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Actin-binding proteins filamin A (FLNA) and B (FLNB) are
expressed in endothelial cells and play an essential role during
vascular development. In order to investigate their role in adult
endothelial cell function,we initially confirmed their expression
pattern in different adult mouse tissues and cultured cell lines
and found that FLNB expression is concentrated mainly in
endothelial cells, whereas FLNA is more ubiquitously ex-
pressed. Functionally, small interfering RNA knockdown of
endogenous FLNB in human umbilical vein endothelial cells
inhibited vascular endothelial growth factor (VEGF)-induced
in vitro angiogenesis by decreasing endothelial cell migration
capacity, whereas FLNAablation did not alter these parameters.
Moreover, FLNB-depleted cells increased their substrate adhe-
sion with more focal adhesions. The molecular mechanism
underlying this effect implicatesmodulationof smallGTP-binding
proteinRac-1 localizationandactivity,withalteredactivationof its
downstream effectors p21 protein Cdc42/Rac-activated kinase
(PAK)-4/5/6 and its activating guanine nucleotide exchange factor
Vav-2. Moreover, our results suggest the existence of a signaling
complex, including FLNB, Rac-1, and Vav-2, under basal condi-
tions that would further interact with VEGFR2 and integrin �v�5
after VEGF stimulation. In conclusion, our results reveal a crucial
role for FLNB in endothelial cell migration and in the angiogenic
process in adult endothelial cells.

Angiogenesis, or the formation of new blood vessels from
preexisting vasculature, is an essential part of many physiolog-

ical processes, including wound healing and the female men-
strual cycle. However, stimulated blood vessel growth is also
found in many disease states, such as tumor growth, diabetic
retinopathy, and arthritis (1–3). Among the best studied induc-
ers of angiogenesis areVEGF,2 fibroblast growth factor 2, trans-
forming growth factor-�, and angiopoietins.

Angiogenesis is a complex process with several stages,
including disruption of the intercellular junctions, extracellular
matrix remodeling, sprouting, endothelial cell proliferation,
and migration. The alterations that allow this process are
reversible because once at their destination, endothelial cells
stop dividing, regenerate the extracellular matrix, and reestab-
lish intercellular contacts (3–5). All of these changes require
major reorganization of the endothelial cell cytoskeleton, the
integrity of which is essential for the maintenance of cell struc-
ture. Furthermore, it is known that remodeling of the actin
cytoskeleton accompanies alterations in cell shape andmotility
during processes such as normal organogenesis, oriented nerve
and capillary growth, and angiogenesis (6). A host of actin-
binding proteins play a role in cytoskeletal organization (6, 7),
many of which are also involved in connecting the plasma
membrane and its integral proteins, such as integrins, with the
actin cytoskeleton (8). The actin-binding protein family in-
cludes talin, vinculin, �-actininin, and the filamins, among oth-
ers. Endothelial cells contain high levels of these proteins, pre-
sumably in order to maintain a structured actin cytoskeleton
and the capacity to respond to signals that will affect motility
and cell structure. Factors that induce motility of endothelial
cells, such as angiogenic cytokines (VEGFand fibroblast growth
factor 2), affect the actin cytoskeleton and also actin-binding
proteins (9–11).
Filamins bind actin through their N-terminal actin-binding

domain (ABD), whereas the C-terminal 24th repeat is essential
for filamin dimerization (12–14). The ABD is followed by a
series of 24 repeated sequences of �100 amino acids that func-
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tion as domains of protein-protein interaction; so far, more
than 30 different proteins have been described as interacting
with filamins. The function of filamins seems to be dual: first,
helping to form a three-dimensional network of actin through
their actin-binding domain; and second, acting as scaffolding
proteins offering docking sites for cytoplasmic proteins, mem-
brane receptors, integrins, etc. Thus, filamins connect plasma
membrane with the intracellular cytoskeleton and are involved
in changes in cell shape (12–14). Three filamins have been
described: filamin A, or ABP280, is the most abundant and is
widely expressed in different tissues; filamin B is also broadly
expressed; and filamin C is mainly expressed in skeletal muscle
(12–14). High levels of filamin A and filamin B have previously
been detected in vessels (15–17) and in endothelial cells in cul-
ture (17–19). Knock-out experiments show the functional
importance of each isoform: filamin A knock-out mice die dur-
ing development due to aberrant vascular patterning and car-
diac defects (20, 21), whereas filamin B deficiency in mice
mainly causes skeletal malformations (22–24) and vascular
deficiencies (23).
In order to study the role of both filamins A and B in vascular

endothelial cells, we abrogated their expression in human
umbilical vein endothelial cells (HUVEC) in vitro. Using this
model, we show in this work a key role for filamin B in endo-
thelial cellmotility, exerted through its function as a scaffolding
protein connecting VEGFR2, Vav-2, and Rac-1 proteins.

EXPERIMENTAL PROCEDURES

Materials

VEGFwas fromCalbiochem. Cell culturemedia, fetal bovine
serum, glutamine, and antibiotics were obtained from Invitro-
gen or Biowhittaker. Other reagents were of analytical or
molecular biology grade and were purchased from Sigma or
Roche Applied Science.

Cell Culture and Transfections

Murine lung capillary endothelial cells (cell line 1G11) were
obtained from Alberto Mantovani and Annunciata Vecchi
(Instituto Ricerche Farmacologiche Mario Negri, Milan, Italy)
(25). They were cultured in Dulbecco’s modified Eagle’s
medium, containing 20% FCS, 50 units/ml penicillin, 50 �g/ml
streptomycin sulfate, 25 �g/ml endothelial cell growth supple-
ment (BD Biosciences), 100 �g/ml heparin (Sigma), 1% non-
essential amino acids, and 2 mM sodium pyruvate.

HUVEC were obtained from Advancell (Barcelona, Spain)
and were cultured in M199 (Biowhittaker) supplemented with
20% FCS, 50 units/ml penicillin, 50�g/ml streptomycin sulfate,
25 �g/ml endothelial cell growth supplement, 100 �g/ml hep-
arin, 2 mM sodium pyruvate, 1 mM HEPES, pH 7.4. HUVEC
were transiently transfected using Lipofectamine 2000. Plas-
mids used were GFP, GFP-Rac-1-Valine12 (a constitutively
active formof Rac-1), andGFP-Rac-1-M7 (a dominant negative
form of Rac-1), the last two a generous gift from Dr. Alan Hall
(Memorial Sloan-Kettering Cancer Center, New York).
Human siRNAs for FLNB and FLNAwere constructed using

the SilencerTM siRNA construction kit (Ambion), according to
the manufacturer’s instructions. Three independent sequences
for human filaminB and two independent sequences for human

filamin A were designed with free Whitehead Institute soft-
ware (available on the World Wide Web). siRNA-FLNB1
corresponded to 5�-AAGCTCCCTTAAAGATATTTG-3�
(nucleotides 2031–2051 of filamin B); siRNA-FLNB2 corre-
sponded to 5�-AAGGTCCTTCCCACATATGAT-3� (nucle-
otides 4529–4549); and siRNA-FLNB3 corresponded to
5�-AACACCTGAAGGGTACAAAGT-3� (corresponding to
nucleotides 7299–7319). siRNA-FLNA1 corresponded to 5�-
AAGATGTCCTGCATGGATAAC-3� (nucleotides 4637–
4389 of filamin A). siRNA-FLNA2 corresponded to 5�-AAG-
ACCACCTACTTTGAGATC-3� (nucleotides 1370–1392).
No similar sequences (withmore than 17 identical nucleotides)
were found in BLAST. Irrelevant siRNA corresponded to the
negative universal control RNA interference (Invitrogen). For
siRNA experiments, HUVECwere seeded in 6-well plates. Four
hours before transfection, medium was changed to Opti-MEM
I without antibiotics and supplemented with 20% FCS. siRNAs
were then transfected with Lipofectamine 2000. The total
amount of siRNA (final concentration 62.5 nM) was diluted in
Opti-MEM I; in a different tube, Lipofectamine 2000 was also
diluted in Opti-MEM I. After a 5-min incubation at room tem-
perature, the transfection reagent mix was added to the siRNA
and was further incubated for 20 min at room temperature.
Cells were incubatedwith the reactionmix for 4 h. At the end of
the incubation, cells werewashed twicewithOpti-MEM Iwith-
out antibiotics and supplemented with 10% FCS. Media were
replaced with 2 ml of complete Medium 199.

Tubulogenesis Assays

For HUVEC, 2 � 105 cells were seeded in triplicate in a
24-well plate coated with 300 �l of rat tail type-I collagen (1.2
mg/ml) in Dulbecco’s modified Eagle’s medium and 20% FCS
and allowed to attach for at least 2 h. Following this, cells were
overlaid with an additional 300 �l of collagen. Once the colla-
gen had polymerized, cells were fed with M199 medium, 1%
FCS, 100 �g/ml heparin, 150 �g/ml endothelial cell growth
supplement, and 40 ng/ml VEGF. Following completion of net-
work formation (24 h), 3 images/well were captured on a Leica
inverted phase-contrast microscope DMIRBE equipped with
digital capture software, and tubulogenesis wasmeasured using
ImageJ software.

Migration Assays

Migrationwasmeasured using a Boyden chamber. Transwell
inserts (8-�m pore size; Costar) were coated with fibronectin
(25 �g/ml) overnight at 4 °C. Transwells were washed with
phosphate-buffered saline (PBS) and blocked with PBS con-
taining 5% bovine serum albumin for 3 h at 37 °C. Transwells
were rinsed with PBS and dried for 3 h in a laminar flow cabin.
HUVEC were seeded into the transwell (200,000/well), and

after 1 h at 37 °C,migrationwas stimulated by the addition of 20
ng/ml VEGF. After 16 h, transwells were washed, and cells were
fixed with 3% paraformaldehyde for 30 min. After four washes
with PBS, they were stained with 5 �g/ml propidium iodide for
5min and rinsed four timeswith PBS, and the upper surfacewas
wiped to remove the non-migrating cells. Imageswere captured
on a Leica inverted immunofluorescence microscope, and the
migrating cells were counted.
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Western Blotting

Cells were washed twice in cold PBS and lysed for 15 min at
4 °C in Triton X-100 lysis buffer (50 mM Tris-HCl, 100 mM

NaCl, 50 mM NaF, 5 mM EDTA, 40 mM �-glycerophosphate,
200 �M sodium orthovanadate, 100 �M phenylmethylsulfonyl
fluoride, 1 �M pepstatin A, 1 �g/ml leupeptin, 4 �g/ml aproti-
nin, 1%TritonX-100, pH 7.5).Western blotting was performed
as described (26). The blots were incubated with polyclonal
rabbit anti-filamin B antibody (17), monoclonal anti-filamin A
antibody (Chemicon), polyclonal anti-PARP antibody (Cell
Signaling), monoclonal anti-VEGFR2 antibody (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA), polyclonal anti-
VEGFR1 antibody (Santa Cruz Biotechnology, Inc.), mono-
clonal anti-RhoA antibody (Santa Cruz Biotechnology, Inc.),
polyclonal anti-phospho-VEGFR2 (Tyr1175; Cell Signaling),
polyclonal anti-phospho-Src antibody (Tyr527; Cell Signal-
ing), polyclonal anti-Src (Cell Signaling), monoclonal anti-
Rac-1 antibody (Upstate), polyclonal anti-phospho-PAK-4/
5/6 antibody (Cell Signaling), polyclonal anti-PAK-4
antibody (Cell Signaling), polyclonal anti-phospho-Vav-2
antibody (Santa Cruz Biotechnology, Inc.), polyclonal anti-
Vav-2 antibody (Santa Cruz Biotechnology, Inc.), mono-
clonal anti-phospho-ERK antibody (Sigma), polyclonal anti-
ERK1/2 antibody (27), monoclonal anti-�-tubulin antibody
(Sigma), or monoclonal anti-�-actin antibody (Sigma) in
blocking solution overnight at 4 °C.

Immunoprecipitation

Quiescent HUVEC stimulated or not with 10 ng/ml VEGF
for 5minwere lysed with octyl glucopyranoside buffer (100mM

octyl glucopyranoside, 2mMCaCl2, 2mMMgCl2, 40mM �-glyc-
erophosphate, 200 �M sodium orthovanadate, 100 �M phenyl-
methylsulfonyl fluoride, 1 �M pepstatin A, 1 �g/ml leupeptin, 4
�g/ml aprotinin in PBS, pH 7.5) for 15 min at 4 °C. Insoluble
material was removed by centrifugation at 13,000 � g for 20
min at 4 °C. Protein lysates (750 �g) were precleared with 30 �l
of protein A/protein G-Sepharose beads (Amersham Bio-
sciences) for 2 h at 4 °C, centrifuged at 13,000 � g for 10 min at
4 °C, and incubated overnight with monoclonal anti-VEGFR2
antibody (Santa Cruz Biotechnology, Inc.), polyclonal anti-
VEGFR1 antibody (Santa Cruz), monoclonal anti-Rac-1 anti-
body (Upstate), monoclonal anti-RhoA antibody (Santa Cruz),
polyclonal anti-Vav-2 antibody (Santa Cruz), or monoclonal
anti-�v�5 (Merck Farma y Química, Barcelona, Spain). Sam-
ples were incubated with 30 �l of protein A/protein G-Sepha-
rose beads (Amersham Biosciences) for an additional 4 h at
4 °C. Precipitates were washed four times with Triton X-100
lysis buffer (50 mM NaF, 40 mM �-glycerophosphate, 200 �M

sodium orthovanadate, 100 �M phenylmethylsulfonyl fluoride,
1 �M pepstatin A, 1 �g/ml leupeptin, 4 �g/ml aprotinin, 0.1%
Triton X-100 in PBS, pH 7.5). The final pellet was resuspended
in 50 �l of Laemmli sample buffer (28), followed by protein
separation on an SDS-7.5% polyacrylamide gel and Western
blotting as described before using the appropriate antibodies.

GST-Rac-1 Pull-down Assay

Quiescent HUVEC stimulated or not with 10 ng/ml VEGF
for 5minwere lysedwith TritonX-100 lysis buffer (50mMNaF,

40 mM �-glycerophosphate, 200 �M sodium orthovanadate,
100 �M phenylmethylsulfonyl fluoride, 1 �M pepstatin A, 1
�g/ml leupeptin, 4 �g/ml aprotinin, 0.1% Triton X-100 in PBS,
pH 7.5) for 15 min at 4 °C. Insoluble material was removed by
centrifugation at 13,000 � g for 20 min at 4 °C. Protein lysates
(750 �g) were incubated with equal amounts of GST or GST-
Rac-1 (a generous gift from Dr. Mireia Duñach, Universitat
Autònoma de Barcelona) overnight at 4 °C. After this time, 15
�l of glutathione-Sepharose beads (Amersham Biosciences)
were added for an additional 4 h at 4 °C. Beads were washed
four times with Triton X-100 lysis buffer. The final pellet was
resuspended in 30 �l of Laemmli sample buffer, followed by
Western blotting as described before with a polyclonal rabbit
anti-filamin B antibody or a monoclonal mouse anti-GST.

Rac G-LISA

For measuring Rac-1-GTP levels, HUVEC cells were
serum-starved overnight. Rac-1-GTP was detected using the
colorimetric G-LISA Rac-1/2/3 activation assay (Cytoskele-
ton, Denver, CO). Briefly, cells were lysed according to the
manufacturer’s protocol. Total protein was measured,
appropriately diluted in binding buffer, and incubated on
96-well plates that contained a Rac-GTP-binding protein
linked to the bottom of each well. The bound Rac-GTP is
detected with a Rac-specific primary antibody and a horse-
radish peroxidase-conjugated secondary antibody. The sig-
nal produced by the horseradish peroxidase detection rea-
gent is proportional to the amount of Rac-GTP and can be
detected by measuring absorbance at 595 nm. Appropriate
controls were carried out (positive control was Rac-1 control
protein, and negative control was lysis buffer alone).

Northern Blotting

Total RNA from cells was extracted using the phenol/chlo-
roformmethod, andNorthern blotting using 20�g of RNAwas
performed as described (26). Blots were hybridized to mouse
filamin B cDNA, to a fragment of the 3�-end of the human
filamin A sequence (a generous gift from Dr. Saret (National
Institutes of Health)) or to rat glyceraldehyde-3-phosphate
dehydrogenase cDNA labeled with [�-32P]dCTP (Amersham
Biosciences).

Immunofluorescence Studies

Two-dimensional Cell Immunofluorescence—Cells were cul-
tured on glass coverslips for 24 h, rinsed three times with PBS,
and fixed in 3%paraformaldehyde for 30min. After fourwashes
with PBS, theywere permeabilizedwithPBS, 0.2%TritonX-100
for 5 min, rinsed four times with PBS and blocked for 30 min at
room temperature in PBS containing 2% bovine serum albu-
min. Coverslips were incubated with polyclonal rabbit anti-fil-
amin B antibody (17), monoclonal anti-filamin A antibody
(Chemicon), monoclonal anti-Rac-1 antibody (Upstate), or
monoclonal anti-vinculin antibody (Sigma), followed by 5
�g/ml Alexa 488 anti-rabbit or Alexa 568 anti-mouse (Molec-
ular Probes) for 1 h at room temperature. To visualize F-actin,
coverslips were incubated with red-phalloidin or 633-phalloi-
din (colored blue) 1 �g/ml (Sigma) for 1 h. Coverslips were
mounted using Gel Mount (Biomedia), and fluorescence was
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viewed with a Leica confocal microscope (LEICA spectral con-
focal TCS-SL, Serveis Científico Tècnics de la Universitat de
Barcelona).
Tissue Immunofluorescence—Cryopreserved sections of

mouse tissue were analyzed for filamin B (polyclonal rabbit
antibody) (17), filaminA (monoclonalmouse antibody, Chemi-
con), PECAM/CD31 (monoclonal rat antibody, BD Pharmin-
gen), vonWillebrand factor (polyclonal rabbit antibody, Dako),
and �-smoothmuscle actin (polyclonal rabbit antibody, LabVi-
sion). Primary antibodies were incubated overnight at 4 °C
(1:50). Nuclei were stained with TO-PRO-3 iodide 642/661 (0.2
�M; Molecular Probes). Appropriate secondary antibodies
bound to the appropriate fluorochrome (Molecular Probes)
were used. Negative controls (lacking primary antibody but
containing the secondary antibody) confirmed the specificity of
the staining.
Tissue Immunohistochemistry—Sections from representa-

tive paraffin blocks of mouse tissues were deparaffined, rehy-
drated, and blocked for endogenous peroxidase activity using
3% H2O2. Antigen was retrieved with heat in sodium citrate
buffer (8.2 mM trisodium citrate dihydrate and 1.98 mM citric
acid, pH 6.0) or digestion with 0.1% trypsin in 1� PBS buffer.
Primary polyclonal rabbit anti-filamin B antibody (1:10) was
incubated for 16 h. Appropriate secondary antibodies were
used. After development with diaminobenzidine, substrate was
counterstained with Harris’s hematoxylin. No staining was
observed with negative control samples (absence of primary
antibody or incubation with an irrelevant antibody or IgG).

Time Lapse Imaging

After transfection with siRNAs and GFP (to visualize trans-
fected cells), HUVEC were starved for 12 h and then cultured
for a further 12 h in the presence of 20 ng/ml VEGF. During
these 12 h, GFP-positive cells were imaged by phase-contrast
every 5 min on a LEICA spectral confocal TCS-SL with a �20
objective. Images were analyzed using ImageJ software. We
performed analysis of the track of 10 different cells from two
independent experiments.

Cell Cycle Analysis

After transfection with siRNAs, HUVEC were starved for
12 h and then cultured for a further 12 h in basal medium or
completemedium. Cells were then trypsinized and pooled with
floating cells in the culture medium, washed, and fixed in 70%
ethanol in PBS; they were kept in ethanol at �20 °C for at least
24 h. For staining, cells were washed to remove ethanol and
resuspended in PBS with 100 �g/ml RNase and 40 �g/ml pro-
pidium iodide and then incubated at 37 °C for at least 30 min
before flow cytometry analysis.

Statistical Analyses

Statistical significance of differences between the effects of
unrelated siRNA and siRNAs against filamins were determined
using Student’s t test. In all experiments, differences were con-
sidered statistically significant when p was �0.05.

RESULTS

To confirm the vascular expression of filamins A and B, we
performed immunofluorescence and immunohistochemistry

on sections of adult mouse tissues (lung, kidney, adipose tissue,
and testis). Using immunofluorescence on cryopreserved tissue
sections, we detected low filamin B expression in parenchymal
cells of lung (data not shown) and testis (supplemental Fig. S1A)
and high expression levels in blood vessels, with a pattern very
similar to that of PECAM/CD31, a classical endothelial cell
marker. In contrast, we found high expression of filamin A in
the parenchyma and in the different cell types that form the
vessels, endothelial and mural cells, co-localizing with von
Willebrand factor (a marker of endothelial cells) and with
�-smooth muscle actin (a mural cell marker) (supplemental
Fig. S1A). Both types of filamins, A and B, were expressed in
endothelial cells. Using immunohistochemistry, we detected
filamin B expression in vessels of lung, kidney, and adipose tis-
sue (supplemental Fig. S1B), with lower levels observed in
parenchymal cells. Taken together, these results indicate that
the expression pattern of filamins in vessels is isoform-specific,
with filamin A expressed at similar levels in the different cell
types, whereas filamin B expressionwas concentratedmainly in
endothelial cells.
Next, we analyzed filaminA andB expression in different cell

lines and primary cultures by performing Northern blotting
experiments using specific probes for filamin A and B and
Western blotting experiments using specific antibodies. Using
these reagents, we detected high levels of filamin B (both
mRNA and protein) in primary HUVEC cultures (Fig. 1, A and
B) and other endothelial cell lines, such as 1G11 (a murine lung
capillary endothelial cell line) (25) and H5V (a mouse heart
endothelial cell line transformed by polyomamiddle T antigen)
(29) (supplemental Fig. S1C) compared with other cell lines.
We also detected filamin B protein expression in HeLa, C2C12,
and HT29 (human colorectal adenocarcinoma) cells, but
expression levels in these cell lines weremuch lower than those
of endothelial cells (Fig. 1,A and B, and supplemental Fig. S1C).
In contrast, filamin A was expressed at roughly the same levels
in the different cell types studied, including endothelial cells
(Fig. 1, A and B), further confirming the high levels of endothe-
lial FLNB expression and a broader expression of FLNA in var-
ious cell types.
In order to study the role of filamin A and B in vascular

endothelial cells, we chose primary cultures ofHUVECbecause
they are much more representative of normal endothelial cell
physiology as compared with the other cell lines. We sought to
elucidate the functional importance of each filamin isoform in
HUVEC tubule formation by an in vitro angiogenesis assay. To
do so, we generated three independent siRNAs against three
different sequences of human filaminBmRNA (siRNA-FLNB1,
-2, and -3) and two siRNAs for filamin A (siRNA-FLNA1 and
-2). We transfected HUVEC with these siRNAs and evaluated
their effects on filamin A and filamin B expression by Western
blotting. We found that siRNA-FLNB1 decreased filamin B
expression by 40–60%, whereas siRNA-FLNB2 and siRNA-
FLNB3 were the most effective with a decrease in filamin B
levels of 70–80%; these siRNAs showed no effect on filamin A
expression (Fig. 1C). The siRNAs against filamin A caused a
dramatic decrease in filamin A protein levels, an effect that
appeared to be compensated by an increase in filamin B expres-
sion (Fig. 1C). To evaluate the role of filamins in in vitro angio-
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genesis, we transfected HUVEC with these siRNAs and, 24 h
later, cultured the cells for an additional 24 h in type-I collagen
gels in the absence or presence of the most important proan-
giogenic factor, VEGF (Fig. 2A). When cells were analyzed for
their capacity to form tubular structures in type-I collagen gels,
we discovered that siRNA-FLNBs blocked VEGF-induced
tubulogenesis. In contrast, when we evaluated the effect of the
siRNAs designed against filamin A on in vitro angiogenesis in
collagen gels, we found that they did not affect endothelial cell
reorganization after VEGF treatment (Fig. 2A).
Next, we searched for a mode of action for filamin B that

could explain the results obtained in the in vitro assay. Trans-
fection of HUVEC with the different siRNAs did not affect
endothelial cell apoptosis or proliferation (supplemental Fig.
S2,A and B). This effect was also confirmed by the lack of effect
of filamin B depletion on a typical proliferation signaling path-
way (ERK stimulation; see Fig. 5B). We next studied a possible

role for this protein in endothelial
cell migration. Given the role of fil-
amins as actin-binding proteins, we
hypothesized that filamin B could
influence this process. Thus, we
measured migration in Boyden
chambers of HUVEC transfected
with control, filamin A, or filamin B
siRNAs and stimulated or not with
VEGF. As observed in Fig. 2B, abla-
tion of filamin B decreased basal
HUVEC migration (55 and 78%
decrease for siRNA-FLNB2 and
-FLNB3, respectively) and abol-
ished VEGF-stimulated cell migra-
tion. However, down-regulation of
filamin A caused only a 22%
decrease in basal migration and did
not affect VEGF-stimulated migra-
tion. These data confirm the critical
role of filamin B in endothelial cell
migration and, consequently, in
angiogenesis, whereas filamin A
appears to play a secondary and less
important role in this process.
In order to identify the mecha-

nisms through which filamin B
affects cell migration, we first evalu-
ated the effect of VEGF stimulation
on cytoskeletal organization in con-
trol or filamin B-depleted HUVEC.
Cells depleted of filamin B pre-
sented a flat aspect and a larger size
as compared with control cells (Fig.
3A). After VEGF stimulation, con-
trol and filamin B-depleted cells
increased stress fiber formation.
However, cells with low levels of fil-
amin B presented multiple cellular
protrusions with polymerized F-ac-
tin in different directions (Fig. 3A).

In order to confirm these results, we performed time lapse
microscopy. Cells were treated with VEGF and left to migrate;
images were then captured for the following 12 h. We com-
pared the random migration of HUVEC treated with siRNA-
FLNB or control siRNA. Using this approach, we observed that
control cells presented a normal migration pattern, defining a
migration front and retracting the rear of the cell in order to
advance (supplemental Video 1). In contrast, filamin B ablation
decreased the track and speed of migration (33.8 � 7.3 �m in
12 h in control cells, 15.6� 4.6�m in 12 h in filamin B-depleted
cells; p � 0.001), and, according to the previous results, cells
presented different migration fronts and could not advance
properly due to problems in retraction. Many cells ended up
generatingmultiple protrusions in different directions (supple-
mental Video 2).
Our results so far suggested decreasedmigration of endothe-

lial cells due to defects in the establishment of new adhesions or

FIGURE 1. Filamin A- and B-specific knockdown by siRNA transfection in endothelial cells. A, Northern
blotting analysis. HUVEC, HT29, and HEK-293 (human embryonic kidney) cells are shown. Filamin B, filamin A,
and glyceraldehyde-3-phosphate dehydrogenase (as a loading control) were detected using specific probes. A
representative Northern blot of three different experiments is shown. B, Western blotting analysis. HUVEC,
MCF7 (human breast cancer), HeLa (human cervical adenocarcinoma), HEK-293, HT29, and COS (green monkey
kidney) cells are shown. Filamin B, filamin A, and actin (as a loading control) were analyzed by immunoblotting.
A representative blot of three different experiments is shown. C, HUVEC were transiently transfected with a
control unrelated siRNA (Unr), siRNA-FLNB1 (1), siRNA-FLNB2 (2), siRNA-FLNB3 (3), siRNA-FLNA1 (1), or siRNA-
FLNA2 (2), as described under “Experimental Procedures.” After 48 h, cells were lysed as described, and filamin
B (FLNB), filamin A (FLNA), or �-actin (as a loading control) were detected by immunoblotting. Two (for siRNA-
FLNB) or three (for siRNA-FLNA) independent experiments are shown for each siRNA.
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in retraction. To evaluate the effect of filamin B on adhesion to
the extracellular matrix, we performed vinculin immuno-
staining using a specific antibody. As is shown in Fig. 3B, con-
trol HUVEC presented low levels of focal adhesions and con-
tacts in the basal state, which increased after VEGF stimulation.
Filamin B ablation caused a dramatic increase in focal adhe-
sions and contacts in the basal state; the number of focal adhe-
sions did not experience a further increase after VEGF stimu-
lation. In contrast, siRNA-mediated filamin A knockdown did

not affect the formation of adhesion contacts in basal or VEGF-
stimulated conditions.
Different signaling pathways are activated by VEGF in order

to stimulate endothelial cell migration. Focal adhesion kinase,
its substrate paxillin, and the Rho family of GTPases are
involved in focal adhesion turnover and stress fiber formation
(10, 30, 31); phosphatidylinositol 3-kinase, ROCK (Rho-associ-
ated coiled-coil-containing protein kinase), p38 MAPK, MAP-
KAPK-2, andLIMK (LIMdomain kinase 1) are involved in actin

FIGURE 2. Filamin B is essential for VEGF-induced in vitro angiogenesis and endothelial cell migration. A, HUVEC were transiently transfected with an
unrelated control siRNA, siRNA-FLNA1 and -FLNA2, or siRNA-FLNB2 and -FLNB3, as described. After 24 h, cells were trypsinized and immersed in collagen gels
in the presence (�VEGF) or absence (Basal) of 40 ng/ml VEGF for an additional 24 h. Four independent images of each experiment were captured on a Leica
inverted phase-contrast microscope (�10) to evaluate the tubule formation using ImageJ software (measurement of cell occupied surface). Results are the
mean � S.E. from three independent experiments. VEGF significantly stimulated tubular structures in control unrelated siRNA (Unr)- and in siRNA-FLNA1- and
siRNA-FLNA2-treated cells (see arrows, p � 0.01, t test) without a significant effect on siRNA-FLNB2 and -FLNB3 cells. B, after transfection with the different
siRNAs, cells were seeded into a Boyden chamber and left to migrate in the presence or absence of 20 ng/ml VEGF for 16 h. The number of migrating cells in
basal conditions or after VEGF treatment was counted for every siRNA. We show the mean � S.E. from three independent experiments. VEGF significantly
stimulated cell migration in control unrelated siRNA- and in siRNA-FLNA-treated cells (p � 0.05, t test) without a significant effect on cells transfected with
siRNA-FLNB2 or -3. siRNA-FLNA1, -B2, and -B3 caused a significant reduction in basal cell migration (p � 0.005, t test).
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reorganization (10, 32, 33); and Src kinases and integrins are
involved in adhesion and extracellular matrix interaction (34,
35). As described previously, filamins interact with a large
number of intracellular signaling proteins, membrane recep-
tors, integrins, etc. that affect different intracellular signal-
ing pathways. Taking into account the effects of our siRNAs
in cell migration and shape, we hypothesized that filamin B
could affect VEGF signaling through interaction with VEGF
receptors, integrins, and the Rho family of small GTPase
proteins, so we performed immunoprecipitation experi-
ments using antibodies against Rac-1, RhoA, VEGF recep-
tors (VEGFR1 and VEGFR2), and �v�5, an integrin that par-
ticipates in angiogenesis. After immunoprecipitation, we
detected filamin B by Western blotting. In basal conditions,
we only detected interaction of filamin B with Rac-1 (Fig.
4A). After VEGF stimulation, filamin B not only maintained
its interaction with Rac-1 but also coprecipitated with
VEGFR2 and integrin �v�5 (Fig. 4A). In contrast, filamin B
did not interact with RhoA or VEGFR1 (supplemental
Fig. S3). In order to confirm these data, we performed pull-
down assays using recombinant glutathione S-transferase

(GST) fused to Rac-1. This construct but not GST specifi-
cally interacted with endogenous filamin B from basal or
VEGF-stimulated HUVEC (Fig. 4B).
Next, we analyzed stimulation by VEGF of some of the

migration signaling pathways in HUVEC cultures. In agree-
ment with previous findings, we found stimulation of Rac-1
after 1 min of VEGF treatment and a later activation of PAK-4/
5/6 (5 min) (supplemental Fig. S4). In contrast, we did not
detect stimulation of LIMK or p38MAPK at the times analyzed
(data not shown). Taking into account these results and the
observed interaction between filamin B and Rac-1, we analyzed
the effect of filamin B depletion on the activity of Rac-1. Trans-
fection of HUVEC with siRNAs against filamin B increased
basal Rac-1 activity compared with cells transfected with an
unrelated siRNA (Fig. 5A). Consistent with this increase in
basal Rac-1 activity, activation of the Rac-1 substrate PAK-4/
5/6 was also increased (Fig. 5B), even in the absence of VEGF,
with a sustained stimulation of these proteins observed after
VEGF addition. In contrast, analysis of VEGF-induced ERK
activation in FLNB-depleted cells showed that the decrease in
filamin B levels did not affect the capacity of VEGF to stimulate

FIGURE 3. Filamin B knockdown leads to an increase in focal adhesions. A, immunolocalization of F-actin (blue) and filamin A (red) in HUVEC transiently
transfected with an unrelated control siRNA (Unr) or siRNA-FLNB3 as described, in the absence (�VEGF) or presence of 20 ng/ml of VEGF for 30 min (�VEGF).
Bar, 40 �m. B, immunolocalization of vinculin (green) and F-actin (red) in HUVEC transfected with an unrelated control siRNA and siRNA-FLNB3, in the absence
or presence of 20 ng/ml VEGF for 30 min. Bar, 10 �m. The graph shows the quantification of focal adhesions in five independent experiments. VEGF significantly
stimulated focal adhesions in control unrelated siRNA- and in siRNA-FLNA1-treated cells but not in siRNA-FLNB3 (p � 0.005, t test). siRNA-FLNB3 treatment
significantly stimulated focal adhesions compared with basal levels (p � 0.005, t test).
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ERK, which ruled out a nonspecific effect of filamin B depletion
on general VEGF signal transduction (Fig. 5B).
Taking into account these results, we then evaluatedwhether

filamin B depletion could affect normal Rac-1 function after
VEGF stimulation.We first confirmed that ablation of filaminB
by siRNA treatment did notmodify Rac-1 total levels present in
HUVEC (Fig. 6A). Next, we examined the effect of filamin B on
Rac-1 subcellular location. As previously described, after VEGF
stimulation of HUVEC, Rac-1 translocated to actin-rich mem-
brane structures in the migration front (Fig. 6B). This translo-
cation is essential for Rac-1 function (36–38). In contrast, when
filamin B expression was decreased by siRNA treatment, Rac-1
accumulated in the intracellular compartment and was absent
from the migration front (Fig. 6B). These data indicate that
filamin B not only can affect Rac-1 activity but also can affect its
intracellular location. Taken together, these results indicate
that loss of filamin B altered normal Rac-1 cycles of activation/
inactivation necessary for normal endothelial cell migration.
In order to address the importance of Rac-modulated effects

in in vitro tubulogenesis, we overexpressed two different

mutant variants of Rac-1: a consti-
tutively active form (GFP-Rac-1-
Valine12) and a dominant negative
form of Rac-1 (GFP-Rac-1-M7).
Increased activity of Rac-1 by over-
expression of the Rac-1-V12 iso-
form resulted in HUVEC acquiring
a flat phenotype (Fig. 7A), very sim-
ilar to the one we observed follow-
ing filamin B depletion. When we
overexpressed the dominant nega-
tive form of Rac-1, we obtained a
mixed effect, with some cells pre-
senting a flat phenotype and others
appearing unaffected (Fig. 7A).
When we assayed cells transfected
with each isoform in an angiogene-
sis assay in vitro, we found that
transfection of either isoform
caused cells to fail to be incorpo-
rated into pseudotubules (Fig. 7B),
reinforcing the idea that a delicate
control of Rac-1 activity is necessary
for correct tubulogenesis.
We next studied whether filamin

B could also affect other proteins
involved in the Rac-1 signaling
pathway. Rac-1 stimulation by
VEGF is mediated by the guanine
nucleotide exchange factor Vav-2
(39), which is in turn activated by
phosphorylated Src. Much as hap-
pened with Rac-1, we demonstrated
an interaction of filamin B (but not
filamin A) and Vav-2 both in basal
conditions and after VEGF stimula-
tion (Fig. 8A). Taking into account
that Rac-1 is overstimulated as a

result of filamin B depletion, we speculated that filamin B siRNA
treatment could also cause Vav-2 overstimulation. Surprisingly,
we foundthat incontrastwithourpreviousobservations, filaminB
depletion abolished Vav-2 stimulation by VEGF; levels of active
Vav-2 also appeared diminished in basal conditions (Fig. 8B).
However, siRNA treatment had no effect on activated Src levels.
In all, these results indicate that filamin B depletion significantly
affects endothelial cell signaling, particularly at the cell adhesion
and migration level, blocking Vav-2 stimulation by VEGF and
altering normal Rac-1 activation/inactivation.

DISCUSSION

In the present study, we show that disruption of filamin B
function is associated with loss of the proangiogenic effect of
VEGF in three-dimensional collagen gels and inhibition of cell
migration. We propose a key role for filamin B as a scaffolding
protein coupling Rac-1 to Vav-2 and other extra- and intracel-
lular signaling molecules.
Our results confirm high levels of filamin B expression in

HUVEC and other endothelial cell types, such as 1G11 and

FIGURE 4. Filamin B interacts with Rac-1 in basal conditions and with Rac-1, VEGFR2, and integrin �v�5
in VEGF-stimulated cells. A, cells in basal conditions (Basal) or stimulated with 20 ng/ml VEGF for 5 min
(�VEGF) were lysed, and VEGFR2, Rac-1, or �v�5 was immunoprecipitated (IP) with specific antibodies (Ab).
Western blotting (WB) for filamin B was performed as described. As a loading control, Western blotting with
total lysates before immunoprecipitation was also performed (total filamin B). A representative blot of three
different experiments is shown. B, pull-down assay using GST or GST-Rac-1 recombinant proteins and lysates
from cells in basal conditions (�) or stimulated for 5 min with 20 ng/ml VEGF (�). After pull down, Western
blotting for filamin B or GST was performed as described before. A representative blot of two different exper-
iments is shown.
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H5V. In addition, we compared fil-
amin A and B expression in vessels
from adult mouse tissues. We
readily detected filamin A expres-
sion in vessels, but it was present in
smooth muscle cells as well as in
endothelial cells; in contrast, filamin
B was almost specific to endothelial
cells. Co-expression of different
types of filamins in the same cell has
been described for other cell types
(16, 19, 40–42); however, these iso-
forms appear to play different func-
tions in endothelial cells. Our
results indicate a key role for filamin
B in VEGF-stimulated angiogenesis
in vitro in collagen gels,more specif-
ically in the regulation of endothe-
lial cell motility. Thus, knockdown
of filamin B caused a profound
effect on both endothelial cell
migration and formation of tubular
structures. In contrast, ablation of
filamin A expression by siRNA
treatment led only to a slight
decrease in the capacity of endothe-
lial cells to migrate. This differential
role of filamins in the endothelium
could explain the different vascular
phenotypes observed in filamin A-
and B-deficient mice. Thus, vessels
from filamin A-deficient embryos
are present but are disorganized,
coarse, and exuberant (20). Endo-
thelial cells from these animals pres-
ent normal architecture and distri-
bution of F-actin, normal filopodia,
and membrane protrusions but low
levels of VE-cadherin and abnormal
adherent junctions (20). All of these
results indicate that knockdown of
filamin A causes an alteration in
endothelium organization rather
than a more specific decrease in
endothelial cell migration. In con-
trast, defects described inmicrovas-
culature of filamin B-deficient mice
may be the result of altered endo-
thelial cell migration (23).
Cell migration implicates coor-

dination in space and time of
cytoskeletal changes that affect
the formation of protrusions and
adhesions at the migration front
but also that elicit retraction of the
old adhesions at the rear of the cell
(43). The Rho family of GTPases
plays a key role in the regulation of
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migration-related processes, with Rac and Cdc42 driving
formation of the migration front and Rho controlling con-
traction at the rear (36, 43). Filamins participate in responses
to extracellular signals that affect the cytoskeleton and cause
changes in motility (12–14, 44). Our experiments showed
that endothelial cells with low levels of filamin B present a
flattened phenotype with increased adhesion to extracellular

matrix (focal adhesions and con-
tacts) in the basal state. After stim-
ulation with VEGF, cells extended
protrusions, polymerized actin,
and generated stress fibers but
lacked a well defined migration
front. Altogether, these cells ap-
peared to be defective in the stabi-
lization of new adhesions by inter-
action with the extracellular matrix
or in detachment of the old adhe-
sions. These defects could be ex-
plained by an alteration of Vav-2-
Rac-1-PAK signaling. In endothelial
cells, PAK activity is necessary for
migration, and it is up-regulated by
the formation of new adhesions; in
accordance with this, overexpres-
sion of a PAK dominant negative
form inhibits cell migration (45).
However, transfection of a consti-
tutively active PAK mutant was
also detrimental for migration
because PAK inactivation is re-
quired for detachment and tail
retraction. Taken together, these
results indicate that a delicate bal-
ance in the activity of PAK is nec-
essary during cell migration (45).
In our filamin B depletion experi-
ments, we observe a decrease in
cell migration associated with an
increase of focal adhesions; these
changes are accompanied by de-
regulation of Rac-1-PAK activi-
ties, which appear increased even
in basal conditions. Moreover,
we have shown that alteration of
Rac-1 normal activity in endothe-
lial cells by overexpression of con-
stitutively active or dominant neg-
ative Rac-1 isoforms affects the
endothelial phenotype and also

the ability of endothelial cells to migrate and organize in
collagen gels. Therefore, it can be speculated that filamin B
depletion causes a disruption of Rac-1-PAK signaling that
results in PAK deregulation and defects in endothelial cell
migration. We also show that expression of filamin B is
essential for translocation of Rac-1 to the plasma membrane

FIGURE 5. Filamin B depletion causes overstimulation of Rac-1 and PAK-4/5/6 basal activities in the absence of any effect on ERK1/2. A, Rac-1 activity
was measured using a G-LISA assay. Unrelated siRNA (UNr)- or siRNA-FLNB3-transfected cell lysates were incubated with an active Rac-binding protein bound
to the bottom of a 96-well plate. After extensive washing, bound active Rac was detected with an anti-Rac antibody, followed by incubation with a secondary
antibody conjugated with horseradish peroxidase. Detection reagent was added, and absorbance was measured at 595 nm. Results are expressed as relative
to unrelated siRNA-transfected cells and represent an average of three experiments � S.E. B, HUVEC were transiently transfected with the different siRNAs as
described earlier. After 24 h of transfection, cells were depleted of growth factors for 16 h and stimulated with 20 ng/ml VEGF for the indicated periods of time.
Cells were lysed, and FLNB, phospho-PAK-4/5/6 (pPAK-4/5/6), total PAK4, phospho-ERK1/2 (pERK), total ERK1/2, and �-actin (as a loading control) were
immunodetected by Western blotting. A representative blot of five different experiments is shown. Densitometric quantification relative to loading control
and mean � S.E. of the five experiments is shown. Phospho-PAK-4/5/6 was significantly increased by filamin B depletion (p � 0.05 t test).

FIGURE 6. Filamin B depletion blocks Rac-1 VEGF-induced translocation to plasma membrane. A, HUVEC
were transiently transfected with an unrelated control siRNA (Unr) or siRNA-FLNB3 as described, in the absence
or presence of 20 ng/ml VEGF for 30 min. Cells were lysed, and FLNB, Rac-1, and tubulin (as a loading control)
were immunodetected by Western blotting. A representative blot of three different experiments is shown.
B, immunolocalization of F-actin (blue), Rac-1 (green), and filamin B (red) in HUVEC transiently transfected with
an unrelated control siRNA or siRNA-FLNB3, as described, in the presence of 20 ng/ml VEGF for 30 min. Bar,
40 �m.
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after VEGF stimulation, an essential step for cell migration
(36–38). Thus, filamin B plays a key role in the control of
Rac-1-PAK signaling necessary for the cycles of attachment
and detachment that take place during cell migration. Our
results suggest that filamin B exerts this role by acting as a
scaffolding protein, facilitating the interaction of Rac-1 and
the guanine nucleotide exchange factor Vav-2, which con-
trols Rac-1 stimulation in endothelial cells (39). Filamin B is
bound to Vav-2 and Rac-1 in basal conditions, ensuring the
proper interaction of these proteins with VEGFR2 and

proangiogenic integrins after VEGF
stimulation and their subsequent
activation. In the absence of fil-
amin B, this signaling cascade is
altered; VEGFR2 can still stimu-
late Src and ERK, but Vav-2 phos-
phorylation is inhibited. In these
conditions, Rac-1 is deregulated,
and its activity increases. The
mechanism behind this increase in
Rac-1 activity in filamin B-de-
pleted cells will require further
investigation. We can speculate
that alteration of Rac-1 intracellu-
lar location could affect its normal
cycles of activation/inactivation
necessary for normal endothelial
cell migration. An alternative sce-
nario is that filamin B could facili-
tate the interaction of Rac-1 not
only with the activator Vav-2 but
also with a GTPase-activating
protein (GAP) and thus mediate
its inactivation. A candidate GAP
for this role was FilGAP, a Rho-
regulated GTPase-activating pro-
tein that inactivates Rac-1, pro-
moting cell retraction through its
interaction with filamin A (46).
We failed to detect interaction
between FilGAP and filamin B
by immunoprecipitation experi-
ments (data not shown), but the
possibility remains that filamin B
interacts with another GAP that
might modulate Rac-1 activity.
Our results suggest that the ef-

fects exerted by filamin B on endo-
thelial cells are mediated by its
capacity to form signaling com-
plexes, including FLNB, Rac-1,
Vav-2, VEGFR2, and integrin �v�5,
following VEGF stimulation. A sim-
ilar scaffolding role has been
described for filamin A; this protein
has been shown to interact with
prostate-specific membrane anti-
gen and stimulate Rac-1 activity

and endothelial cell migration through regulation of its
interaction with integrins (47). Furthermore, as described
before, filamin A mediates the interaction between Rac-1
and FilGAP (46). An article from Jeon et al. (41) has already
described an interaction between Rac-1 and filamin B, pro-
posing a role for filamin B as a scaffold protein in type I
interferon signaling, linking Rac-1 and the JNK cascade
module in HeLa cells. Our results confirm this interaction
and describe a new function for filamin B in the endothelial
cell context, not only in maintaining cellular structure but

FIGURE 7. Alteration of Rac-1 activity affects HUVEC phenotype and ability to form tubular structures.
A, HUVEC cultured in two-dimensional (2D) plates were transiently transfected with GFP, GFP-Rac1-V12 (a
constitutively active form of Rac-1), or GFP-Rac1-M7 (a dominant negative form of Rac-1) as described. After
24 h, phase-contrast and fluorescent images of each experiment were captured on a Leica inverted phase-
contrast microscope (�20). Overexpression of GFP-Rac1-V12 resulted in a flat phenotype, whereas GFP-
Rac1-M7 caused a mixed effect, with some cells presenting a flat phenotype and others showing a normal
shape. B, after 24 h, HUVEC transfected as in A were trypsinized and immersed in collagen gels (three-dimen-
sional cultures (3D)) in the presence of 40 ng/ml VEGF for an additional 24 h. Phase-contrast and fluorescent
images of each experiment were captured on a Leica inverted phase-contrast microscope (�20). Cells trans-
fected with GFP were readily incorporated into pseudotubular structures formed in collagen gels (arrows),
whereas cells with deregulated Rac-1 activity were excluded from these structures.
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also in facilitating cell migration following VEGF stimula-
tion, an essential process for angiogenesis.
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