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Introduction
Endothelial cells are exquisitely sensitive to their extracellular
matrix (ECM) environment for growth, survival and organization
into functional vascular networks during development and
angiogenic blood vessel remodeling. The ECM provides not only an
adhesive substrate for integrins and transmembrane proteoglycans
but also a platform for transduction of intracellular signaling events
that regulate a host of cellular functions. Although certain ECM
components (e.g. laminin) appeared early in evolution, fibronectin
(FN), a dimeric glycoprotein of 440–560 kDa, emerged only in
vertebrates with an endothelial-cell-lined circulatory system
(Whittaker et al., 2006). Genetic studies in mice and fish have
pointed to a fundamental role for FN and its primary receptor, the
51 integrin, in early blood vessel development and vascular
physio/pathology (for reviews, see Astrof and Hynes, 2009; Hynes,
2007). FN-null mice die at embryonic day 9.5 with severe
cardiovascular defects (George et al., 1993) and 5-null mice
display the most severe vascular defects of all the -encoding
integrin genes.

FN exists in two forms, plasma FN, a soluble form produced
solely by hepatocytes that circulates at high concentrations, and
cellular FN (cFN) produced by a subset of cells during development
in zones of active morphogenesis and tissue remodeling (Ffrench-
Constant and Hynes, 1989; Glukhova et al., 1989). Following
embryonic development, the production of cFN largely shuts down,
only to be turned on in a spatially and temporally restricted manner
under certain physiological or pathological conditions, such as
angiogenesis (Peters et al., 1996; Peters and Hynes, 1996). A major
difference between cFN and plasma FN is the presence in cFN of

alternatively spliced exons, including EDB and EDA (extra domains
B and A, also termed EIIIB/EDII and EIIIA/EDI), each encoding
a single FN type III repeat (see Pankov and Yamada, 2002). FN
proteins containing the extra domain regions are among the most
specific markers of angiogenic blood vessels to date and well
suited for tumor-targeting strategies (Neri and Bicknell, 2005; Villa
et al., 2008). Although the extra domains are highly conserved
among vertebrates, their functions remain largely enigmatic (White
et al., 2008; Wierzbicka-Patynowski and Schwarzbauer, 2003).
Individually, EDB- and EDA-null mice are viable, fertile and have
no apparent defects in physiological or tumor angiogenesis (Astrof
et al., 2004; Fukuda et al., 2002; Muro et al., 2003; Tan et al.,
2004). However, mice lacking both EDA and EDB (which continue
to express FN-lacking EDB and EDA domains) die at embryonic
day 10.5 owing to defects in embryonic and yolk sac vessels, heart
defects and failure of vessels to invade the brain parenchyma
(Astrof et al., 2007), indicating that the presence or absence of
EDB and EDA exons alters the function of FN.

FN functions as a multidimensional fibrillar matrix, and the
architecture of the network itself contributes to the control of cell
behavior. Ongoing polymerization is essential for the deposition of
other matrix proteins, including fibrinogen (Pereira et al., 2002),
collagens I and III (Velling et al., 2002) and fibrillins (Kinsey et
al., 2008). In the case of fibrillin-1, FN-dependent microfibril
nucleation enhances TGF signaling (Ramirez and Rifkin, 2009
and references therein). In the context of angiogenic blood vessel
remodeling, FN fibrils provide a platform for angiogenic signaling
by increasing the bioavailability of diffused factors such as vascular
endothelial growth factor (VEGF) and heparin-binding growth
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Summary
Cellular fibronectin (cFN) variants harboring extra FN type 3 repeats, namely extra domains B and A, are major constituents of the
extracellular matrix around newly forming blood vessels during development and angiogenesis. Their expression is induced by
angiogenic stimuli and their assembly into fibrillar arrays is driven by cell-generated tension at 51 integrin-based adhesions. Here,
we examined the role and functional redundancy of cFN variants in cultured endothelial cells by isoform-selective RNA interference.
We show that FN fibrillogenesis is a cell-autonomous process whereby basally directed secretion and assembly of cellular FN are
tightly coupled events that play an important role not only in signaling at cell–matrix adhesions but also at cell–cell contacts. Silencing
of cFN variants differentially affects integrin usage, cell spreading, motility and capillary morphogenesis in vitro. cFN-deficient cells
undergo a switch from 51- to v3-based adhesion, accompanied by a Src-regulated disruption of adherens junctions. These studies
identify a crucial role for autocrine FN in subendothelial matrix assembly and junctional integrity that provides spatially and
temporally restricted control of endothelial plasticity during angiogenic blood vessel remodeling.
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factor 2 (FGF2) (Bossard et al., 2004; Wijelath et al., 2006).
Several studies have shed light on the molecular mechanisms that
underlie the polymerization of FN in vitro and in vivo (for reviews,
see Leiss et al., 2008; Mao and Schwarzbauer, 2005). FN
fibrillogenesis is a complex stepwise cell-driven process that takes
place at specialized integrin-based structures called fibrillar
adhesions on cell surfaces (Ohashi et al., 2002; Pankov et al.,
2000; Zamir et al., 2000). Studies from our and other laboratories
have demonstrated a clear role for the -integrin effector integrin-
linked protein kinase (ILK) and its partners in the formation of
fibrillar adhesions and assembly of FN (Stanchi et al., 2009; Vouret-
Craviari et al., 2004; Wu, 2004; Wu et al., 1998). Initial attempts
to determine whether the fibrillogenesis defect could account for
the phenotypic alterations of ILK-deficient endothelial cells led us
to uncover the importance of autocrine FN in subendothelial FN
matrix assembly and to investigate the cellular function of the cFN
variants FN-EDB and FN-EDA by using isoform-specific RNA
interference (RNAi).

Results
Cell-autonomous FN fibrillogenesis on the subendothelial
cell surface
Cultured bovine aortic endothelial (BAE) cells are FN-producing
cells that, similar to their in vivo counterparts, form polarized
monolayers. After plating, BAE cells assemble 5-rich fibrillar
adhesions and associated extracellular FN fibrils on their basal
surface, as shown in Fig. 1A. Addition of basement membrane
components (i.e. Matrigel) to the apical surface of cells rapidly

disrupts organized cell monolayers and initiates the formation of
primitive capillary-like structures ensheathed with FN (Fig. 1B).
Time-course analyses of FN assembly (data not shown) suggested
that fibril assembly is coupled to the basally oriented vectorial
secretion of fibronectin previously documented in these cells
(Unemori et al., 1990). Interestingly, following siRNA-mediated
inhibition of FN production by cells, virtually all of the cell-
associated FN fibrils were absent (Fig. 1C). In fact, all of the
extracellular microfibrils detected by scanning electron
microscopy beneath control cells disappeared following FN
silencing (Fig. 1C, lower panels), suggesting that FN is the
principal component of the subendothelial matrix of cultured
BAE cells or at least that its presence is required for the assembly
of other matrix proteins. The addition of high concentrations of
soluble FN (up to 400 g/ml) to FN-depleted cell monolayers did
not restore the control phenotype (Fig. 1C), even when the plasma
FN was presented to the basal surface of cells plated on permeable
filters (data not shown), indicating that FN fibrillogenesis in
BAE cells is a cell-autonomous process that requires endogenous
production of the matrix protein. It is noteworthy that FN-deficient
BAE cells were able to remodel plasma FN when presented in an
active, extended conformation (i.e. adsorbed on glass coverslips).
Although FN fibrillogenesis has been found to proceed in an
RGD-independent manner (Sechler et al., 2000; Takahashi et al.,
2007; Yang et al., 1993), 51 appears to be the sole integrin
supporting this function in BAE cells as silencing of the 5
integrin subunit totally precluded FN assembly (see
supplementary material Fig. S3B).
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Fig. 1. Basal assembly of cell-produced FN by BAE
cells. (A)Twenty-four hours after plating, BAE cells were
stained for integrin 5 and FN. Confocal images were
taken in both apical and basal planes (scale bar, 20m).
(B)Cells were seeded on glass coverslips and, 24 h after
adhesion, they were overlaid with a thin layer of Matrigel.
Capillary-tube-like structures were visualized by
fluorescence staining of F-actin, FN and nuclei (DAPI)
(scale bar, 50m). (C)Control and FN-siRNA-transfected
cells were fixed 24 h after plating and stained for FN. FN-
deficient cells were plated in culture medium containing
the indicated concentration of soluble plasma FN or plated
on the indicated concentration of adsorbed plasma FN
(scale bar, 50m). The ECM of control and FN
knockdown cells, prepared as indicated in the Materials
and Methods section, was visualized by scanning electron
microscopy (scale bar, 5m).
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Selective silencing of cellular FN variants produced by
BAE cells
As previous studies have highlighted functional differences between
locally produced cFN and circulating plasma FN, we turned our
attention to the different FN variants produced by BAE cells
(schematized in Fig. 2A). By RT-PCR analysis, we detected the
presence of FN spliced variants containing either one (EDB or
EDA), or both (EDB and EDA), exons (Fig. 2B). FN transcripts,
lacking both EDB and EDA sequences, were undetectable in these
cells.

For functional analyses, selective depletion of EDB- or EDA-
containing transcripts was achieved by RNA interference (Fig.
2C). The effects were confirmed with two or more different siRNA
sequences (supplementary material Fig. S1). Importantly, silencing
of one or the other transcript had no significant impact on the
levels of the remaining transcript. Western blotting of cell lysates
with an antibody against total FN (Fig. 2D) revealed that depletion
of either the EDB- or the EDA-containing variant induced a 40%
decrease in the remaining FN levels. A similar pattern was observed
for FN secreted into the medium by transfected cells (approximately
1.8 g/ml for control cells and 1 g/ml for variant-depleted cells,
quantified by western blotting using plasma FN as a standard).
Efficient reduction in EDA-containing protein levels was confirmed
using an antibody against EDA; however, we were unable to
specifically detect the EDB-containing variant using any of the
antibodies tested. Given the fact that BAE cells do not express FN
transcripts devoid of both extra domain sequences, we conclude
that the total FN antibody recognizes the FN-EDB variant in EDA-
depleted cells and the FN-EDA variant in EDB-depleted cells (Fig.
2E). Control and EDA-deficient cells displayed a more branched
fibrillar network, compared with EDB-depleted cells, and no FN
fibrils were detected following double knockdown of EDB and
EDA (data not shown). Altogether, the results for protein

expression, together with PCR quantification of transcript levels,
indicate that EDA-depleted cells are attached to a FN-EDB matrix,
and EDB-depleted cells adhere to a matrix comprising FN-EDA
fibrils.

Depletion of FN increases G1 phase accumulation
To analyze the influence of the expression of FN variants on cell
proliferation, we performed cell cycle analyses of exponentially
growing siRNA-transfected cells (Table 1). In comparison with
control cells, silencing of total FN led to an increase in G1 (74%
versus 54%) and a decrease in S phase transit (7% versus 16%).
Although deleting the EDB region resulted in a slight increase in
G1 (61% versus 54%), EDA knockdown had no significant impact
on G1 or S phase proportions, and it only slightly enhanced the
number of cells in G2 (35% versus 28%). These results, together
with cell counts from transfected populations (data not shown),
indicate that FN production enhances growth. Although the EDB-
and EDA-deficient cells produce similar quantities of FN, siEDB
cells display a significant increase in G1 compared with siEDA
cells (P<0.05) and a slower growth rate (data not shown). Thus,
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Table 1. Cell cycle analysis of siRNA-transfected cells

                    siCtrl (%)            siFN (%)           siEDB (%)           siEDA (%)

SubG1                  1.2                   1.7±1.2               2.1±1.3                 3.9±3.4
G1                    54.2±1.1            *74.3±1.6            61.1±1.2               48.2±1.7
S                       16.6±2.8               *7.4±1                13±1.6                13.2±0.6
G2–M              27.9±4.1            *16.7±3.9            23.9±4.1              *34.6±6.1

Depletion of fibronectin (FN) arrests cells in G1 phase. Eight hours after
the second transfection, cells were plated on plastic. Twenty-four hours later,
the still exponentially growing cells were trypsinized and stained with
propidium iodide. Intensity was measured by flow cytometry. Results
correspond to the means ± s.d. from three independent experiments (*P<0.05)
compared with the control transfectants (siCtrl).

Fig. 2. Expression and selective knockdown of FN splice
variants. (A)Schematic representation of the domain structure
of FN. (B)FN variant expression levels in wild-type BAE cells,
and (C) the knockdown efficiency of the extra regions or total
FN determined by semi-quantitative RT-PCR on BAE cells
using the oligos a, b, c and d, as indicated. (D)Total FN and
FN-EDA variant protein levels in total lysates or conditioned
medium were determined by western blotting. (E)Total FN and
EDA-containing FN fiber organization was visualized by
immunofluorescence (scale bar, 20m). FN variants present in
the different conditions are indicated below the images.
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EDB-deficient cells are less proliferative than cells lacking the
EDA domain.

FN- and FN-EDB-depleted cells display a defect in
capillary-like tube formation and increased scattering
Our previous studies of ILK function in BAE cells showed that
ILK deficiency reduced intercellular cohesion in an in vitro capillary
morphogenesis assay (Vouret-Craviari et al., 2004). To determine
whether this could be accounted for by the defect in FN
fibrillogenesis observed following ILK silencing, we examined the
effect of total or isoform-specific FN silencing on capillary
morphogenesis on Matrigel beds. As shown in Fig. 3A, FN-
deficient cells phenocopied ILK-deficient cells. Similarly, EDB-
depleted cells were incapable of forming multicellular alignments,
suggesting that FN fibrils containing the EDB region promote
cohesive interactions among neighboring cells. A similar alteration
in cell cohesion was observed when cells were plated under sparse
conditions on plastic culture dishes. Hence, migrating FN- and
EDB-depleted endothelial cells remained dispersed, whereas control
and EDA-depleted cells clung together upon collision.

FN and EDB depletion increases BAE cell motility and
alters cytoskeletal organization
We next examined the motility of the different transfectants in cell
tracking experiments. Under sparse conditions, FN- and EDB-
depleted cells displayed a significant increase in the rate and
directional persistence of their migration, as compared with control
or EDA-depleted cells (Fig. 3). Thus, cells that do not express FN,
or those that express only the FN-EDA variant, migrate nearly
twice as far before changing the angle of their direction and
therefore explore a greater surface than control or EDA-deficient
cells. Increased chemotactic migration towards serum was observed
in all of the FN-deficient cells with respect to control cells, with
the EDB-depleted cells displaying the highest mobility (data not
shown). It is noteworthy that both EDB- and EDA-deficient cells
produce similar amounts of FN, so the altered motility of EDB-
deficient cells under sparse conditions is more likely due to the
nature of the FN variant secreted rather than the amount of FN.

The observed changes in the motile behavior of the cells were
accompanied by morphological alterations that were most striking
at early times during adhesion (Fig. 4A). Whereas control cells
spread with a ‘fried egg’ morphology characterized by large
cortactin-enriched lamellipodia and prominent stress fibers, FN-
depleted cells displayed a uniaxial phenotype with small protrusions
at opposite ends of the cells and dramatically reduced microfilament
assembly. Consistent with their limited lamellipodial extensions
and lack of F-actin bundles, FN-depleted cells displayed decreased
levels of active Rac1 and RhoA GTPases, as determined by
pulldown assays on exponentially growing cells (Fig. 4C). A
spreading defect was also detected in EDB-depleted cells, albeit
less severe than the FN-deficient cells, as silenced cells extended
multiple protrusions (Fig. 4B). EDA-deficient cells spread in a
manner similar to that of control cells. Altogether, these differences
in cell spreading and locomotion indicate that cFN variants trigger
distinct signals to the migration machinery and/or the steering
mechanism of endothelial cells and suggest that cFN–integrin
signaling might occur in an intracrine fashion.

Autocrine FN dictates cell–matrix adhesion
Cytoskeletal remodeling and cell migration depend on the assembly
and disassembly of integrin-based adhesive structures. Spreading

is guided by nascent adhesions and small focal complexes at the
cell periphery that are rich in v3 integrin and tyrosine-
phosphorylated proteins. Traction occurs at somewhat larger focal
adhesions that associate with actin stress fibers, and assembly of
the extracellular FN matrix takes place at long fibrillar adhesions
characterized by their more central location and the presence of
tensin and 51 integrin (Balaban et al., 2001). In an attempt to
understand the observed differences in cohesion, migration and
cytoskeletal organization among the transfectants, we next
examined cell adhesion and localization of the predominant
fibronectin-binding integrins in BAE cells. Twenty-four hours after
plating on uncoated glass coverslips, control cells display numerous
51-rich fibrillar adhesions beneath extracellular FN fibrils
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Fig. 3. FN-EDB- and total FN-depleted cells are less cohesive and more
motile. (A)siRNA-treated cells were plated on either a thin layer of Matrigel
or plastic 24 h after the second transfection. Images were taken 20 h after
plating (scale bars, 200m). Cell movements on plastic were followed for 10
h and plotted on an x–y axis. One representative experiment is shown
involving the analysis of 12 cells. Image analysis is detailed in the Materials
and Methods section. (B)Mean velocity was quantified for control (black), FN
(red), EDB (blue) and EDA (green) siRNA-transfected cells. Speed variation
fitted well with a Poissonian distribution model (R2>0.91) (data not shown),
yielding results that are indistinguishable from the mean value of experimental
speed measurements. (C)The experimental turning angle correlation curves
(points) were fitted with a model (curves) to evaluate the distance of persistent
migration (histogram). (D)Similarly, mean square displacement values
(points) were fitted (curves) to extract diffusion coefficients (histogram). Error
bars on histograms represent confidence intervals of 95% obtained from the fit
parameters. Significant differences from the control are indicated (*).
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(Vouret-Craviari et al., 2004) (Fig. 5A), whereas 3-staining is
largely dispersed (Fig. 5A). A similar pattern was observed in
EDA-deficient cells (attached to FN-EDB-containing fibrils). Not
surprisingly, in total-FN-depleted cells (devoid of a subendothelial
FN matrix), fibrillar adhesions were absent and 5 integrin staining
was mainly diffuse. In these cells, short 3 integrin-based focal
adhesions, presumably bound to adsorbed serum vitronectin, were
abundant. Interestingly, EDB-depleted cells (attached to FN-EDA-
containing fibrils) formed both focal (3-based) adhesions and
51 fibrillar adhesions.

Hence, modifying cFN expression affects integrin usage. The
adhesive function of the v3 was confirmed in these cells using
v-integrin antagonists. As shown in Fig. 5A (right panel), cells
displaying increased 3 integrin adhesions are more susceptible to
detachment with v integrin antagonists. Twenty hours after
addition of antagonist to freshly plated cells, 73% of the FN-
depleted cells and 51% of the EDB knockdown cells were round
and detached, whereas the antagonist had little effect on the
spreading of control or EDA-silenced cells.

Modification of integrin usage in turn modified integrin surface
expression. Thus, expression of non-liganded 51 integrins on
the surface of FN siRNA-transfected cells was 1.7-fold higher than
control siRNA-transfected cells, as determined by FACS analysis
(Fig. 5B), whereas the total levels of 5 and 1 subunits present
in cell lysates did not vary (Fig. 5C). An increase in surface
expression of v3 was also detected following knockdown of
either of the spliced FN variants.

It is well established that different adhesion receptors organize
distinct signaling platforms and recruit different cytoskeletal-linking
components to the cytoplasmic surface of the plasma membrane.
In control BAE cells, ILK predominantly associated with 5 (data
not shown) and tensin 1 in fibrillar adhesions (Fig. 5D). As
previously reported, (Vouret-Craviari et al., 2004), paxillin is also
present in these cell–matrix adhesions Interestingly, in FN-depleted
cells, ILK together with the fibrillar adhesion marker tensin 1
(Geiger et al., 2001) was localized in short focal adhesions that
colocalized with 3 integrin, and active 1 integrin was absent
from adhesive structures (Fig. 5D, and data not shown). Thus,
altering the ECM by FN depletion shifted ILK association from 1
to 3 integrins. These results demonstrate that autocrine cFN
expression directs adhesion formation, the recruitment of
intracellular effectors and presumably downstream signaling events.
It is noteworthy that paxillin and, more markedly, phospho-tyrosine
staining was enriched at sites of cell–cell adhesion in control cells,
whereas only punctate staining in focal adhesions could be detected
in FN-depleted cells (Fig. 5D).

FN–51-integrin signaling regulates cell–cell adhesion
As cFN depletion results in decreased cell cohesion, we next
determined the ability of the subendothelial FN matrix to impact
on intercellular contacts. At confluence, control cells form a
monolayer of closely apposed and nondividing cells in which
adherens junctions can be clearly visualized by staining of the
junctional components VE-cadherin, -catenin and ZO-1 (Fig. 6;
supplementary material Fig. S2). EDB- and the EDA-depleted
cells formed cobblestone arrays upon confluence as well (data not
shown). By contrast, FN depletion totally precluded the
establishment of cell–cell junctions and the formation of apparently
polarized monolayers in FN siRNA-transfected cells without
affecting VE-cadherin levels (Fig. 6; supplementary material Fig.
S2). Thus, upon confluence, FN-depleted cells were insensitive to
contact inhibition of motility, and they continued to migrate above
and below each other, as seen in the phase-contrast and scanning-
electron micrographs of Fig. 6A (left) and in cell tracking
experiments (Fig. 6A, middle; supplementary material Movies 1
and 2). Contact inhibition of cell growth was also impaired
following FN depletion. As shown in Fig. 6A, we noted an
increased saturation density in confluent cultures of FN-depleted
cells in comparison with control cells. In addition, levels of pERK
failed to decline at confluence, consistent with a loss of a contacted-
inhibited state, as described by Wayne and colleagues (Wayne et
al., 2006). From these results, together with the fact that depletion
of 51 integrin (silencing of 5) similarly perturbed monolayer
organization (supplementary material Fig. S3A), we conclude that
the signaling through the subendothelial FN–51 axis can promote
endothelial monolayer integrity. Indeed, plating FN-depleted cells
on a coat of absorbed plasma FN matrix, or coculturing them with
cFN-producing cells, restored adherens junctions (Fig. 6B, middle;
supplementary material Fig. S4A), whereas plating them on
vitronectin was not competent for this effect (data not shown).
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Fig. 4. Depletion of cFN variants alters cell morphology and GTPase
activation. (A)Twenty-four hours after the second transfection, cells were
plated on glass coverslips for 2.5 h, fixed and stained for F-actin (green) and
cortactin (red). Scale bar: 20 m. (B)Morphological analyses based on cell
contour determinations were performed on 10–12 cells using software that
distinguished extensions and retractions, as illustrated in B (bottom left). Mean
cell area (top left), number of extensions per cell (top right) and normalized
variance to the disk (bottom right) are shown. Details of the quantifications are
indicated in the Materials and Methods section. Error bars represent the s.d.
Analysis of variance was performed with ANOVA (P<0.05); values are
significantly different from those of the control where indicated (*). (C)The
levels of active RhoA and Rac1 were determined on exponentially growing
cells harvested 24 h after plating.
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Src-regulated crosstalk between cell–matrix and cell–cell
adhesions
To understand better the integrin-dependent signaling events that
underlie junctional integrity in BAE cells, we turned our attention
to Src-family tyrosine kinases (SFKs). Earlier work has
demonstrated that clustering of 3 integrins can selectively activate
c-Src (Arias-Salgado et al., 2003; Huveneers et al., 2007). Other
studies have established a role for SFKs in the regulation of
endothelial barrier function, both in vitro and in vivo (see Dejana
et al., 2008; Gavard, 2009). As shown in Fig. 6, pharmacological
inhibition of SFKs with SU6656 efficiently restored adherens
junctions in FN-depleted cells and reduced their motility, as
determined by VE-cadherin staining and cell tracking experiments
(Fig. 6B; supplementary material Movie 3). This effect occurred
without affecting the organization of 3-based adhesions
(supplementary material Fig. S4B). Conversely, expression of a
constitutively primed form of Src (SrcYF-GFP) in control cells
perturbed the establishment and maintenance of cellular junctions,
as visualized by VE-cadherin staining (GFP-positive cells; Fig.
6C). Altogether, these findings highlight the role of the FN–51
axis in junctional stability and point to a role for Src signaling in
crosstalk between cell–ECM and cell–cell adhesions.

Discussion
Elucidating the precise mechanisms that underlie FN assembly and
its role in endothelial cell behavior is important for determining
rational strategies for more effective anti-antiangiogenic/anti-
tumoral approaches. Selective silencing of FN in cultured vascular
endothelial cells has allowed us to demonstrate that secretion of

cFN and its basal assembly are tightly coupled processes that play
an important role in the endothelial cell phenotype. Inhibition of
autocrine FN in cultured BAE cells prevents a ‘mesenchymal-like
to endothelial’ transition by preventing the formation of a contact-
inhibited monolayer. Our findings highlight intrinsic differences in
cytoskeletal organization and motility in cells that express different
cFN isoforms. Finally, they reveal an important role for the cFN–
51 integrin axis in endothelial cell plasticity by regulating
crosstalk between cell–matrix and cell–cell adhesions.

Basal assembly of autocrine FN
Previous studies have described vectorial secretion and basal
assembly of FN in confluent BAE cell cultures (Birdwell et al.,
1978; Kowalczyk et al., 1990; Unemori et al., 1990). Here, we
show that autocrine FN, as opposed to exogenous soluble FN, is
crucial for FN fibrillogenesis. In keeping with this finding and
with a role for FN in orchestrating the microfibril assembly of
other matrix proteins, FN-depleted cells fail to deposit a
microscopically detectable fibrillar matrix on the substratum.
Instead, they convert to a fibroblastoid morphology, suggesting
that, in vascular endothelial cells, the FN matrix helps to establish
and maintain an apical–basal asymmetry. Thus, downmodulation
of cFN expression, in lieu of (or together with) inhibiting assembly,
might have profound implications for blocking angiogenic blood
vessel remodeling in a tumor setting. cFN is induced by various
angiogenic stimuli, including hypoxia, glucose, TGF-, stress
(mechanical and oxidative) and endothelial growth factors such as
VEGF and FGF (Herschman, 1991; Khan et al., 2005). Once
polymerized, cFN not only provides an adhesive ligand for
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Fig. 5. Integrin adhesions in
cells lacking cFN or the cFN
variants. (A, left) Cells grown
on glass coverslips for 24 h
were fixed and stained for 5
(green) and 3 (red) integrin
(scale bar, 20m). (A, right)
The v antagonist S36578-2
(5M) was added to
subconfluent cells 2 h after
plating. Images were taken
after 20 h (scale bar, 200m).
The proportion of round and
spread cells was determined
from six images per condition.
Data from one representative
experiment are shown. (B)The
cell surface expression of 51
and v3 integrins (mean
values ± s.d.) was determined
on exponentially growing cells
by FACS analysis (n3,
*P<0.05). (C)Protein levels of
5 and 1 integrins were
determined by western blotting
on total lysates collected 20 h
after seeding. (D)The
localization of the indicated
adhesion markers was
visualized by
immunofluorescent staining
24 h after plating (scale bar,
20m).
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productive interaction with cellular receptors and matrix
components, it also increases the bioavailability of angiogenic
factors, including VEGF and FGF-2 (Bossard et al., 2004; Wijelath
et al., 2006).

Role of FN variants
Previous studies on cultured cells have attributed a role for FN-
EDB or EDA variants in adhesion, matrix assembly, dimer
formation, secretion, differentiation and cell cycle progression
(White et al., 2008 and references therein). These experiments
have typically relied on the use of adsorbed cFN or recombinant
FN peptides or fragments, and little attention has been paid to the
importance of autocrine production or ligand topology in these
effects. In addition to harboring additional integrin binding sites
[41 and 91, in the case of EDA (Liao et al., 2002; Pankov
and Yamada, 2002)], inclusion of the extra domains has been
suggested to introduce conformational modifications in the cell-
binding domain that affect exposure of the RGD site (Balza et al.,
2009; Carnemolla et al., 1992), thereby enhancing adhesive
interactions. Here we show that control BAE cells assemble a FN
matrix containing the EDB, EDA and EDB–EDA domains, whereas
EDB- or EDA-depleted cells deposit FN-EDA or FN-EDB fibers,
respectively. Although no major differences in fiber architecture
were detected among the various isoforms, a noticeable reduction
in the branching of FN-EDA fibers, compared with that of EDB-
containing fibers, was observed. This difference is likely to reflect
the increased rate and directional persistence of EDB-deficient cell
migration, resulting from compromised signaling to the actin
cytoskeleton. In light of the striking effect of EDB depletion on
cytoskeletal organization and cell behavior, it will be interesting to
examine the physical properties of the assembled isoforms more
closely.

It is noteworthy that, following selective knockdown of either the
EDB or EDA isoform, secreted and assembled FN levels amounted

to 60% of control levels, despite the fact that single knockdowns
also remove EDB–EDA-containing transcripts. This leads us to
suggest that removing one variant of FN is compensated by increased
production of the other. Consistent with our finding that BAE cells
do not express transcripts that lack EDB and EDA, double silencing
of EDB and EDA variants totally abrogates FN production and
network formation (data not shown). These observations might
explain why mice with deletions of EDA or EDB are viable (Fukuda
et al., 2002; Muro et al., 2003) and display no major deficiencies in
physiological or tumor angiogenesis (Astrof et al., 2004), whereas
mice with simultaneous knockout of both exons (Astrof et al., 2007)
have an embryonic-lethal phenotype similar to that of FN-null
animals (George et al., 1997), thus highlighting the importance of
self-produced cFN for neovessel formation in vivo.

Although FN-deficient BAE cells are unable to assemble soluble
FN, they are able to remodel plasma FN when adsorbed on a rigid
support in an extended (partially active) conformation. This is
similar to findings reported by Bae and colleagues using fibroblastic
cells derived from FN-null mouse embryonic stem cells (Bae et al.,
2004). In this case, FN-null cells were able to assemble exogenously
added plasma FN when plated on adsorbed plasma FN or laminin
(LN), but not when plated on vitronectin. Thus, the nature of the
substrate can play a permissive or suppressive role in FN assembly
and thereby regulates the coupling of cFN expression and assembly
in an in vivo setting.

Altered expression of FN splice variants has marked effects on
BAE cell morphology, migration and organization into cord-like
structures on Matrigel beds. The most striking effects occur
following FN or EDB depletion. Although no EDB-specific cellular
receptor has been identified to date, the EDB domain has been
proposed to generate a conformational modification of the cell-
binding domain of FN and improve the access to nearby integrin-
binding domains (Hashimoto-Uoshima et al., 1997; Bencharit et
al., 2007). Indeed, our data are consistent with a model in which
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Fig. 6. cFN is necessary for the maintenance of
cellular adhesions. (A)Phase contrast (scale bar, 25m)
or scanning electron microscopy (scale bar, 20m)
images of cells grown for 24 h on plastic. Cell tracking
was performed on cells monitored for 10 h. The levels of
total ERK (tERK) or phospho-ERK (pERK) were
determined on cell lysates from exponentially growing
cells or confluent monolayers. Cell counts were
determined on confluent monolayers. (B)Cells were
grown to confluence on glass coverslips and stained for
VE-cadherin and DAPI (scale bar, 50m). Cells were
plated on non-coated or coated (2g/cm2 FN) coverslips
for 12 h before adding, where indicated, the SFK
inhibitor SU6656 (5M) for 12 h. (C)Control and
SrcYF-GFP-expressing cells were fixed 24 h after plating,
and VE-cadherin, GFP and nuclei (DAPI) were
visualized by immunofluorescence (scale bar, 50m).
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the inserted EDB segment serves to poise the ligand for productive
51 adhesive interactions and increased actomyosin contractility
associated with this integrin. Interestingly, the defect in
pseudocapillary formation on Matrigel is phenocopied by ILK-
deficient BAE cells, which display a severe FN fibrillogenesis
defect (Vouret-Craviari et al., 2004). Based on these results, we
propose that a pericellular FN matrix containing the EDB domain
might promote efficient capillary morphogenesis in endothelial
cells. It is likely that defective FN fibrillogenesis underlies some
of the phenotypic abnormalities observed in ILK-null mice (for a
review, see McDonald et al., 2008). Consistent with our model,
Zhou and colleagues (Zhou et al., 2008) reported that endothelial
cells initiate neovascularization by unfolding soluble FN and
depositing a network of fibrils that regulate cytoskeletal
organization and acto-myosin contractility. However, in that study,
FN matrix assembly was monitored by incorporation of fluorescent
plasma FN, and the importance of autocrine FN was not evoked.

As for the function of FN containing the EDA FN type III
repeat, we did not observe major morphological or behavioral
effects in BAE cells following its removal. Hence, this variant
might not be essential for autocrine functions in vascular endothelial
cells if FN-EDB is present. Instead, FN-EDA might promote
angiogenesis through paracrine mechanisms by providing binding
sites for the recruitment of 41- and 91-expressing cells,
including bone-marrow-derived cells and mural cells (see
Avraamides et al., 2008; White et al., 2008). By contrast, the FN-
EDA-91 integrin interaction was recently found to regulate FN
assembly in primary cultured human lymphatic endothelial cells
and to be required for lymphatic valve morphogenesis in vivo
(Bazigou et al., 2009). In this case, fibril assembly is RGD
independent. It will be of interest to elucidate further the molecular
mechanisms underlying 91-driven FN fibrillogenesis.

FN- and EDB-depleted cells share a similar non-cohesive
phenotype. They migrate faster and explore a greater territory
than control or EDA-deficient cells, consistent with their being
less tethered to the substratum. Differences in cell spreading can
be observed as early as 2.5 h after adhesion (i.e. before the
initiation of fibrillogenesis in cFN-producing cells); thus, it is
tempting to speculate that cFN expression triggers intracrine
signaling events in these cells. Efficient cell spreading requires
membrane-protrusive activity and effective stabilization of nascent
adhesions at the edge of lamellipodia. Indeed, we observe
differences in the adhesive structures formed by the various
transfectants. In all cells, initial adhesion occurs through integrin
v3 (data not shown). Thereafter, production and assembly of
cFN induces the appearance of fibrillar 51 integrin adhesions.
However, in the absence of a cFN matrix, cells are unable to
perform this switch and they remain attached through v3
adhesions, totally sensitive to detachment by an v antagonist.
Interestingly, EDB-deficient cells, on a FN-EDA matrix, engage
both v3 and 51 integrins. Thus, the dynamic modulation of
integrin usage should be taken into consideration when
considering the anti-angiogenic effects of v integrin antagonists
or the design of more effective anti-angiogenic agents.

Previous studies in epithelial cells and fibroblasts have
demonstrated that directionality of migration is dependent on
specific integrin usage and recycling (Danen et al., 2005; Roberts
et al., 2001; White et al., 2007; Woods et al., 2004). Thus, cells
predominantly adhering through integrin 51 (shuttled by Rab11
perinuclear endosomes) have increased RhoA activity that
decreases cofilin phosphorylation and eventually leads to random

migration. Conversely, when v3 is used [shuttled by Rab4 and
the serine/threonine-protein kinase D1 (PRKD1) in early
endosomes], RhoA activation decreases, cofilin increases and the
persistence of cell migration increases. Our observations are
consistent with these findings, as siFN and siEDB cells that are
completely or partially dependent on v3 adhesion exhibit an
increased directional migration that is coupled to a major or mild
decrease in RhoA activity, respectively. Receptor recycling
pathways transport integrins forward in migrating cells (Bretscher,
1996). Perturbing the fast Rab4-dependent recycling of v3
increases the Rab11-dependent 51 recycling and vice versa
(White et al., 2007). Deleting total FN or the EDB-including
variants differentially affects integrin recycling. Despite the
increased, but diffuse, surface expression of 51 in FN-depleted
cells, only the clustered and active v3 integrins transmit the
extracellular signals. EDB-depleted cells increase their v3
surface expression, probably by interfering with 51 recycling,
which could account for the increased persistence of directional
migration observed.

The subendothelial cFN matrix and endothelial plasticity
Our findings in cultured endothelial cells that FN-deficient cells
lose their intercellular adhesions and contact inhibition are
reminiscent of an endothelial-to-mesenchymal transition and
consistent with a model in which the cFN plays a key role in
endothelial integrity by controlling the establishment and
maintenance of adherens and tight junctions. We show here that
cross-talk between cell–matrix and cell–cell adhesion in BAE cells
is dependent on 51 and v3 integrins and SFK signaling. This
confirms and extends previous studies that demonstrate a role for
the FN–51 integrin axis in cell polarity in Xenopus and zebrafish
(Koshida et al., 2005; Marsden and DeSimone, 2001; Trinh and
Stainier, 2004). Loss of ZO-1 junctional staining in FN-deficient
BAE cells is compatible with the fact that genetic ablation of
mouse ZO-1 leads to defects similar to those observed in FN-null
embryos (Katsuno et al., 2008). In contrast to the rescue obtained
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Fig. 7. Schematic representation of autocrine FN regulation of cell–matrix
and cell–cell adhesions. (Top panel)Autocrine FN is secreted basally and
assembled at 51 integrin-based fibrillar adhesions, thereby providing apico-
basal polarity cues and promoting the establishment and maintenance of VE-
cadherin-based adherens junctions in confluent endothelial monolayers.
Crosstalk between cell–matrix and cell–cell adhesion is regulated by SFKs.
(Bottom panel)In the absence of a subendothelial FN matrix (siFN),v3
integrin adhesion prevails, SFK activity increases, non-liganded 51 integrin
accumulates at the cell surface and cells fail to establish a polarized monolayer
with VE-cadherin localized in adherens junctions.
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by 51 integrin activation, we were unable to restore cellular
junctions in FN-depleted cultures by plating them on vitronectin-
coated surfaces (v3 integrin adhesion) or by pharmacological
activation of Rap1, a GTPase previously shown to regulate adhesion
and junction formation in endothelial cells (Carmona et al., 2009;
Kooistra et al., 2007) (data not shown). In agreement with reports
that inhibition of SFKs can stabilize endothelial cell junctions
(Paul et al., 2001; Scheppke et al., 2008; Weis et al., 2004), addition
of the SFK inhibitor SU6656 re-established cellular junctions.
Accordingly, control cells expressing a constitutively primed SrcYF-
GFP construct were unable to establish cell–cell adhesions. From
these data, we conclude that the absence of the FN matrix in
endothelial cells results in loose adherence through v3 integrins.
The presence of v3 signaling enhances SFK activity, which in
turn precludes the formation and maintenance of cellular junctions.
Our results allow us to propose a novel model in which cFN
expression and cell-autonomous matrix assembly controls
endothelial plasticity following angiogenic stimulation by
coordinating 51 integrin and SFK-dependent regulation of cell–
cell and cell–matrix interactions, as schematized in Fig. 7.

Materials and Methods
Materials
All reagents were of the highest grade commercially available. The non-peptidic v
integrin antagonist (S36578-2) kindly provided by G. Tucker and J. Hickman (Institut
de Recherches Servier, Croissy sur Seine, France) has been described previously
(Maubant et al., 2006). The Src inhibitor SU6656 was purchased from
Merck4Biosciences (Nottingham, UK). Human plasma fibronectin was purchased
from BD Bioscience (Le Pont De Claix, France) and human cellular fibronectin was
purchased from Sigma (St Quentin Fallavier, France). Tissue-culture plasticware
was from Nunc (Roskilde, Denmark) and Falcon (BD Biosciences, San Diego, CA),
for time-lapse analysis.

Cell culture
BAE cells have been described previously (Vouret-Craviari et al., 2004). For
collection of conditioned media, cells (2.5�105) were seeded in 100 mm culture
dishes 24 h after the second transfection with RNA duplexes. After 2 h, cells were
washed in serum-free medium and then incubated for an additional 24 h in serum-
free medium containing 0.1% bovine serum albumin (BSA). Conditioned medium
was harvested and clarified by centrifugation.

Cell-derived matrix
Twenty-four hours after plating, cells were treated with 5 nM NH4OH for 5 min at
room temperature, then rinsed three times with water and fixed with 1%
glutaraldehyde. Matrix was visualized by scanning electron microscopy.

siRNAs, double-stranded RNA transfection and retroviral infection
The constitutively active primed SrcYF-GFP construct, kindly provided by E. Danen
(LACDR, Leiden, The Netherlands), has been reported previously (Huveneers et al.,
2007). Transduction of BAE cells with the retroviral vector was performed as described
(Boulter et al., 2006). Short interfering RNAs (siRNAs) were purchased from
Eurogentec (Serang, Belgium). Equal amounts of complementary RNA
oligonucleotides were combined to a final concentration of 20 M and annealed
according to the protocol supplied by the manufacturer. RNA interference in BAE cells
was achieved by performing two transfections of double-stranded RNA, the first 7 h
after plating and the second 24 h later, using a modified calcium-phosphate
protocol. Unless otherwise stated, cells were analysed between 24 h and 48 h after
the second transfection. The siRNA sequences used in this study to target
EDA (5�-CAUUG AUCGCCCUAAAGGATT and 3�-TTGUAACUAGCGGGA-
UUUCCU), EDB (5�-GCAUCGGCCUGAGGUGGACTT and 3�-TTCGUA-
GCCGG ACUC CAC CUG), FN (5�-ACAAUGGAGUGAACUACAATT and 
3�-TTUGU UACC UCACUUGAUGUU) and 5 (5�-CUUCUCCAGCCUGAG -
CUGCTT and 3�-TTGCAGCUCAGGCUGGAGAAG) correspond to a region in the
human gene encoding FN of identical sequence in bovine cDNA. Results were
confirmed using one or more additional targeting sequences (see supplementary
materials Fig. S1). As a control, an RNA duplex designed to target the Drosophila ILK
transcript (GenBank accession number AF226669) was used (5�-CCCAAGCUCCG-
CAUCUUUUCTT and 3�-TTGGGUUCGAGGC GUAGAAAAG).

Semi-quantitative PCR
Total cellular RNA was extracted with the TRIzol reagent (Invitrogen, Cergy
Pointoise, France). Reverse transcription PCR (RT-PCR) of 0.5 g RNA was

performed with the QIAGEN (Courtaboeuf, France) One-Step RT PCR kit. Forward
and reverse primers used to flank the EDB region were respectively: 5�-
CCTGGAGTACAATGTCAGTG-3� and 5�-GGTGGAGCCCAGGTGACA-3� and
for the EDA region: 5�-GCAGCCCACAGTGGAGTAT-3� and 5�-GGA -
GCAAGGTTGATTTCTTT-3�. Gene 36B4 was used as internal control (5�-
GGCGACCTGGAAGTCCAACT-3� and 5�-CCATCAGCACCACAGCCTTC-3�).

Antibodies
Anti-Rac1 monoclonal (clone 23A8), anti-5 integrin subunit polyclonal (AB1928),
anti-v3 integrin monoclonal (MAB1976Z), anti-51 integrin monoclonal
(MAB1999), anti-FN polyclonal and the anti-phosphotyrosine monoclonal (clone
4G10) antibodies were purchased from Millipore (Billerica, MA). Anti-ILK (clone
65.1.9) and cortactin (clone AF11) monoclonal antibodies were from Upstate
(Chemicon International, Hampshire, UK). Anti-RhoA (clone 26C4) monoclonal
and anti-ERK1 (clone 16) polyclonal antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA). The anti-FN (clone 10) and anti-paxillin monoclonal antibodies
were from BD Biosciences (San Diego, CA), anti-EDA monoclonal (IST-9 and FN-
3) was from Abcam (Cambridge, MA) and anti-phospho-ERK1/2 monoclonal from
Sigma-Aldrich (St Louis, MO). Anti-VE-cadherin was from Bender MedSystems
(Tebu-bio SA, Le Perray en Yvelines, France) and anti-3 integrin subunit (Luc.A5)
monoclonal antibody was purchased from Emfret (Eibelstadt, Germany). The anti-
1 integrin subunit and anti-tensin1 polyclonal antibodies were kindly provided by
C. Albigez-Rizo (Institut Albert Bonniot, Grenoble, France) and S-H. Lo (University
of California Davis, CA), respectively. Secondary antibodies coupled to horseradish
peroxidase were from Promega France (Charbonnières-les-Bains, France).
Fluorescently labeled secondary antibodies and phalloidin (Alexa Fluor 488, Alexa
Fluor 546 and Alexa Fluor 647) were purchased from Invitrogen (Cergy Pointoise,
France).

Western blotting and immunoprecipitation
Western blots were performed on whole-cell lysates or conditioned culture medium
essentially as described previously (Vouret-Craviari et al., 2004). Immune complexes
on membranes were detected by enhanced chemiluminescence (Pierce, Rockford,
IL). Where indicated, immunoblots were quantified using the GeneGnome
chemiluminescent imaging system (Syngene, Frederick, MD)

Immunofluorescence and microscopy
For immunofluorescence analyses, BAE cells plated on non-coated or coated glass
coverslips with the indicated matrix protein were fixed in a solution of 3%
paraformaldehyde containing 3% sucrose. Cells were permeabilized with 0.2%
Triton X-100. After staining, the coverslips were mounted in ProLong Gold
antifade reagent (Invitrogen). Fluorescence was observed through �40 (1.3 NA),
�63 (1.4 NA) or �100 (1.3 NA) oil objectives on a Zeiss inverted microscope
(Axiovert 200M) equipped with a CoolSnap HQ cooled charge-coupled-device
camera (Roper Scientifique, Evry, France). Phase-contrast and video microscopy
were performed using a �10 (0.25 NA) air objective. Image acquisition was
performed using the MetaMorph Imaging System (Universal Imaging Corp.,
Downingtown, PA). Confocal microscopy was performed using a Zeiss LSM 510
META confocal laser scanning microscope. Cell-derived ECM for scanning electron
microscopy was prepared by treating monolayers with 5 mM NH4OH for 5 min at
room temperature. Thereafter, samples were rinsed three times with water and
fixed with 1.6% glutaraldehyde in 0.1 M phosphate buffer, washed and post-fixed
in 1% osmium tetroxide in the same buffer. After washing with distilled water, the
samples were dehydrated in a graded ethanol series, immersed in
hexamethyldisilazane (Carl Roth, Karlsruhe, Germany), and dried at room
temperature. The samples were mounted on aluminium stubs and sputter coated
with gold–palladium (Cressington 308EM, UK). Examination was performed using
a field emission scanning electron microscope (FESEM JEOL 6700F, Japan).

Image analysis
Image analysis was performed using MatLab (The MathWorks). Cell velocity was
determined by manual tracking. From cell tracks, the turning angle was measured
and its correlation function was calculated. The exponential fit of this function
provides an estimation of persistence length, or the distance after which a cell
changes its orientation (Petrie et al., 2009). Directionality was also determined
from tracks by calculating the mean square displacement. Statistically, the mean
square for Brownian movement on a plane surface is <X2>4Dt where t is time
and D the diffusion coefficient. The linear behavior of the experimental curves
confirms random walk properties of cell movement and allows the estimation of a
diffusion coefficient, which represents the surface explored by the cell per time
unit. The accuracy of the fits was verified by the R2 value and the robustness of
parameters extracted from the model was estimated by measuring the interval of
confidence at 95%.

An application program was developed to describe cell morphology. From
intensity threshold determinations, cell contour and curvature measurements were
used to identify zones of extension and retraction. The number of extensions
corresponds to the number of distinct regions of convex curvature. We used
normalized variance to the disk (NVD) to estimate circularity, which was
determined from cell contour by defining a disk with an area equivalent to that of
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the cell and centered on the barycentre of the cell. Minimal distance dm(x) between
the contour position and the circle was determined. Then, NVD was defined as the
variance of dm(x) divided by the radius of the disk. Hence, the NVD is between 0
(circle) to 1 (star shaped).

Fluorescence-activated cell sorting
For cell cycle analysis, cells were lifted from the plates with a cell dissociation
solution (Sigma-Aldrich), fixed with ethanol for 1 h at 4°C, washed with sodium
citrate and then subjected to propidium iodide staining and fluorescence-activated
cell sorting (FACS) analysis of DNA content using a FACScalibur (Becton Dickinson,
Bedford, MA). Determination of cell-surface integrin expression has been described
previously (Vouret-Craviari et al., 2004).

Migration assays and tube-like structure formation
For random migration, 104 BAE cells were plated in six-well plates. Cell movements
were monitored for 10 h by time-lapse microscopy. Persistence of migration (distance
from start / total migrated distance) and speed were determined using MetaMorph
software. Chemotactic migration of BAE cells was analyzed on transwell filters as
described previously (Vouret-Craviari et al., 2004). Six different fields of each
transwell were photographed, and cells were counted using ImageJ software.

Capillary morphogenesis was analyzed as described previously (Vouret-Craviari
et al., 2004) using Matrigel (Becton Dickinson) at concentrations between 9 and 12.5
g/ml. The Matrigel overlay assay was performed as described previously (Connolly
et al., 2002).

Determination of small GTPase activity
Determination of RhoA and Rac1 activity in exponentially growing BAE cells was
determined as described previously in pulldown assays using GST-rhotekin and
GST-PAK, respectively, (Boulter et al., 2006; Vouret-Craviari et al., 2004).

Coculture of control and FN-depleted cells
FN-depleted cells 24 h after transfection were stained with 1 M carboxyfluorescein
diacetate succinimidyl ester (CFSE) (Invitrogen) in PBS and 5% FCS for 5 min at
room temperature. After staining, cells were rinsed three times with PBS and 5%
FCS. The stained FN knockdown cells and control cells were plated together on
coverslips in a 1:2 ratio, respectively. Cellular junctions and the colored FN-depleted
cells were visualized by fluorescence microscopy 24 h after plating.
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