with RGD or control peptides before seeding onto  
10 µg/cm2 of recombinant FNIII domains 9 and 10 of TNX (Elefteriou  
et al., 1999).

Solid-phase assays
In vitro protein interaction analysis was assessed as previously described 
(Lethias et al., 2006). 96-well plates (MaxiSorp) were coated with 5 µg/ml 
BSA, 5 µg/ml type I collagen, or the different recombinant TNX fragments 
(111 nM) diluted in water. Acid-soluble collagen, mainly consisting of type I 
collagen, was extracted from tail tendons of young rats using standard 
procedures. In brief, dilacerated tendons were incubated for 48 h in 0.5 M 
acetic acid in 0.2 M NaCl. Acid-soluble extract was centrifuged at 20,000 g 
for 20 min. The supernatant was dialyzed against 0.5 M acetic acid in 
0.9 M NaCl and centrifuged at 20,000 g for 20 min. The dried pellet was 
dissolved in 1 mM HCl, and collagen concentration was determined with 
the QuantiPro bicinchoninic acid assay kit (Margaron et al., 2010). In 
some assays, collagen was denaturated by heating the solution for 30 min 
at 95°C before being added to the wells. Wells were then saturated with 
T-PBS-BSA (0.1% Tween and 1% BSA in PBS) for 2 h and incubated for a 
further 2 h with purified recombinant GST or GST–11-I (1 µM) diluted in 
T-PBS-BSA in the presence of 2 mM MgCl2. Wells were rinsed with T-PBS 
(0.1% Tween in PBS), incubated for 1 h with an anti-GST antibody diluted 
1:500 in T-PBS-BSA. Bound antibodies were further revealed with anti–rab-
bit IgG antibody conjugated to peroxidase (Dako) for 30 min. After a final 
series of washes, bound peroxidase was detected with H2O2 and 2,2’-
azinobis(3-ethylbenthiazoline-6-sulfonic acid), and the absorbance was 
read at 405 nm. Each data point represents the mean of triplicate determi-
nations for GST–11-I, corrected for GST alone values, and interaction 
data are presented as bar plots of mean values ± SD. BSA was used as a 
negative control.

Quantitative real-time RT-PCR
Total RNA was extracted from NMuMG cells with the RNeasy kit (QIA-
GEN) and digested with DNase I (RQ1 RNase-free DNase; Promega) to 
remove any contaminating genomic DNA. Reverse transcription was 
performed with 1 µg RNA and 12.5 ng/µl anchored oligo-dT23 primer 
(5-dT23VVV-3, in which V represents an A, C, or G nucleotide) in the pres-
ence of 200 U of a reverse transcriptase kit (SuperScript II; Invitrogen). 
Quantitative real-time PCR reactions were performed from a dilution (1:10) 
of cDNA solution in a PCR detection system (iCycler iQ; Bio-Rad Laborato-
ries) and with specific primers designed according to sequences available 
in databanks or published by other authors (Table 1). Gene expression levels 

protein G–Sepharose (GE Healthcare) at 4°C for 1 h. The precleared sam-
ples were incubated overnight at 4°C with either anti-FBG (12B12) anti-
body, anti–TGF-1 antibody, anti-LAP(1) antibody, or species-specific 
control IgG (Dako), and the immunocomplexes were precipitated with pro-
tein G–Sepharose, washed four times with lysis buffer (300 mM NaCl, 
10% [vol/vol] glycerol, 2% [vol/vol] Triton X-100, and 20 mM Tris-HCl, 
pH 7.4), dissolved in Laemmli SDS-PAGE loading buffer, and analyzed by 
immunoblotting. Relative protein levels were quantified by using the densi-
tometric software of ImageJ (National Institutes of Health). Ratios of band 
intensities of the tested proteins over the control protein were calculated.

Direct fluorescence and indirect immunofluorescence microscopy
Cells were treated as indicated in the figure legends, fixed with 4% (vol/
vol) paraformaldehyde for 20 min at ambient temperature, and permeabi-
lized using 0.5% (vol/vol) Triton X-100 in PBS. For direct fluorescence 
analysis, fixed cells were stained with tetramethylrhodamine isothiocya-
nate–labeled phalloidin (Sigma-Aldrich). Indirect immunofluorescence ex-
periments were performed using mouse monoclonal anti–E-cadherin (clone 
13; BD) and Alexa Fluor 488–conjugated anti–mouse IgG (Life Technolo-
gies). Observations were conducted at ambient temperature with an oil im-
mersion objective (Plan Neofluar 40×, 1.3 NA oil Ph3; Carl Zeiss) mounted 
on an microscope (Axioplan 2 Imaging; Carl Zeiss) equipped with a digi-
tal camera (CoolSNAP fx; Photometrics) and Metavue (Molecular Devices) 
imaging software or with an oil immersion objective (Plan Apochromat 
40×/1.3 NA oil differential interference contrast M27; Carl Zeiss) mounted 
on an inverted confocal microscope (LSM 780; Carl Zeiss) equipped with 
ZEN (Carl Zeiss) imaging software. Image memory content was reduced, 
and brightness contrast was adjusted with Photoshop CS5 (Adobe).

Cell adhesion assays
Cell adhesion to the recombinant FBG domain or TNX variants was as-
sessed as previously described (Elefteriou et al., 1999). In brief, 96-well 
plates (MaxiSorp; Thermo Fisher Scientific) were coated overnight at 4°C with 
recombinant FBG domain or TNX derivatives. Dose–response curves were ob-
tained by coating with dilution series of protein solutions. The wells were 
then saturated with 1% BSA. Cells suspended in serum-free medium were 
added to the wells (30,000 cells per well) and incubated for 1 h at 37°C 
unless specified otherwise in the figure legends. Nonadherent cells 
were removed, and adherent cells were fixed (10% [vol/vol] glutaralde-
hyde) using of the buoyancy method (Goodwin and Pauli, 1995). Cells 
were stained with crystal violet, and the absorbance was read at 570 nm. 
For inhibition experiments, NMuMG cells were incubated for 10 min at 

Table 1. Oligonucleotide primers used for quantitative real-time RT-PCR

Gene Primer sequence (strand) Product size Temperature PCR cycles Reference or accession no.

bp °C
E-cadherin (Cdh1) 5-CTGCGCTGGATAGTGTGTGT-3 (+) 187 58 40 NM_009864

5-TGGCATGCACCTAAGAATCA-3 ()
Keratin-19 (Krt19) 5-GATCAGCGGTTTTGAAGCCC-3 (+) 195 58 40 NM_008471

5-GTCTCGCTGGTAGCTCAGAT-3 ()
Mucin-1 (Muc1) 5-AGACCCCAGCTCCAACTACT-3 (+) 178 58 40 NM_013605

5-TGACTTCACGTCAGAGGCAC-3 ()
N-cadherin (Cdh2) 5-GAGAGGCCTATCCATGCTGA-3 (+) 204 58 40 NM_007664

5-CGCTACTGGAGGAGTTGAGG-3 ()
Vimentin (Vim) 5-GTGCGCCAGCAGTATGAAAG-3 (+) 110 58 40 NM_011701

5-GCATCGTTGTTCCGGTTGG-3 ()
Fibronectin (Fn1) 5-CCCAGACTTATGGTGGCAATTC-3 (+) 200 58 40 NM_010233

5-AATTTCCGCCTCGAGTCTGA-3 ()
Hmga2 5-AGCAAAAACAAGAGCCCCTCTA-3 (+) 100 58 40 Thuault et al., 2006

5-ACGACTTGTTGTGGCCATTTC-3 ()
Snail1 (Snai1) 5-CCACTGCAACCGTGCTTTT-3 (+) 66 58 40 Thuault et al., 2008

5-CACATCCGAGTGGGTTTGG-3 ()
Zeb1 5-ACAAGACACCGCCGTCATTT-3 (+) 120 58 40 Thuault et al., 2008

5-GCAGGTGAGCAACTGGGAAA-3 ()
Gapdh 5-TGTGTCCGTCGTGGATCTGA-3 (+) 76 58 40 Valcourt et al., 2007

5-CCTGCTTCACCACCTTCTTGA-3 ()

Accession numbers were obtained from GenBank.
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were determined by the comparative threshold cycle method with the 
Gapdh gene as a reference (Schmittgen and Livak, 2008). The basal con-
dition was set at 1, and expression data are presented as bar plots of 
mean values ± SD.

Data and statistical analysis
Each result shown is from an experiment representative of at least three in-
dependently repeated experiments. Statistical analysis of the different as-
says was performed by two-tailed paired Student’s t test. A value of P < 0.05 
was considered significant (asterisks in figures).

Online supplemental material
Fig. S1 consists in the characterization of the mouse mammary epithelial 
cell plasticity regulated by the different domains of TNX. Fig. S2 shows 
that the central region of TNX (comprising the FNIII repeats) inhibits the 
EMT induced by the FBG domain. Fig. S3 illustrates that the FBG domain 
of TNX employs the Smad signaling pathway to trigger an EMT in mouse 
mammary epithelial cells. Fig. S4 demonstrates that FBG-mediated acti-
vation of latent TGF- does not require either RGD-dependent integrins 
or an intact cytoskeleton. Fig. S5 shows that down-regulation of ITGA11 
impairs FBG-mediated activation of latent TGF- in mammary epithelial 
cells. Online supplemental material is available at http://www.jcb.org/ 
cgi/content/full/jcb.201308031/DC1.
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