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Background: Cohesion of interendothelial junctions is maintained by the connections existing between the
VE-cadherin�catenin complex and the actin cytoskeleton.
Results: By interacting with �-catenin, the actin-binding protein EPLIN (epithelial protein lost in neoplasm) facilitates the
recruitment of vinculin.
Conclusion: The EPLIN�-catenin link provides a mechanosensory machinery by acting as a tension transmitter.
Significance: By anchoring the VE-cadherin�catenin complex to F-actin, EPLIN strengthens interendothelial junctions.

Adherens junctions are required for vascular endothelium
integrity. These structures are formed by the clustering of the
homophilic adhesive protein VE-cadherin, which recruits
intracellular partners, such as �- and �-catenins, vinculin,
and actin filaments. The dogma according to which �-catenin
bridges cadherin��-catenin complexes to the actin cytoskel-
eton has been challenged during the past few years, and the
link between the VE-cadherin�catenin complex and the actin
cytoskeleton remains unclear. Recently, epithelial protein
lost in neoplasm (EPLIN) has been proposed as a possible
bond between the E-cadherin�catenin complex and actin in
epithelial cells. Herein, we show that EPLIN is expressed at
similar levels in endothelial and epithelial cells and is located
at interendothelial junctions in confluent cells. Co-immuno-
precipitation and GST pulldown experiments provided
evidence that EPLIN interacts directly with �-catenin and
tethers the VE-cadherin�catenin complex to the actin cyto-
skeleton. In the absence of EPLIN, vinculin was delocalized
from the junctions. Furthermore, suppression of actomyosin
tension using blebbistatin triggered a similar vinculin delo-
calization from the junctions. In a Matrigel assay, EPLIN-
depleted endothelial cells exhibited a reduced capacity to
form pseudocapillary networks because of numerous break-
age events. In conclusion, we propose a model in which
EPLIN establishes a link between the cadherin�catenin com-
plex and actin that is independent of actomyosin tension.
This link acts as a mechanotransmitter, allowing vinculin
binding to �-catenin and formation of a secondary molecular
bond between the adherens complex and the cytoskeleton

through vinculin. In addition, we provide evidence that the
EPLIN clutch is necessary for stabilization of capillary struc-
tures in an angiogenesis model.

The endothelium forms a semipermeable barrier that regu-
lates the passage of macromolecules and circulating cells
between blood and tissues. Historically viewed as a passive vas-
cular lining, vascular endothelium is instead a dynamic tissue
submitted to a continuous remodeling required for physiolog-
ical and pathological processes, such as wound healing and
angiogenesis (1, 2). The barrier function of the endothelium is
in large part regulated by adherens junctions. These adherens
junctions comprise the transmembrane adhesive receptor VE-
cadherin (VE-cad)3 that is the main protein involved in homo-
philic/homotypic cell-to-cell adhesion (3, 4).
VE-cad recruits intracellular partners that establish specific

links with the actin cytoskeleton and consequently stabilize the
interendothelial junctions (5). Like its epithelial homolog
E-cadherin, VE-cad directly interacts with intracellular �- and
�-catenins, which in turn bind �-catenin. Until recently, it was
widely accepted that �-catenin strengthens cadherin-mediated
adhesion by promoting anchorage to the actin cytoskeleton. A
few years ago, this concept was challenged by studies demon-
strating that �-catenin is unable to bind simultaneously
�-catenin and actin (6, 7). However, it is still accepted that the
lack of catenin association to F-actin destabilizes cadherin-me-
diated cell adhesion.
The question of the links between the cadherin complex and

actin cytoskeleton is more complex than previously envisioned
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because �-catenin is a multimodular molecule that undergoes,
under the action of mechanical strengths, conformational
changes unmasking cryptic ligand binding sites. Thus, although
the N-terminal domain of �-catenin remains accessible for
interacting with �/�-catenins, its central domain recruits vin-
culin and probably �-actinin (8) through force-dependent
changes of its conformation (9). These data support the notion
that�-catenin is a tension transducer (9) and led to the concept
that intermediate proteins bridge �-catenin to actin cytoskele-
ton (10).
Interestingly, a recent study identified a novel protein that is

able to bind both �-catenin and actin filaments. This protein
called epithelial protein lost in neoplasm (EPLIN), also known
as Lima-1, was first identified as the product of a gene differen-
tially expressed in normal and cancer cells (11). Two isoforms
of EPLIN, designated as EPLIN� and EPLIN�, are generated
from this gene by two distinct promoters (12). The sequences of
these two isoforms differ by the addition of a 160-amino acid
extension at the N terminus of the � isoform.
EPLIN belongs to the family of LIM domain proteins as it

contains a centrally located LIM domain known to form two
closely packed zinc-binding subdomains (13). Additionally,
EPLIN exhibits two functional acting binding sites, one on each
side of the centrally located LIM domain, that give it the ability
to cross-link and bundle actin filaments (14). In vitro, EPLIN
stabilizes actin filaments by preventing their depolymerization
and blocks the formation of branched filaments by inhibiting
actin nucleation by Arp2/3 (14). Based on these properties,
EPLIN is implicated in different actin-related processes, such as
cell motility and migration, cytokinesis, and intercellular junc-
tions (15–18). Subsequent in vivo studies confirmed the down-
regulation of EPLIN� in a number of human epithelial cancer
cells and tissues, suggesting that the loss of EPLIN� could con-
tribute to the transformed phenotype. This indicates that
EPLIN may act as a tumor suppressor (15).
In the endothelium, the presence of EPLIN is questionable

because EPLIN� transcript was previously shown to be un-
detectable in human umbilical vascular endothelial cells
(HUVECs) by RT-PCR (15), whereas EPLIN� protein was
faintly detected in primary aortic endothelial cells (12). In the
present study, we provide evidence that EPLIN is expressed at
the mRNA and protein levels in HUVECs. In confluent endo-
thelial cell monolayers, EPLIN appeared distributed along the
actin cortical ring where it co-localized with �-catenin. Be-
cause EPLIN was found in epithelial cells to bridge the
E-cadherin�catenin complex to F-actin via �-catenin, we tested
whether EPLIN has the same interactants in endothelial cells as
in epithelial cells. By immunoprecipitation and GST pulldown
experiments, we showed that EPLIN directly interacted with
�-catenin anchored to the VE-cad��-catenin complex, thus
providing a possible link with the actin cytoskeleton. We also
explored the impact of EPLIN depletion on endothelial cell
behavior. We observed that EPLIN down-regulation by siRNA
did not modify HUVEC proliferation, adhesion, andmigration.
Nevertheless, our immunofluorescence analyses showed that
the cortical actin ring is dramatically disturbed in EPLIN-si-
lenced HUVECs. Similarly, we noted that EPLIN is necessary
for the recruitment of vinculin at endothelial cell-cell junctions.

Vinculin and EPLIN are both direct �-catenin partners. We
showed that vinculin accumulation at cell-cell junctions
requires myosin II activity, whereas EPLIN is recruited inde-
pendently of myosin II contractility. From these observations,
we proposed that EPLIN operates as a tension transmitter at
endothelial cell-cell junctions. In addition, the behavior of
HUVECs is strongly affected by the abrogation of EPLIN
expression in in vitro angiogenesis. On a Matrigel matrix,
EPLIN depletion promoted the rapid regression of the vascular
capillary network that exhibited excessive fragility. Our data
support the notion that EPLIN, by connecting the VE-cad�
catenin complex to the actin cortical ring and by promoting
vinculin junctional recruitment, reinforces the cohesion of cell-
cell junctions that become more resistant to the strengths gen-
erated by the vascular network.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Blebbistatin (Calbiochem) was
prepared as a 50 mM stock in dimethyl sulfoxide (DMSO) and
used at 5–50 �M. Themonoclonal anti-EPLIN (BD Biosciences
and Santa Cruz Biotechnology, Inc.), anti-�-tubulin (Sigma),
anti-actin (Sigma), anti-VE-cad (BV9) (19, 20), anti-vinculin
(7F9, Santa Cruz Biotechnology, Inc.), and anti-�-catenin (BD
Biosciences) antibodies and the polyclonal rabbit anti-�-
catenin (Sigma), goat anti-VE-cadherin (C19, Santa Cruz Bio-
technology, Inc.), and rabbit anti-EPLIN (Bethyl Laboratories)
antibodies were used in Western blot, immunoprecipitation,
and immunofluorescence experiments. The secondary Cy3-
conjugated anti-mouse antibody and the secondary HRP-con-
jugated antibodies were from Jackson ImmunoResearch
Laboratories, and the secondary Alexa Fluor 488-conjugated
anti-rabbit and anti-goat antibodies, Alexa Fluor 568-conju-
gated anti-mouse antibody, and the Alexa Fluor 633- and Alexa
Fluor 647-conjugated phalloidinwere from Invitrogen. Control
siRNA and siRNA specific for human EPLIN possessing the
sequence 5�-UUAUAGAGGUUUCUGAGAGGCGUGG-3� as
specified by Abe and Takeichi (18) were obtained from
Invitrogen.
cDNA Constructs and Protein Expression in Escherichia

coli—A cDNA fragment encoding the full-length sequence of
human EPLIN� was produced by polymerase chain reaction
(PCR) using the clone IRATp970H10110D (ImaGenes) as a
template and the following pair of oligonucleotide primers:
forward, 5�-GCAGGATCCATGGAAAATTGTCT-3�; and
reverse, 5�-TGCGGTACCTCACTCTTCATCCT-3�. After
digestion with BamHI and KpnI, the PCR fragment was
inserted into the plasmid pQE30 (Qiagen) to construct the vec-
tor pQE30-EPLIN� coding for human EPLIN� fused with anN
terminus His (His-EPLIN) (68.5 kDa). Similarly, a cDNA frag-
ment encoding the full-length sequence of human �-catenin

TABLE 1
PCR parameters

Step Conditions No. of cycles

Initial denaturation 3 min at 94 °C 1
Denaturation 30 s at 94 °C 30
Annealing 30 s at 55 °C
Elongation 30 s at 72 °C
Final elongation 10 min at 68 °C 1
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was produced by PCR using the clone IRATp970B0778D
(ImaGenes) as a template and the following pair of oligonucleo-
tide primers: forward, 5�-GCAACTAGTATGACTTCGGC-
AAC-3�; and reverse, 5�-TGCAAGCTTCTAGAAGGAATCC-
ATTGC-3�. After digestion with SpeI and HindIII, the PCR
fragment was inserted into the plasmid pET41c (Novagen) to
construct the vector pET41c-�-catenin coding for human
�-catenin fused with an N terminus GST (GST-�-catenin)
(126.5 kDa). Prior to the expression of the proteins, the cDNA
constructs were sequenced to verify that no mutation had
arisen during PCR.
To produce His-EPLIN, GST-�-catenin, and GST proteins,

the E. coli BL21 RIL or BL21-DE3 strains (Stratagene) were
transformed with the plasmids pQE30-EPLIN�, pET41c-�-
catenin, and pET41c, respectively. When the absorbance of the
cultures reached 0.6–0.7 at 600 nm, the production of His-
EPLIN, GST-�-catenin, and GST proteins was induced by add-
ing to bacterial cultures 0.5, 1, and 10 �M isopropyl 1-thio-�-D-
galactopyranoside, respectively, and completed within 3 h.
After a 20-min centrifugation at 5000 rpm, bacteria were col-
lected and resuspended in sonication buffer (50 mM Tris, pH 8,
150 mM NaCl, 6 mM reducing agent tris(2-carboxyethyl)phos-
phine). Following sonication, the three recombinant proteins
were soluble. Consequently, after a 30-min sonicated lysate
centrifugation at 14,000 rpm, pellets were discarded, and the
supernatants were collected prior to be loading onto glutathi-
one-Sepharose columns (GE HealthCare) for GST-�-catenin
and GST or onto a nickel-chelating column (Qiagen) for His-
EPLIN. The recombinant proteins were eluted from the affinity
columns according to the manufacturers’ protocols. The plas-
mid encoding for VE-Cad-GFP was described previously (21).
RNA Extraction and Analysis—Total RNA was extracted

from HUVECs using the Nucleospin� RNA II kit (Macherey-
Nagel). cDNAs were generated by reverse transcription using
the SuperScript first strand synthesis system (Invitrogen) under
conditions recommended by the manufacturer. RT-PCR was
performed with the equivalent of 20 ng of reverse transcribed
RNA using the AccuPrimeTM Taq DNA polymerase (Invitro-
gen) according to the parameters given in Table 1. The oligo-
nucleotide primers used are listed in Table 2. Specific VE-cad,

EPLIN, and hypoxanthine phosphoribosyltransferase (HPRT)
PCR products were visualized by ethidium bromide staining.
Cell Culture and Transfection—Culture conditions for

Caco2,MDCK, Eahy926, and hCMEC/D3 (22) cell lines and for
HUVECs are summarized in Table 3. �-Minimum Eagle’s
medium, DMEM, nonessential amino acids, and low serum
growth supplement were from Invitrogen. Fetal calf serum
(FCS), EBM-2, and EGM-2 SingleQuots were from Lonza, and
the antibiotic-antimycotic solution was from PAA Laborato-
ries. HUVECs were transfected using nucleofection (Amaxa
Biosystems) according to the manufacturer’s protocol. Briefly,
the day before transfection, cells were seeded at a density of
30,000 cells/cm2 in EBM-2medium supplementedwith EGM-2
SingleQuots. For each siRNA transfection, 2�106 cells were har-
vested using Reagent Pack (Cambrex) and pelleted by centrifu-
gation (6min at 1000 rpm) prior to being resuspended in 100�l
of Nucleofector� solution, mixed with 6 �l of siRNA at 20 �M,
and subjected to nucleofection. siRNA-transfected cells were

FIGURE 1. EPLIN expression in epithelial and endothelial cells. A, RT-PCR
analysis of EPLIN and VE-cadherin mRNAs in HUVECs. EPLIN (lane 1), HPRT (lane
2), HPRT and VE-cad (lane 3), and HPRT and EPLIN (lane 4) mRNAs were con-
verted into cDNAs prior to being used as templates for subsequent PCR
amplification. VE-cad was used as a positive control, and HPRT was used as an
internal standard. A negative control was performed with no template (lane
5). B, Western blot analysis of EPLIN expression in Caco2, MDCK, Eahy926
(EAHY), hCMEC/D3 (HCMEC), and HUVEC lysates. The membrane was rep-
robed with anti-�-tubulin (�-tub) antibody as a protein loading control.
C, Western blot analysis of the subcellular localization of EPLIN and �-catenin
proteins in confluent HUVECs. The membrane (Mb) and cytoplasmic (Cyto)
fractions were separated from HUVEC lysates by ultracentrifugation and then
analyzed by Western blot for their EPLIN and �-catenin contents. Molecular
mass markers (kDa) are given at the left margin of each blot.

TABLE 2
Primers used for amplifying PCR products

Transcript Sense Antisense Size

bp
VE-cadherin 5�-CGCCTCTGTCATGTACCAAA-3� 5�- GTCTTCAGGCACGACAAATG-3� 252
EPLIN 5�-GGAGCAAAAGGAGAATGTGC-3� 5�-AATAGGAGCAACGGAAGCAG-3� 359
HPRT 5�GACCAGTCAACAGGGGACAT-3� 5�-AAGCAGATGGCCACAGAACT-3� 427

TABLE 3
Conditions of culture of different cell lines
�MEM, �-Minimum Eagle’s medium; ATAM, antibiotic-antimycotic solution;
LSGS, low serum growth supplement.

Cell type Medium

Caco2 �MEM, 20% FCS, 1% ATAM
MDCK DMEM, 10% FCS, 1% ATAM, 1% nonessential amino acids
Eahy926 DMEM, 10% FCS, 1% ATAM
hCMEC/D3 EBM-2 supplemented with 1/4 of EGM-2 SingleQuots
HUVEC M199, 20% FCS, 2% LSGS, 1% ATAM

EBM-2 supplemented with EGM-2 SingleQuots

EPLIN Stabilization of in Vitro Vascular Capillary Network
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used at 24 or 48 h after transfection. For fluorescence recovery
after photobleaching (FRAP) experiments, HUVECs were
simultaneously transfected with the plasmid coding VE-cad-
GFP and siRNA using the nucleofection method.
Cell Lysis and Western Blot Analysis—HUVEC monolayers

were rinsed in Ca2�- and Mg2�-containing PBS and resus-
pended in lysis buffer (50mMTris-HCl, pH 7.5, 150mMNaCl, 1%
NonidetP-40, 0.25%sodiumdeoxycholate, 1mMEDTA,10%glyc-
erol, 5 �g/ml leupeptin, 2 �g/ml aprotinin, 2 mM PMSF, 1 mM

Na3VO4) as described previously for epithelial cells (18). Cell
lysates were collected and centrifuged at 15,000 � g for 10 min at
4 °C. The protein concentration in cell lysates was determined
with aMicro-BCA kit (Pierce) using bovine serum albumin (BSA)
as a standard. Protein extractswere resolved inMOPSbuffer (Bio-
Rad) on precast CriterionTM XT 4–12% gradient Bis-Tris gels
(Bio-Rad) under reducing conditions and electrotransferred
onto Immobilon�-P transfer membrane (Millipore). After a
blocking step with 5% nonfat dry milk, proteins were detected

FIGURE 2. Differential distribution of EPLIN in sparse and confluent HUVECs. HUVECs were plated on glass coverslips at two different densities and stained
with anti-EPLIN antibody, FITC-phalloidin, and Hoechst. Bar, 20 �m.

FIGURE 3. Subcellular localization of EPLIN and �-catenin in endothelial and epithelial cells. A, Caco2, MDCK, Eahy926 (EAHY), hCMEC/D3 (HCMEC), and
human umbilical vascular endothelial cells were immunolabeled for EPLIN and �-catenin (�-Cat). Scale bar, 20 �m. B, confocal analysis of �-catenin, EPLIN, and
F-actin on Caco2 and HUVEC monolayers. White lines reflect the plane for Z acquisition. Scale bar, 20 �m.
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by specific primary antibodies as specified and the appropriate
horseradish peroxidase-conjugated goat anti-mouse or goat
anti-rabbit immunoglobulins (Jackson ImmunoResearch Lab-
oratories). When mentioned, the signal was quantified using
ImageJ software.
Immunoprecipitation Experiments—2 mg of total lysates

were precleared on Protein A- (Sigma) or Protein G-Sepharose
(Sigma) beads for immunoprecipitation experiments per-
formed with either polyclonal or monoclonal antibodies,
respectively. Precleared lysates were then incubated with 6 �g
of specific antibody or nonimmune IgG at 4 °C for 2 h under
agitation. Beads were then added for an additional 2 h at 4 °C
under agitation and washed three times in washing buffer (50
mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 10%
glycerol) prior to resuspension in Laemmli buffer. After bead
centrifugation, supernatants were then analyzed on precast
Criterion XT 4–12% gradient Bis-Tris gels (Bio-Rad).
Subcellular Fractionation—Membrane and cytosolic frac-

tions were separated from HUVEC lysates by ultracentrifuga-
tion as described previously (23).

Calcium Switch Experiments—HUVECs grown in EBM-2
supplemented with EGM-2 SingleQuots (Clonetics) until con-
fluence were rinsed with Ca2�- and Mg2�-free PBS and incu-
bated in complete EBM-2 medium with 2 mM EGTA for 36 h
prior to being switched back to complete EBM-2 medium for
the indicated time.
Immunofluorescence Microscopy—For immunostaining, cells

culturedonglass coverslipswere rinsed several times inCa2�- and
Mg2�-containing PBS, fixed for 10min at 37 °C in 4%paraformal-
dehyde, and permeabilized in 4% paraformaldehyde containing
0.5%TritonX-100 for5minat roomtemperature.After ablocking
step in2%BSA, cellswere incubatedwith theprimary antibody for
1 h and subsequently with the appropriate secondary antibody for
45min. The nucleus was stainedwithHoechst dye prior to cover-
slipmountingona slideusingFluorSaveTM reagent (Calbiochem).
An Axioplan 2 microscope (Zeiss) equipped with a �100 or �50
objectivewasused for cell observation. Imageswere capturedwith
an AxioCamMR camera using AxioVision software.When spec-
ified, imageswere acquired using a confocalmicroscopeTCS-SP2
(Leica) with a �63/1.4 objective.

FIGURE 4. Association of EPLIN with VE-cadherin-based complex in HUVECs. Co-immunoprecipitations of EPLIN with VE-cad and �- and �-catenins
in HUVECs are shown. Anti-EPLIN (B), �-catenin (�-cat) (C), �-catenin (�-cat) (D), and VE-cad (E) immunoprecipitations (IP) were probed successively for
EPLIN, �-catenin, �-catenin, and VE-cad. As controls, the whole cell lysate (Lys) was run in parallel (A), and the immunoprecipitations performed using
rabbit (negative control for anti-EPLIN, anti-�-catenin, and anti-VE-cad immunoprecipitations) or mouse (negative control for anti-�-catenin immuno-
precipitation) non-immune IgG (NI) were analyzed simultaneously. Note that in B immunoprecipitations performed using the rabbit anti-EPLIN antibody
were probed with the mouse anti-EPLIN antibody. *, nonspecific band revealed by mouse anti-EPLIN antibody. VE-Cad tr corresponds to a truncated
form of VE-Cad cleaved at its C terminus and deleted of the catenin-binding domains (18). F, Interaction of �-catenin with EPLIN. GST or GST-�-catenin
immobilized on glutathione beads was incubated with HUVEC lysates. Pulldown assays and whole HUVEC lysate were revealed with the mouse
anti-EPLIN antibody. G, direct interaction between purified EPLIN and �-catenin. Purified His-EPLIN was incubated with purified GST or GST-�-catenin
immobilized on glutathione beads as indicated. Pulldown assays and whole HUVEC lysate were revealed with the mouse anti-EPLIN antibody. Each
panel is illustrative of three experiments. WB, Western blot.
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Pulldown Assays—For GST pulldown assays, 50 �l of gluta-
thione beads coupled with GST or GST-�-catenin were incu-
bated overnight at 4 °Cwith 50�l of His-EPLIN in the presence
of 2% BSA or 2 mg of HUVEC total lysate. After three washing
steps with 50mMTris, 150mMNaCl, proteins were eluted with
10 mM glutathione and analyzed on a 4–12% gradient gel.
Immunofluorescent staining of VE-Cad, EPLIN, and �-catenin
in Matrigel matrix was performed following in-gel fixation and
permeabilization of tubules using PBS containing 0.5% Triton
X-100 and 4% paraformaldehyde.
In Vitro Proliferation Assay—Proliferation assays were per-

formed using 96-well plates precoated overnight with 7 �g/ml
fibronectin and blocked with PBS, 2% BSA for 2 h. 24 h after
siRNA transfection,HUVECswere seeded at a density of 15,000
cells/well using 8 wells per condition. After 24- and 48-h incu-
bation times, cells were fixed by adding 150 mMNaCl-contain-
ing Percoll (100 �l/well) and 10% glutaraldehyde-containing
Percoll (50 �l/well). Cells were rinsed in PBS before staining
with 0.1% (w/v) crystal violet. After extensive washing, colored
cells were lysed in 0.2% Triton X-100. Cell density was quanti-
fied by measuring absorbance of the resulting solutions at 560
nm using a Bio-Rad microplate reader.
In Vitro Adhesion Assay—Cellular adhesion was assessed

using 96-well plates precoated overnight with 0, 2.5, 5, and 10
�g/ml fibronectin. HUVECs were then seeded in serum-free
medium at a density of 30,000 cells/well and incubated for 15
min at 37 °C to allow cell-matrix adhesion. An extensive and
vigorous washing step with PBSwas performed to remove non-
adherent cells. As for the proliferation assay, cells were fixed in
150 mMNaCl-containing Percoll and 10% glutaraldehyde-con-
taining Percoll and rinsed in PBS before staining with 0.1%
(w/v) crystal violet. Colored cells were lysed in 0.2% Triton
X-100, and cell density was quantified by measuring absorb-
ance of the resulting solutions at 560 nmusing aBio-Radmicro-
plate reader.
In Vitro Wounding Migration Assay—24 h after cell seeding

in a 2-well Lab-Tek slide (Nunc), siRNA control- and siRNA
EPLIN-treated HUVEC monolayers were scratched with a
tip to obtain a linear wound. Reclosure of the wound was
monitored by time lapse microscopy under low magnifica-
tion (4�) until cells were reconstituted into homogenous
monolayers. Distances covered by the migration fronts were
measured at 20 different points along the wound using
ImageJ software.
In Vitro Tubule Formation Assay—The angiogenic impact of

EPLIN extinction was assessed using a Matrigel angiogenesis
assay. 50�l/cm2Matrigel was plated into a 2-well Lab-Tek slide
(Nunc) and maintained at 37 °C for 30 min to induce gel poly-
merization. Then 50,000 cells/cm2, counted with the Scepter
handheld automated cell counter (catalogue number
PHCC00000, Millipore), were seeded onto the Matrigel layer.
Formation of tubes was visualized by time lapse microscopy
under low magnification (4�) for 26 h. The total length of the
vascular capillary network was quantified using ImageJ
software.
FRAP Experiments—For VE-cad-GFP FRAP and spot track-

ing, images were acquired using a Zeiss ConfoCor microscope
equipped with a plan apochromat 100� oil objective (numeri-

cal aperture, 1.4). Photobeaching was performed using the 488
nm line of an argon laser. The size of the spot was 0.8 �m2.
Fluorescence recovery was then recorded every 3 s during 150 s
over regions of interest of 180 � 100 pixels (9 � 3.6 �m2) cen-
tered on the spot and oriented parallel to the adherens junc-
tions. Lateral movements of the junctions were compensated
using the Stackreg plugin of ImageJ software. Using ImageJ
software, the bleached intensity was calculated as the mean
intensity in a 0.8-�m2 disk centered on the bleach spot. This
intensity was then normalized by the mean intensity of the
whole region of interest, excluding a 2.54-�m2 circular region
centered on the bleached spot. The normalized intensity of the
two prebleached time points were averaged to obtain a pre-
bleached intensity reference. The time points were then
expressed as a percentage of the prebleached intensity. Nor-
malization by the mean intensity of the adherent junction,
excluding the bleach spot (24), was also tested. No significant
differencewith the previousmethodwas observed except that it

FIGURE 5. Differential recruitment of EPLIN, VE-cadherin, and �-catenin
to newly formed cell-cell contacts in HUVECs. HUVECs grown in EGTA-
containing medium were switched from low Ca2� to standard Ca2� condi-
tions and fixed in normal Ca2� conditions at 0, 10, and 60 min post-Ca2�

addition. Cells were stained for EPLIN (D, G, J), and �-catenin (�-cat; B, E, H, K).
Bars, 20 �m.
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is more sensitive to cell movements. Data were fitted using a
diffusion dominant model (25),

F

Fp
� � �

n � 0

� ��K�n

n!

1

1 � n�1 � 2t/�D�
� 1�1 � ��

F0

Fp
(Eq. 1)

where Fp and F0 are the intensities before and just after bleach
and � is the fraction of mobile proteins. �D � w2/D is the char-
acteristic diffusion time where w is the waist of the laser beam
andD is the coefficient of diffusion of the proteins.K is a param-
eter related to the kinetics of bleaching, F0/Fp � (1 � e�K)/K,
for a Gaussian laser beam.
Time Lapse Videomicroscopy—Time lapse videomicroscopy

experiments were performed on siRNA control- and siRNA
EPLIN-treated HUVECs grown in a 2-well Lab-Tek slide.
Images were collected with an IX71 Olympus microscope
equipped with a heated work plate, a humidifier, and a CO2
delivery system and using anUPlan FLN�4/0.13 PhL objective
and an ORCA-ER camera (Hamamatsu). The microscope was
also equipped with a motorized stage (Märzhäuser GmbH and
Prior Scientific Instruments Ltd.) to allow multiposition and
multicondition acquisition and automated experiments.

RESULTS

EPLIN Is Expressed in Endothelial Cells at Intercellular
Junctions—In epithelial cells, EPLINwas recently shown to link
actin filaments to �-catenin when bound to the E-cadherin��-
catenin complex (18). Because EPLIN expression was only

reported in epithelial cells, we first investigated whether EPLIN
was also present in endothelial cells. RT-PCR analysis revealed
the existence of an EPLIN transcript in HUVECs (Fig. 1A). The
presence of both EPLIN� and -� proteins was detected by
Western blot analysis in the endothelial Eahy926, hCMEC/D3,
and human umbilical vascular endothelial cell types (Fig. 1B).
However, although EPLIN� and -� isoforms were expressed in
similar amounts in MDCK and Caco2 epithelial cell lines, sig-
nificantly lower EPLIN� protein levels were detected in endo-
thelial cells, particularly in the Eahy926 cell line (Fig. 1B).

To test whether EPLIN is able to promote interaction
between the endothelial catenin�cadherin complex and F-actin
as it does in epithelial cells, its subcellular localization was
explored in HUVECs. The membrane and cytoplasmic frac-
tions were separated from HUVEC lysates by ultracentrifuga-
tion and analyzed for their EPLIN content byWestern blot (Fig.
1C). Similar to �-catenin, EPLIN was preferentially detected in
themembrane fraction comparedwith the cytoplasmic fraction
(Fig. 1C). An immunocytochemical localization of EPLIN was
also carried out on HUVECs plated at different densities. Fig. 2
shows that EPLINwasmainly located along actin stress fibers in
sparse cells, whereas it accumulated along the cortical actin
ring in confluent monolayers. Similar results were obtained
with hCMEC/D3, Eahy926, Caco2, and MDCK cells (Fig. 3A).
Furthermore, EPLIN co-localized with �-catenin at cell-cell
junctions in all cell types (Fig. 3B). Confocalmicroscopy further
confirmed that EPLIN and �-catenin together with actin co-lo-
calized at cell-cell junctions. The three signals were present all

FIGURE 6. Transient depletion of EPLIN in HUVECs. A, Western blot analysis of EPLIN protein expression in siRNA-treated HUVECs. Lysates of HUVECs
transfected with control (Ctrl) or EPLIN siRNA were analyzed by Western blot to determine EPLIN� and -� protein levels. Immunoblots were reprobed with
�-tubulin (�-tub) as a protein loading control. B, efficiency of EPLIN extinction at 24, 48, and 72 h post-siRNA transfection. Evaluation of the residual amounts
of EPLIN was performed using the quantification of the immunoreactive bands after normalization to �-tubulin using ImageJ software. C, Western blot analysis
of VE-cadherin, �-catenin, and tubulin protein expression levels in HUVECs transfected with control (siCtrl) and EPLIN (siEPLIN) siRNA. Lysates of siRNA-treated
HUVECs were probed successively for EPLIN, VE-cad, �-catenin (�-cat), and �-tubulin (�-tub). �-Tubulin expression was monitored for normalization of protein
loading. tr, truncated.
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along the intercellular junctions in the z axis. In addition, after a
careful scrutiny of confocal images, we observed that whenever
EPLIN was located at cell-cell junctions it appeared co-local-
ized with �-catenin and actin. However, junctional �-catenin
could be co-localized with actin in spots without EPLIN. These
data led us to think that EPLIN could be one of themissing links
between the VE-cad-based complex and the cortical actin
filaments.
Association of EPLIN with VE-cadherin�Catenin Complex in

HUVECs—To assess whether EPLIN is associated with the
VE-cad�catenin complex in HUVECs, various immunoprecipi-
tation experiments were performed (Fig. 4). In a first series of
experiments, we show that �- and �-catenins as well as VE-
cadherin were co-immunoprecipitated with EPLIN. Interest-
ingly, only the entire 135-kDa form of VE-cadherin and not the
intracellularly truncated 100-kDa form (Fig. 4B,VE-cad tr) was
immunoprecipitated, indicating that theVE-cadherin cytoplas-
mic tail is necessary for its participation in the complex. Immu-
noprecipitations of�-catenin (Fig. 4C),�-catenin (Fig. 4D), and
VE-cad (Fig. 4E) confirmed the association of EPLIN with �-
and �-catenins and with VE-cad. To verify immunoprecipita-
tion data, GST pulldown assays were performed using
�-cateninN-terminally coupled toGST (GST-�-catenin). Pull-
down assays performed with HUVEC extracts revealed that
GST-�-catenin interacted with both� and� isotypes of endog-
enous EPLIN, whereas GST did not (Fig. 4F). To determine
whether �-catenin is the element within the VE-cad�catenin
complex that directly binds EPLIN, the GST-�-catenin fusion
protein was assayed for its capacity to bind the purified recom-
binant EPLIN fused with a polyhistidine tag (His-EPLIN). As
illustrated in Fig. 4G, GST-�-catenin precipitated His-EPLIN,
whereas GST did not. These data indicate that in HUVECs
EPLIN associates with the VE-cad�catenin complex via
�-catenin.
Differential Recruitment of EPLIN and �-Catenin to Newly

Formed Cell-Cell Contacts—Recruitment of EPLIN and
�-catenin in the formation of cell-cell contacts was then inves-
tigated. Consequently, to initiate cell-cell contacts, HUVECs
were treated with EGTA (for 36 h) and then switched to stan-
dard Ca2� conditions. At different post-Ca2� addition times,
HUVECswere co-labeled for EPLIN andVE-cadherin (data not
shown) and EPLIN and �-catenin. In low Ca2�-containing
medium, EPLINwas clearly detected at cell edges but also along
some actin fibers (Fig. 5D), whereas VE-cad appeared delocal-
ized from cell-cell junctions (data not shown), and �-catenin
exhibited a cytoplasmic punctate staining (Fig. 5E). After cell-
cell adhesion was stimulated by calcium addition, �-catenin
and VE-cadherin progressively accumulated at contact sites
(Fig. 5K). Although EPLIN localized at cell edges before the
initiation of cell-cell adhesion,�-catenin andVE-cadherinwere
recruited temporally.
EPLIN Abrogation Does Not Affect HUVEC Proliferation,

Adhesion, andMigration—To further our understanding of the
role of EPLIN at cell-cell junctions, abrogation of EPLIN was
carried out in HUVECs using siRNA technology. We first
established the time course of EPLIN down-regulation in
HUVECs treated with EPLIN siRNA. Practically immediately
after siRNA transfection, HUVECs were plated and allowed to

grow for additional 24-, 48-, or 72-h periods of time prior to cell
lysis.Western blot analysis indicated that at 24 h post-transfec-
tion EPLIN expression was 80% lower compared with control
siRNA (Fig. 6,A and B). Between 48 and 72 h post-transfection,
EPLIN expression progressively re-increased (Fig. 6, A and B).
To test whether EPLIN silencing influenced the expression of
VE-cad and �-catenin, Western blot analyses were carried out
on EPLIN siRNA-treated HUVECs. Fig. 6C shows that the lev-
els of VE-cad and�-catenin protein expressionwere unaffected
by EPLIN knockdown.
To investigate whether EPLIN depletion disrupts cell-cell

adhesion and/or alters cell morphology, siRNA-treated
HUVEC monolayers were labeled for EPLIN, �-catenin, and
VE-cad. Down-regulation of EPLIN affected neither the distri-
bution of �-catenin (Fig. 7A) and VE-cad (Fig. 7B) at sites of
cell-cell contacts nor cell morphology (Fig. 7, A and B). But

FIGURE 7. Immunofluorescence analysis of EPLIN, �-catenin, VE-cad, and
actin distributions in siRNA-treated confluent HUVECs. 24 h after trans-
fection with control (Ctrl) or EPLIN siRNA, HUVECs were stained for EPLIN,
�-catenin, and nuclei (Hoechst) (A); for EPLIN, VE-Cad, and nuclei (B); and for
EPLIN, actin, and nuclei (C). In C, arrows point to cortical F-actin (above), and
arrowheads point to gaps within the cortical F-actin network (below). Confo-
cal images are representative of at least three independent experiments.
Scale bars, 10 (A) and 20 �m (B and C).
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abrogation of EPLIN expression in HUVECs disturbed the
organization of cortical F-actin. At confluence, control
siRNA-treated HUVECs exhibited cortical F-actin organized
along the adhesion belt (Fig. 7C, arrows). By contrast, EPLIN
depletion led to a phalloidin staining decrease of the cortical
actin ring with formation of gaps within the actin cytoskeleton
network of adjoining cells (Fig. 7C, arrowheads). In addition,
residual cortical actin bundles bridged adjacent cells by adopt-
ing a radial orientation. These features suggest that EPLIN is
absolutely required for the elaboration of the cortical F-actin
belt. Interestingly, EPLIN depletion led to an increase in actin
stress fibers (Fig. 7C).

No defect in cell growth rate was observed between siRNA
control- and siRNA EPLIN-treated cells at 24- and 48-h incu-
bation times (Fig. 8, A and B). Moreover, quantification of
endothelial cell adhesion to a fibronectin-coated surface
revealed that the number of adhering siRNA-treated cells
increased with the level of coated fibronectin but was unaf-
fected by EPLIN depletion (Fig. 8, C and E).
Next, we tested whether EPLIN knockdown would have an

impact on endothelial migration postinjury. Endothelial mono-
layers transfected with control or EPLIN siRNAwere subjected
to a wound repair assay, and time lapse imaging was used to
document wound closure over time (Fig. 8D). For both control-

FIGURE 8. Effect of EPLIN depletion on in vitro proliferation, adhesion, and wound healing assays. A and B, in vitro proliferation assay. siRNA-treated
HUVECs were imaged after 24 and 48 h of proliferation after prestaining with crystal violet (A). Following lysis, optical density (OD) of the resulting solutions was
measured at 560 nm. (B). �, control (Ctrl) siRNA-treated HUVECs; f, siRNA-treated HUVECs. C and E, in vitro adhesion assay. 15 min after cell seeding, adherent
siRNA-treated cells, stained with crystal violet, were imaged (C). After lysis, optical density of the resulting solutions was measured at 560 nm (E). D and F, wound
healing assays. Confluent monolayers of siRNA-treated cells were scratched (time � 0) and imaged over time to track wound reclosure (D). The distances
covered by the cell fronts were measured over time (F). Each panel is illustrative of three experiments. Fn, fibronectin.
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and EPLIN siRNA-treated monolayers, wound closure was
completed by 11 h postinjury. Distances covered by the cell
fronts were plotted versus time, and the rates of wound closure
indicate that HUVEC migration was not altered by EPLIN
depletion (Fig. 8F). Moreover, automated single cell tracking of
scratched monolayers revealed that the trajectories of cells are
not affected by EPLIN down-regulation (data not shown). In
conclusion, EPLIN depletion does not modify the ability of
HUVECs to proliferate, adhere, and migrate.
EPLIN Is Not Essential for Stability of Mature VE-cadherin-

mediated Adhesion—To gain insights into the role of EPLIN in
the dynamics of mature VE-cad adhesion, we performed FRAP
experiments. For this, we transiently co-transfected HUVECs
with the cDNAplasmid codingVE-cadC-terminally fusedwith
GFP (VE-cad-GFP) and with either control or EPLIN siRNA

(Fig. 9). We characterized the dynamics of VE-cad-GFP local-
ized to sites of cell-cell contacts in both siRNA control- and
siRNA EPLIN-treated HUVEC monolayers (Fig. 9A). For both
siRNA-treated cells, fluorescence signals camebackwithin 50 s,
and the mobile fraction was estimated to be 75% of the total
junctional VE-cad-GFP population (Fig. 9B). The mean diffu-
sion coefficients of VE-cad-GFP determined from 50 individual
trajectories for each transfection condition were estimated to
(5 	 1) � 10�2 �m2�s�1 for control- as well as for EPLIN
siRNA-treated HUVECs. This value is consistent with data
published on E-cad-GFP (24), GFP-N-cad (26), and cad-11-
GFP (27) when involved in mature cell-cell contacts. The fact
that VE-cad diffusion is not affected by EPLIN depletion sug-
gests that the primary function of EPLIN is not to control VE-
cad-mediated stability at adherens junctions.

FIGURE 9. Dynamics of VE-cad-GFP at endothelial cell-cell contacts. A, representative examples of pre- and postphotobleached images of VE-Cad-GFP at
cell-cell contacts. VE-cad-GFP-overexpressing HUVECs transfected with either control or EPLIN siRNA were grown to confluence prior to performing FRAP
experiments. Photobleached spots are circled. B, mean fluorescence recovery curves for control and EPLIN siRNA-treated HUVECs. The curves were generated
from 50 independent experiments for control (top) and EPLIN (bottom) siRNA-treated cells.
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Role of EPLIN inMechanotransduction—Vinculin is another
actin-binding protein known to directly interact with�-catenin
(9, 28, 29). To test whether EPLIN and vinculin can interact
with VE-cad-bound �-catenin, their respective immunocyto-
chemical localization was analyzed in HUVECs. Fig. 10A
showed that vinculin localized at both focal adhesion (arrow-
heads) and cell-cell junction sites (arrows). As cell confluence
increased, cell-cell junctions lost their zig-zag aspect, and vin-
culin and EPLIN accumulated at cell-cell junctions. In fact, co-
localization of EPLIN and vinculin appeared restricted to areas
where cell-cell junctions were mature.
We next sought to determine whether vinculin and EPLIN

are recruited at cell-cell junctions independently of each other.
For this, the immunolocalization of vinculin was analyzed in
EPLIN-depleted HUVECs. A clear delocalization of vinculin
from cell-cell junctions was observed in the absence of EPLIN
in contrast to what happened in control siRNA-treated
HUVECs (Fig. 10B). This observation indicates that the recruit-
ment of vinculin at cell-cell junctions requires the presence of
EPLIN.
Recently, it was discovered that vinculin reversibly disap-

peared from epithelial cell-cell junctions when force generated
bymyosin IIwas inhibitedwith blebbistatin (9), a specific inhib-
itor of non-muscle myosin II activity (30). To investigate
whether EPLIN and vinculin are affected by actomyosin activity
in HUVECs, we examined the junctional localization of EPLIN
and vinculin in HUVECs treated for 30 min with different con-
centrations of blebbistatin (Fig. 11). In HUVECs treated with 0,

5, 10, and 50 �M blebbistatin, EPLIN was nearly completely
co-localized with �-catenin at cell-cell junctions despite the
disturbing effects of blebbistatin on cell-cell junctions (Fig.
11A). In contrast, junctional vinculin staining was strikingly
reduced in blebbistatin-treated HUVECs, indicating that drug
treatment caused a redistribution of vinculin from cell-cell
junctions (Fig. 11B). Together, these results indicate that in
HUVECs EPLIN is present at cell-cell junctions independently
of myosin II contractility, whereas junctional localization of
vinculin requires myosin II activity.
To quantify the blebbistatin sensitivity of the two junctional

proteins vinculin and EPLIN, we determined the EPLIN/�-
catenin and vinculin/�-catenin fluorescent intensity ratios at
cell-cell junctions in blebbistatin-treated cells (Fig. 12). This
quantification revealed a significant reduction in the vinculin
level after blebbistatin treatment (Fig. 12B). More precisely, the
reduction reached 34 and 59% inHUVECs treatedwith 5 and 10
�M blebbistatin, respectively. Similar analysis revealed no sig-
nificant difference in the junctional level of EPLIN between
control and blebbistatin-treated HUVECs (Fig. 12C). This dif-
ference of behavior probably reflects the differential capacity of
EPLIN and vinculin to interact with �-catenin.
Impact of EPLIN Depletion on Angiogenesis—We next won-

dered whether EPLIN depletion would impair more elaborate
processes, such as in vitro angiogenesis, during which intracel-
lular tensions generated by the actin cytoskeleton and transmit-
ted from cell to cell through adherens junctions are required for
proper vascular organization (31–33). To investigate the effect

FIGURE 10. Subcellular distributions of EPLIN and vinculin in HUVECs. A, HUVECs were stained with polyclonal anti-EPLIN, mAb anti-vinculin, Alexa Fluor
488-labeled goat anti-rabbit, and Alexa Fluor 568-labeled goat anti-mouse antibodies and Hoechst. Bar, 20 �m. Arrows and arrowheads point to mature and
immature cell-cell junctions, respectively. B, immunofluorescence analysis of EPLIN and vinculin (Vin) distributions in siRNA-treated HUVECs. 24 h after
transfection with control (Ctrl) or EPLIN siRNA, HUVECs were stained for EPLIN, vinculin, and nuclei (Hoechst) as described in A. Scale bar, 20 �m. Boxed regions
are magnified in the side panels. Scale bar, 10 �m.

EPLIN Stabilization of in Vitro Vascular Capillary Network

7566 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 10 • MARCH 2, 2012



of EPLIN depletion on angiogenesis, in vitro tubule formation
assays were performed using a Matrigel matrix onto which an
equal number of HUVECs pretreated with either EPLIN or
control siRNA were seeded. Observation by phase-contrast
microscopy showed that control- and EPLIN siRNA-
transfected cells kept the capacity to elaborate precapillary
structures. Immunostaining of these pseudovascular structures
showed that EPLIN co-localized at cell-cell junctions with VE-
cadherin (Fig. 13A) and �-catenin (Fig. 14A). Moreover, at
EPLIN-null junctions, VE-cadherin and �-catenin immunoflu-

orescent signals were still detectable, indicating that EPLIN
depletion in precapillary structures did not affect the subcellu-
lar localization of VE-Cad (Fig. 13B) and �-catenin (Fig. 14B).
By time lapse microscopy, we noticed that a progressive for-

mation of lacunae emerged from the organization of HUVECs
initially homogeneously distributed on the Matrigel matrix
(Fig. 15A). To temporally quantify the vascular network con-
struction, the total length of capillaries wasmeasured over time
using ImageJ software. At 2 h postseeding, control and EPLIN
siRNA-treated HUVECs exhibited preliminary capillary net-

FIGURE 11. Effect of blebbistatin treatment on subcellular localization of �-catenin, EPLIN, and vinculin revealed by confocal microscopy analysis.
HUVECs treated with 0, 5, 10, and 50 �M blebbistatin (Blebb) were fixed before double labeling for �-catenin and EPLIN (A) and for �-catenin and vinculin (B).
Scale bars, 20 �m.
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works with equivalent total lengths prior to undergoing power-
ful remodeling (Fig. 15, 2 h). As illustrated for control
siRNA-transfected cells in Fig. 15B, this vascular network
remodeling process could be clearly divided into two phases.
During the first phase (2–12 h), the lacunae grew and fused,
leading to an exponential decrease of the network length (Fig.
15A). In the second phase (12–26 h), the vascular network
reached a steady state, leading to a stabilization of the total
capillary length. For EPLIN siRNA-down-regulatedHUVECs, a
very similar decrease of the network length was observed dur-
ing the 2–12-h postseeding period. But in contrast to what hap-
pened for control siRNA-treated cells during the second phase,
network length continuously decreased with post-cell seeding
time (Fig. 15B). We observed that internodal connections were
lacking, and a certain number of endothelial cells remained as
single cells, unincorporated into any tubular structures or
agglutinated into bunches at the tips of retracting tubes after

their breakage (Fig. 15A, arrowhead). Compared with the pre-
liminary networks, at 26 h postseeding, control and EPLIN
siRNA-treated cells showed a 43 and 70% decrease of total net-
work length, respectively (Fig. 15B). Careful examination of the
network generated from EPLIN-down-regulated cells revealed
that vascular capillaries underwent numerous breakage events
(Fig. 15A, arrows). This led to a concomitant lacuna surface
growth and network length decrease. Quantification of the
breakage events revealed that in the absence of EPLIN the pre-
capillary network tended to break twice more than in control
cells (Fig. 15C). To verify that no apoptosis took place in the
absence of EPLIN, we performed caspase 3 immunostaining of
the pseudovascular networks elaborated in the presence or
absence of EPLIN at 24 h postseeding. In both experiments,
very few cells exhibited caspase 3 staining, indicating that no
apoptosis arose during the formation of the pseudovascular
networks (data not shown). We conclude that EPLIN-depleted
HUVECs maintain their ability to elaborate preliminary vascu-
lar networks; however, the vascular pseudocapillaries regress
during the remodeling process. Because intercellular tensions
increase during this latter step (31), this feature possibly reflects
an alteration in the link between the VE-cad�catenin complex
and the cortical actin ring as observed previously in HUVECs
seeded on fibronectin-coated dishes.

DISCUSSION

There is growing evidence that cells and tissues are subjected
to intercellular forces during cell remodeling and tissue mor-

FIGURE 12. Effects of blebbistatin on junctional recruitment of vinculin
and EPLIN. After pretreatment with 0, 5, or 10 �M blebbistatin, HUVECs were
double stained for EPLIN and �-catenin and for vinculin and �-catenin. Fluo-
rescence intensities were measured along white lines perpendicularly drawn
to cell-cell junctions as illustrated in A. After background subtraction, fluores-
cence intensity profiles were generated, and the maximal intensity of fluores-
cence was used as a measure of junctional protein level. For normalization,
EPLIN and vinculin maximal intensities of fluorescence were divided by the
corresponding �-catenin maximal intensity of fluorescence to generate
EPLIN/�-catenin (B) and vinculin/�-catenin (C) ratios. The mean values for the
ratios were obtained from 20 measures for each condition. Statistical analysis
using the Tukey method indicated that the junctional level of vinculin
decreased, whereas the junctional level of EPLIN remained roughly constant
as blebbistatin concentration increased.

FIGURE 13. Localization of EPLIN and VE-cadherin in pseudovascular
structures elaborated in Matrigel matrix. Pseudovascular tubules were
formed using untreated HUVECs (A) or siRNA-treated HUVECs (B). 24 h after
cell seeding, cells were labeled for EPLIN, VE-cadherin, and nuclei as per-
formed in Fig. 7B. Ctrl, control.
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phogenesis (46). This mainly occurs through adherens junc-
tions mostly by cadherins, suggesting that the cadherin com-
plex is physically and mechanically coupled to the actin
cytoskeleton (24, 34). The traditional view proposing that
cadherin�catenin complexes are directly anchored to F-actin
through�-catenin has been contested recently with convincing
data proving that�-catenin cannot simultaneously bind to cad-
herin-���-catenin complex and actin (6, 7). To encompass all
these observations, it could be assumed that some mediators
are able to bridge the cadherin�catenin complex to F-actin. This
view correlates with the discovery that an increasing number
of actin-associated proteins, such as vinculin (35), �-actinin
(8, 36), formin (37), and Ajuba (38), are able to associate with
�-catenin. By directly associating with �-catenin, vinculin
(28) and Ajuba (38) contribute to the bridging of E-cadherin
adhesive complexes to the cortical actin cytoskeleton in epi-
thelial cells. Through these different types of connections,
�-catenin can associate with various actin structures. In a
recent study, EPLIN was described as a novel mediator able
to couple E-cadherin�catenin to F-actin (18), but whether
this occurs in endothelial intercellular junctions needs to be
explored.
Until now, EPLIN has been considered as an epithelial pro-

tein down-regulated in many epithelial cancer cell lines. In the
present study, we show that EPLINmRNA and EPLIN� and -�
proteins are also present in HUVECs (Fig. 1). Additionally, we
observed that EPLIN�protein is expressed at comparable levels

in epithelial and in endothelial cells of venous or microvascular
origin. Altogether, these findings contradict previous reports
that mentioned no or only weak expression of EPLIN at
mRNA and protein levels in arterial (39) and venous (12, 15)
endothelial cells. We also found that EPLIN� protein is
less expressed in endothelial cells. As isotypes � and � are
generated by two independent promoters, it is thus likely
that EPLIN� promoter is differentially regulated in epithelial
and endothelial cells (40).
Our first investigations on EPLIN subcellular localization in

confluent HUVECs showed that EPLIN is mostly associated
with the plasma membrane and more particularly at cell-cell
junctions where it co-localizes with �-catenin in agreement
with a recent study on epithelial cells (Fig. 3) (18). Previous
reports mentioned that EPLIN is predominantly distributed
along actin stress fibers in U2OS osteosarcoma (41), primary
osteoblasts (16), and EPLIN-overexpressingNIH 3T3 cells (16).
Similarly, in sparse HUVECs, EPLIN is mainly localized along
stress fibers, consistent with the idea that it is an actin-binding
protein (Fig. 2) (12).
Our data also highlight an association between VE-cad and

EPLIN. Direct interaction of EPLIN and �-catenin was subse-
quently attested by in vitro binding of His-EPLIN and GST-�-
catenin and by co-immunoprecipitation experiments using
HUVECs (Fig. 4). Additionally, we proved that EPLIN associ-
ates with �-catenin tethered to the VE-cadherin adhesive com-
plex. Thus, these data provide evidence that EPLIN participates
in the linkage of the VE-cad�catenin complex to the cortical
actin fibers via �-catenin and also predict that EPLIN functions
similarly in endothelial cells and in epithelial cells (18). In Ca2�

switch experiments, EPLIN,VE-cadherin, and�-catenin exhib-
ited distinct cellular localization in low Ca2�-containing
medium (Fig. 5). Although EPLIN was located at cell-cell junc-
tions and on stress fibers, �-catenin and VE-cadherin appeared
delocalized from cell-cell junctions. Ca2� addition induced
�-catenin and VE-cadherin recruitment at interendothelial
junctions as described previously for VE-cad (42). The fact that
both proteins were recruited at the same rate suggested that
they were probably indirectly associated. Once positioned,
�-catenin may interact with EPLIN already present at cell-cell
junctions. Thus, �-catenin might be the last element that fills
the gap between the VE-cadherin complex and the actin fila-
ment-EPLIN network.
Down-regulation of EPLIN has been described in many can-

cer-derived or transformed cells, and it was proposed that
EPLIN could act as a tumor suppressor (12, 15). Overexpres-
sion of EPLIN in some transformed cells reverses their
capacity to grow in an anchorage-independent way, indicat-
ing that EPLIN may function in growth control by associat-
ing with and regulating the actin cytoskeleton (41). Herein,
to gain insights on the role of EPLIN in the endothelium, its
expression was blocked by siRNA in HUVECs. EPLIN silenc-
ing did not affect VE-cad and �-catenin expression (Fig. 6).
Neither the adhesive nor the proliferative properties of
HUVECs appeared affected by EPLIN silencing (Fig. 8). In
addition, EPLIN depletion had no impact on the rates of
wound closure or the migration capacity of EPLIN-silenced
cells remaining intact (Fig. 8). This is not in agreement with

FIGURE 14. Localization of EPLIN and �-catenin in pseudovascular struc-
tures elaborated in Matrigel matrix. Pseudovascular tubules were formed
using untreated HUVECs (A) or siRNA (si)-treated HUVECs (B). 24 h after cell
seeding, cells were labeled for EPLIN and �-catenin (�-cat) as performed in
Fig. 7A. Ctrl, control.
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previous data indicating that EPLIN ectopic expression
decreases motility and cell-matrix adhesion of human endo-
thelial HECV cells (39). This discrepancy may arise from
differences in experimental procedures. In one case, EPLIN�
was forcibly induced in HECV human endothelial cells,
whereas we used EPLIN silencing by siRNA in human umbil-
ical vascular endothelial primary cells.
However, in the absence of EPLIN, we observed a deficit of

connections between cell-cell junctions and F-actin (Fig. 7).
EPLIN depletion created gaps within the actin cortical network
of adjacent cells. This probably reflects the defect in vinculin
recruitment observed at cell-cell junctions in EPLIN-silenced
HUVECs (Fig. 10).
EPLIN is recruited at endothelial cell-cell junctions without

requiring actomyosin contractility (Fig. 11A). This feature
demonstrates the capacity of EPLIN to interact with the closed
conformation that �-catenin adopts in the absence of myosin
II-mediated contractility. By contrast, vinculin escapes from
endothelial cell-cell junctions when tension exerted by the
actomyosin cytoskeleton is reduced (Fig. 11B). This is in agree-
ment with previous work showing that vinculin preferentially
interacts with the stretched conformation of �-catenin at epi-
thelial cell-cell junctions (9). We propose a model (Fig. 16)

in which EPLIN primarily connects the VE-cadherin�catenin
complex to F-actin by interacting with the closed conformation
of �-catenin. Then because of the forces applied by the actin
filament-EPLIN network, �-catenin adopts a stretched confor-
mation, unmasking a cryptic binding domain for vinculin.
Depending on the tension amplitude exerted by the cytoskele-
ton, we observed that cell-cell junctions recruit variable
amounts of vinculin (Fig. 12). Vinculin, which also exhibits
open and closed conformations (43, 44), may induce sequential
recruitment of additional actin-binding proteins. Conse-
quently, by acting them in concert, EPLIN and vitronectin rein-
force the connections of the VE-cadherin complex to the cor-
tical actin filaments (Fig. 16). The multiplicity of connections
between the two entities is likely at the basis of adherens junc-
tion strengthening.
In Matrigel assays using EPLIN-silenced HUVECs, we

observed that the precapillary network formed normally
despite EPLIN down-regulation (Fig. 15A). This implies that
EPLIN does not interfere with the early steps of the angiogenic
process and correlates with the fact that cell-matrix and cell-
cell adhesions are unaltered in EPLIN-silenced HUVECs. By
contrast, during the later step of tube formation, there is a
marked alteration of in vitro morphogenesis (Fig. 15A). Upon

FIGURE 15. Effect of EPLIN depletion on in vitro tubule formation assay. A, phase-contrast videomicroscopy images comparing the vascular network
formation process for HUVECs pretreated with control (siCtrl) or EPLIN (siEPLIN) siRNAs. 24 h after siRNA transfection, HUVECs were plated onto Matrigel layers
for 2 h before time lapse microscopy of the temporal evolution of precapillary structures. Postseeding time is mentioned on each image. Arrows point to
capillary network breakage. Note that some endothelial cells aggregated into bunches (arrowheads). B, quantification of the vascular network full length.
Phase-contrast videomicroscopy images, such as those presented in A, were analyzed using ImageJ software to calculate the full length of the capillary
network. Mean values reported in this panel were calculated from three different observation fields. f, control siRNA-treated HUVECs; �, EPLIN siRNA-treated
HUVECs. * indicates a statistical difference with a p value 
0.05. C, quantification of the average number of breakage events per image over time. Breakage
events were counted 26 h after cell seeding. Mean values reported in this panel were calculated from three different observation fields. Each panel is illustrative
of four experiments.
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EPLIN depletion, a decrease of internodal connections and a
regression of the vascular network occur as a result of an
increase of breakage events within the capillary network (Fig.
15,B andC). Our immunolabeling data excluded the possibility
that VE-cadherin and �-catenin could be delocalized from cell-
cell junctions (Figs. 13 and 14). To explain these breakages, we
hypothesized that EPLIN depletion would impair intercellular
adhesion by increasing the mobility of VE-cadherin molecules
decoupled from the actin cytoskeleton. Surprisingly, FRAP
experiments revealed no difference in VE-cadherin mobility in
the presence and absence of EPLIN (Fig. 9). Altogether, these
results indicate that neither the mobility nor the junction sta-
bility was affected by EPLIN depletion.
Finally, we suspected that breakages undergone by precapil-

lary structures result from the reduced density of F-actin
anchored to adherens junctions. This defect should render cell-
cell junctions more sensitive to forces exerted directly perpen-
dicular to the cell-cell interface (45, 46).
In conclusion, our data indicate that EPLIN participates in a

two-tiered mechanism leading to optimal interaction between
the adherens junctions and the actin cytoskeleton. In this con-
text, the EPLIN�-catenin link provides a mechanosensory
machinery by acting as a tension transmitter. Thismachinery is
required for in vitro vascular morphogenesis. As tumor angio-
genesis has become a major target of anticancer therapies (47),
the understanding of a novel mechanism of vessel formation
may have clinical significance.
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