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FOSL1 Controls the Assembly of Endothelial Cells into Capillary
Tubes by Direct Repression of av and 33 Integrin Transcription
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To form three-dimensional capillary tubes, endothelial cells must establish contacts with the extracellular matrix that provides
signals for their proliferation, migration, and differentiation. The transcription factor Fosl1 plays a key role in the vasculogenic
and angiogenic processes as FoslI knockout embryos die with vascular defects in extraembryonic tissues. Here, we show that
Fosl1~'~ embryonic stem cells differentiate into endothelial cells but fail to correctly assemble into primitive capillaries and to
form tube-like structures. FOSL1 silencing affects in vitro angiogenesis, increases cell adhesion, and decreases cell mobility of
primary human endothelial cells (HUVEC). We further show that FOSL1 is a repressor of av and 33 integrin expression and that
the down-modulation of avf33 rescues the angiogenic phenotype in FOSL1-silenced HUVEC, while the ectopic expression of
avf33 alone reproduces the phenotypic alterations induced by FOSL1 knockdown. FOSL1 represses the transcription of both av
and B3 integrin genes by binding together with JunD to their proximal promoter via the transcription factor SP1. These data
suggest that FOSL1-dependent negative regulation of av33 expression on endothelial cells is required for endothelial assembly

into vessel structures.

Vasculogenesis and angiogenesis are complex processes that, in
response to angiogenic stimuli initiated by growth factors,
result in a highly organized sequence of events, including cellular
proliferation, migration, and formation of primitive endothelial
tubes. During these processes endothelial cells (ECs) must prolif-
erate, migrate, and establish highly dynamic cell-cell contacts and
interactions with the extracellular matrix (ECM).

Adhesion of endothelial cells with the ECM is mediated by
integrins, which have been shown to be required during the vas-
culogenic and angiogenic processes (1). Mice null for av die in
utero showing vasculature abnormalities in the placenta (2), and
neutralizing antibodies to integrin av33 lead to abnormal vessel
structures (3). The interaction of endothelial cells with the ECM is
essential for endothelial cell proliferation, migration, and survival
(4) and is required for tissue organization and differentiation.
Moreover, upon interaction with the ECM, integrins form com-
plexes with angiogenic receptors, contributing to their activation
(5-10).

Fosl1 (Fos-like 1; also named Fral) knockout mice die between
embryonic day 10.0 (E10.0) and E10.5 showing abnormal yolk
sacs with placentas that are largely avascular (11).

Fosl1 is an early gene that belongs to the activator protein 1
(AP-1) family of dimeric transcription factor genes (12). FoslI
regulation is mediated by an intronic enhancer, which contains an
AP-1 consensus and an E-box element next to each other (13-15).

Fos proteins, including Fosl1, bind to the DNA, forming het-
erodimers with Jun proteins although they cannot homodimerize
or heterodimerize with ATF proteins. Fosl1 lacks a transactivation
domain. Therefore, its contribution to AP-1-dependent tran-
scription depends on its partner, and it has been previously de-
scribed as acting also as a negative regulator of AP-1 (13, 16-20).
In spite of the lack of a Fosl1 transactivation domain, Fosl1 over-
expression in rat fibroblasts induces anchorage-independent
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growth, invasiveness in vitro, and tumor growth in nude mice (12,
13,21-23).

Here, we demonstrate that in primary endothelial cells FOSL1
controls the expression of the integrins av and 33 by binding to
their regulatory elements and inducing their down-modulation.
FOSLI does not bind to av and 33 promoters via an AP-1 con-
sensus site but through the nuclear factor SP1 that binds CG-rich
sequences present on these promoters. FOSLI silencing results in
the upregulation of avp33 and alteration of in vitro angiogenesis,
suggesting that the expression levels of av33 on the surface of
endothelial cells is critical for the correct assembly of endothelial
cells into capillary-like structures.

MATERIALS AND METHODS

Plasmids DNA constructs. Silencing of FOSL1 was performed by annealing
and cloning the oligonucleotides 5'-TCGAGGAGACTGACAAACTGGAA
TTCAAGAGATTCCAGTTTGTCAGTCTCCTTTTTCTGCA-3" (sense)
and 5'-GAAAAAGGAGACTGACAAACTGGAATCTCTTGAATTCCAG
TTTGTCAGTCTCC-3' (antisense) into Clal-Sall sites of the cassette for
the expression of small hairpin RNA (shRNA) under the U6 promoter
in a lentiviral vector, as previously described (24). As an unrelated
silencing control, a lentiviral vector expressing an shRNA targeting
green fluorescent protein (shGFP) was used. Integrin-silencing exper-
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FIG 1 Fosl1~'~ ESC differentiating into endothelial cells do not assemble correctly with smooth muscle cells. Indirect immunofluorescence analysis by double
staining of endothelial and mural precursors is shown. Wild-type (A) and Fosl1 ™'~ (B) ESC differentiated in the presence of VEGF-A for 5.5 days were stained
for the EC markers platelet endothelial cell adhesion molecule 1 (PECAM-1; green) and a-SMA (red). The wild-type cells form a network of primitive capillary
tubes, which start to be surrounded by smooth muscle cells, while Fosl1 ™'~ cells are altered in their morphology and unable to organize into primitive capillary
tubes. Scale bar, 15 p.m. Wild-type (C) and FoslI ~'~ (D) ECs were plated on Matrigel to test their in vitro angiogenesis ability (original magnification, X 100). (E)
Quantification of tube length was performed based on the results shown in panels C and D. Fosl1 knockdown significantly affected tube formation. Data are
presented as means = SD from four different fields randomly chosen from each group from three sets of experiments.

iments were performed using the retroviral vector pLKO.1 from The
RNA Consortium (TRC) lentiviral shRNA library (Open Biosystems,
Huntsville, AL) expressing shRNAs for human integrin av (oligonu-
cleotide TRCN0000003235) and human integrin 33 (oligonucleotide
TRCN0000003240). The full-length cDNA of human FOSL1 was am-
plified with the oligonucleotides FOR (5'-CGCGAGATCTATGTTCCG
AGACTTCGGG-3") and REV (5'-CGCGCTCGAGTCACAAAGCGAGG
AGGGT-3') from a human muscle cDNA library (reference sequence
NM_005438). The resulting fragment was cloned ina TOPO PCR cloning
vector (Invitrogen, Carlsbad, CA) and then subcloned in the expression
retrovirus vector MIGRI, kindly obtained from Guido Franzoso. The
shRNA-resistant FOSL1 mutant (rescue construct) was obtained by using
a QuickChange site-directed mutagenesis kit (Promega, Madison, WI),
changing the ACTGACAAA shRNA core sequence (coding for T-D-K
amino acids) to ACCGATAAG (substitutions are underlined). Human av
and 33 promoters were amplified from genomic DNA with the following
oligonucleotides: M363 (5'-GAGAGGTACCAACAGTCGCACGGAAG
T-3") and M364 (5'-AAAGCCATCGCCGAAGTG-3’) for the av pro-
moter; M402 (5'-TACGCAAGCTTGGGATGT-3") and M403 (5'-TCCA
AGTCCGCAACTTGA-3'") for the B3 promoter. The PCR products were
digested with the restriction enzymes indicated on Fig. 7A and cloned
in the luciferase reporter plasmid pGL3-Basic vector (Promega, Mad-
ison, WI).

Human integrin av and 33 cDNAs were subcloned in pCCL lentiviral
vectors from Addgene plasmids 27290 and 27289, respectively (25).

Cell culture transfection and transduction. Wild-type and FoslI
knockout embryonic stem cells (ESC) (11) were grown and differentiated
as previously described (26). Human umbilical vein endothelial cells
(HUVEC) were grown on gelatin-coated surfaces in M199 medium
(Gibco) supplemented with 20% fetal bovine serum (FBS), 50 U/ml pen-
icillin-streptomycin, 10 U/ml heparin, and 100 pg/ml brain extract and
filtered through a 0.22-pm-pore-size sterile filter (SCGPUO5RE, Steri-
cup-GP Filter Unit; Millipore). Virus preparation and HUVEC infections
were previously described (27).

293GPG adenovirus 5-transformed human embryonic kidney 293GPG
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packaging cells were used for the generation of retrovirus vector particles
(28). The 293GPG cells were grown at 37°C and 5% CO, in high-glucose
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%
heat-inactivated FBS and 1 pg/ml tetracycline (Sigma).

For transfection, HUVEC were plated on six-well dishes at 1.5 X 10°
cells per well. After 24 h cells were transfected using 9 pl of Attractene
reagent (Qiagen) and 1.2 pg of total DNA (0.77 g of luciferase plasmid
DNA, 0.07 pg of cytomegalovirus [CMV]-Renilla plasmid DNA [Pro-
megal, and 0.36 g of FOSL1- or shRNA-expressing plasmid DNA). After
6 h the medium was replaced with new complete medium, and 16 h later
the cells were starved in M199 medium supplemented with 0.25% bovine
serum albumin (BSA) and 0.25% fetal calf serum (FCS). After 24 h cells
were analyzed for luciferase and Renilla activity using a Dual-Glo lucifer-
ase assay (Promega). Promoter activity values were normalized using Re-
nilla activity, and the fold induction was calculated with respect to the
control-transfected sample. Mean values for three independent experi-
ments * standard deviations (SD) of the means are shown.

Tube formation, adhesion, and wound-healing migration assays. A
tube formation assay was performed as previously described (29). For an
integrin inhibition assay, cells were seeded on BD Matrigel and incubated
in complete medium in the absence or presence of cilengitide at different
concentrations.

For adhesion assays, 96-well plates were coated for 1 h at room tem-
perature with 0.5 pg/ml vitronectin (Invitrogen). After three rinses with
phosphate-buffered saline (PBS), wells were blocked with 3% BSA in
M199 medium for 1 h at room temperature and rinsed three times before
cells were plated. HUVEC were resuspended in culture medium and
plated at 4 X 10* cells/well. After incubation at 37°C for 0.5 to 1 h, unat-
tached cells were removed by rinsing the wells with PBS. Attached cells
were fixed in 4% paraformaldehyde, stained with 0.5% crystal violet
(Sigma), and quantified by optical density (OD) reading at 570 nm. Re-
sults are given for each substrate as fold induction of OD values over cells
infected with the control vector and represent the means of duplicate
wells = SD (n = 3).

For the wound-healing assays, monolayers were wounded with a ster-

mcb.asm.org 1199


http://mcb.asm.org

Evellin et al.

‘ 5000
p<0.01

4500+

4000+

control o

3500
3000+
2500

45kDa- ww i FOSL1
2000+

shFOSL1

1500+

1000+

Tube length (um/field)

500+

rescue

m

D control shFOSLA1 rescue

Oh
p<0.05

Relative migration

n

/ paxillin G FAK / P-F

control

control
4
7

A
é§b<555 Q&
S

- —

— — 220 kDa -

S ol 3 SRR FAK

e X =~ re 97 kDa -

7] 5 ] .
66 kDa - . paxillin
45kDa - | rosut

45KDA - e~ e B-actin

() [
] 3
(6] (8]
(2] [}
() [
= -

1200 mch.asm.org Molecular and Cellular Biology


http://mcb.asm.org

ile pipette tip, washed with culture medium, and incubated in complete
medium. Cells were observed under a light microscope and photographed
atOand 6 or 8 h.

Protein extracts, immunoblotting, and immunofluorescence. Cells
were lysed in radioimmunoprecipitation assay (RIPA) plus buffer (50
mM Tris-HCI [pH 7.2], 100 mM NaCl, 1% Triton X-100, 0.1% SDS, 1%
Na-deoxycholate, 50 mM NaF, 2 mM Na-orthovanadate, 1 mM dithio-
threitol [DTT], antiprotease and antiphosphatase cocktails [Sigma-Al-
drich]), and cell debris was eliminated by centrifugation at 21,000 X g at
4°C for 10 min. Immunofluorescence assays were carried out as previously
described (30). The following antibodies were used for immunoblotting
and immunofluorescence: anti-Fral (sc-605), anti-SP1 (sc-59), anti-in-
tegrin av (sc-6618), anti-focal adhesion kinase (anti-FAK; sc-558), and
antipaxillin (sc-5574) from Santa Cruz Biotechnology (Santa Cruz, CA);
anti-phospho-FAK (Tyr925) (P~Y925 FAK; 3284) from Cell Signaling;
anti-integrin 3 (AB2984) from Millipore; and anti-B-actin (A5441)
from Sigma-Aldrich. Fluorescein isothiocyanate (FITC)-conjugated
phalloidin (P1951; Sigma-Aldrich) was used for F-actin labeling.

RNA extraction and quantification. Total mRNAs were extracted
with a PureLink RNA kit (Invitrogen), and quantitative real-time reverse
transcription-PCR (RT-PCR) was performed with a SuperScript III Plat-
inum One-Step qRT-PCR kit (Invitrogen) and Rotor-Gene 6000 real-
time rotary analyzer (Corbett Life Science). For the specific reverse
transcription-quantitative PCR (RT-qPCR), we used the following oligo-
nucleotides: L1481 (5'-TTTGGCCTGTGCCCCATTGTA-3") and L1482
(5'-CTTGTGCAGTCCGAGTTGCTA-3') for the av integrin transcript;
L496 (5'-TTGGCAAGATCACGGGCAAGT-3’) and L497 (5'-TTGCTG
GACATGCAGGTGTCA-3") for 33 integrin transcript; and K400 (5'-GA
AGGTGAAGGTCGGAGTC-3") and K401 (5'-GAAGATGGTGATGGG
ATTTC-3") for B3 integrin transcript.

Microarray. A microarray experiment was performed on an Illumina
platform, and data were analyzed using the BeadStudio Gene Expression
Module (GX) and normalized using default parameters. Probes with a
log, IFCI (where FC is fold change) of >1 and a P value of <0.05 were
selected for further analysis. Heat maps were obtained using the Biocon-
ductor package in R. Differential expression analysis of up- and down-
regulated genes was obtained by plotting genes on their log, expression
values. Gene ontology for molecular functions was performed by using
the PANTHER (protein analysis through evolutionary relationships) da-
tabase (31).

ChIP assay. Each chromatin immunoprecipitation (ChIP) experi-
ment was performed in three independent biological samples as previ-
ously described (14). Immunoprecipitation was performed with the fol-
lowing antibodies: from Santa Cruz Biotechnology, anti-FRA1 (sc-183)
and anti-JunD (sc-74); from Upstate, anti-histone H3 (06-755), anti-
acetyl-histone H4 Lys16 (H4Kl6ac; 06-762), anti-acetyl-histone H4
Lys12 (07-595), anti-acetyl-histone H4 Lys8 (07-328), anti-acetyl-histone
H3 Lys5 (07-327), and anti-acetyl-histone H4 (06-598); from Abcam,
anti-histone H4 (ab1791), anti-acetyl-histone H3 Lys9 (ab10812), anti-
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acetyl-histone H3 Lys14 (ab52946), anti-dimethyl H3K9 (ab1220), and
anti-integrin 33 (ab2984).

DNA was analyzed by quantitative real-time PCR by using a SYBR
GreenER kit (Invitrogen). All experiment values were normalized to those
obtained with a nonimmune serum and divided by input, using a previ-
ously described procedure (32). The data shown represent triplicate real-
time quantitative PCR measurements of the immunoprecipitated DNA.
The data are expressed as percentages and express 1/100 of the DNA
inputs. For the amplification of immunoprecipitated DNA, we used the
following oligonucleotides: M1004 (5'-GAGGGAAGCAAAGGACCG-
3") and M1005 (5'-GCAAGAGGGCTGAGCTTCG-3") for aV integrin
promoter DNA; M1010 (5'-GCTCCCTCTCAGGCG-3") and M1011 (5'-
TGGGTGGGACGCAACG-3'") for B3 integrin promoter DNA; 0246 (5'-
CCAGGCACACCGTCCTAC-3") and 0247 (5'-AAGGAGGGGCCTTC
TGTC-3") for NOTCH4 promoter DNA.

RESULTS

Fosll is involved in the assembly of mouse endothelial cells into
primitive capillary tubes in vitro. Fosll knockout embryos die
with vascular defects in extraembryonic tissues (11). To verify at
which stage of vascular differentiation FoslI was required, we in-
duced in vitro differentiation of endothelial cells using wild-type
or knockout mouse embryonic stem cells (ESC) following a dif-
ferentiation protocol previously set up in the laboratory (33). Af-
ter treatment with vascular endothelial growth factor A (VEGF-
A), embryoid bodies (EB) obtained from wild-type ESC organize
into large vessel-like structures with central endothelial cells sur-
rounded by smooth muscle cells (Fig. 1A). In contrast, endothelial
and mural cells, obtained from Fos/I '~ ESC, although differen-
tiated, were unable to form vessel-like structures but presented an
apparent lack of organization (Fig. 1B). Moreover, when plated on
Matrigel, endothelial Fosll ~/~ cells were unable to form a capil-
lary-like network (Fig. 1C to E), suggesting that the in vivo defect
of placental vascularization by FoslI knockout mice (11) was not
due to deficient endothelial differentiation; rather, FoslI appears
to be required for the correct assembly of endothelial cells (ECs)
into vessel structures.

FOSLI silencing affects morphology, adhesion on vitronec-
tin, and migration of endothelial cells. To understand the molec-
ular mechanisms by which FoslI contributes to the formation of
the vascular tissue and the generality of its function, we used pri-
mary HUVEC, which can be cultivated as pure endothelial cells
and are a good system to perform functional experiments by gene
silencing. FOSL1 knockdown was obtained by expression of a
small hairpin RNA targeting FOSL1 (shFOSL1) into a lentiviral
vector under the control of the constitutive U6 promoter. FOSL1

FIG 2 FOSLI silencing affects migration and organization of endothelial cells into capillary-like structures. HUVEC were infected with lentiviral vectors
expressing unrelated (control) or FOSL1 shRNA (shFOSL1). FOSL1-silenced HUVEC were infected with a viral vector expressing an shRNA-resistant FOSL1
mutant (rescue). (A) FOSL1 expression was analyzed by Western blotting, and -actin was used to verify equal loading. (B) Representative images of infected
primary endothelial cells plated on BD Matrigel and incubated in complete medium for 20 h for in vitro angiogenesis assays (original magnification, X40). (C)
Quantification of tube length was performed based on the results shown in panel B. FOSL1 knockdown significantly affected tube formation. Data are presented
as means * SD from four different fields randomly chosen from each group from three sets of experiments (n = 3). (D) FOSLI silencing reduced HUVEC
migration in wound-healing migration assays. Infected HUVEC monolayers were wounded with a sterile pipette tip, washed with culture medium, and incubated
in complete medium. Cells were observed under a light microscope and photographed initially and after 6 h (original magnification, X100). (E) Migration assay.
Cells were seeded in the upper wells of a 48-well microchemotaxis Boyden chamber. The lower wells contained 10 ng/ml VEGF-A. Cells migrating through a
polycarbonate filter were quantified by staining the cells with hematoxylin-eosin solution. The results are expressed as the means * SD of three independent
experiments performed in triplicate. (F) HUVEC expressing a control shRNA, shFOSL1, or FOSL1 silencing vector together with an shRNA-resistant FOSL1
were fixed and stained for phalloidin and paxillin. FOSL1 silencing affected the distribution of focal adhesion. Scale bar, 25 pm. (G) HUVEC expressing a control
shRNA, shFOSL1, or FOSLI silencing vector together with an shRNA-resistant FOSL1 were fixed and stained for FAK and phospho-Y925 FAK as indicated.
FOSLI1 silencing affected the distribution of focal adhesion. Scale bar, 40 pm. (H) Western blot analysis of protein extracts, which shows no differences in paxillin
or P~Y925 FAK protein levels upon FOSLI silencing.
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FIG 3 FOSLI is a negative regulator of the expression of integrin av and 83. (A) Pie chart of microarray analysis showing genes differentially expressed following
FOSL1 silencing in HUVEC. (B) Average levels of expression of genes upregulated and downregulated by FOSLI silencing in HUVEC. (C) Heat map of
microarray analysis showing genes up- and downregulated following FOSLI silencing in HUVEC. Integrin av and 3 genes are identified in red. (D and E)
Expression levels of integrin av and B3 mRNAs, respectively, were analyzed by RT-qPCR. Results were normalized to glyceraldehyde-3-phosphate dehydroge-
nase mRNA. Mean values from three independent experiments are shown with standard deviations. (F) Western blot analysis of the expression of integrins av
and B3 and FOSL1 in cells silenced for FOSL1 and in FOSL1-silenced HUVEC infected with a viral vector expressing an shRNA-resistant FOSL1 mutant (rescue).

-Actin was used to verify equal loading.

silencing reduced FOSL1 expression by about 90% in HUVEC.
FOSL1 expression in these cells was reestablished by infection of
the FOSLI1-silenced cells with a retroviral vector expressing a
FOSL1 mutant resistant to the shRNA. This rescue plasmid al-
lowed us to reexpress FOSLI in the silenced cells to ensure that the
phenotypes observed were not due to silencing artifacts (Fig. 2A).

HUVEC silenced for FOSL1 did not show alteration of cell
cycle progression or viability (data not shown). Instead, they
showed a reduced ability to form vascular capillary networks on
Matrigel and reduced migration, as measured by wound-healing
assays (Fig. 2B to D). The altered migration phenotype was con-
firmed with a migration assay in Boyden chambers, where the
FOSL1-silenced cells showed a significantly reduced migration to-
ward VEGF-A (Fig. 2E).

At the morphological level we observed that while control cells
presented a regular actin cytoskeleton organized in parallel bun-
dles in HUVEC, FOSL1 silencing induced a high degree of disor-
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ganization of the actin cytoskeleton, which was filling the cells in
all directions (Fig. 2F).

We further analyzed two proteins of the focal adhesion com-
plex, focal adhesion kinase (FAK) and paxillin, which actively col-
laborate with the actin cytoskeleton to maintain the normal mor-
phology of the cell. In FOSLI-silenced cells the spatial
organization of both proteins was strongly altered, and their or-
ganization was partially restored by the expression of the FOSL1
rescue construct (Fig. 2F and G). The same altered distribution
was also observed for P~Y925 FAK, a protein modification asso-
ciated with the ability of cells to dynamically regulate cell adhesion
(29). Beyond this abnormal spatial organization, no alteration of
the protein amounts could be detected (Fig. 2H).

FOSL1 controls integrin receptor av33 in endothelial cells.
The above-described experiments suggest that FOSLI regulates
the transcription of genes implicated in the control of cell shape,
migration, and adhesion. Gene expression profiling in wild-type
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and FOSL1-silenced HUVEC revealed that FOSL1 knockdown
altered the expression of about 900 genes, of which about 60%
were downregulated and 40% were upregulated (Fig. 3A and B; see
also Table S1 in the supplemental material).

As expected, the plasma membrane urokinase plasminogen re-
ceptor (uUPAR) and its activator (uPA) were downregulated by
FOSL1 silencing (Fig. 3C). This result is in accordance with pre-
vious studies showing that both promoters contain a functional
AP-1 site that in different cell lines has been shown to be recog-
nized by FOSLI (21, 34, 35, 36, 37).

In contrast to observations in Rcho-1 trophoblast stem cells
(38), in endothelial cells we did not observe FOSLI1-dependent
activation of metalloproteinases. The microarray showed only an
increase of matrix metalloproteinase 9 (MMP-9) RNA by FOSL1
silencing (Fig. 3C), and functional analysis did not show varia-
tions in metalloprotease activities between wild-type and FOSL1
knockdown cells (data not shown).

In contrast, FOSL1 knockdown produced an increase of both
integrins av (ITGAV) and B3 (ITGB3) (Fig. 3C), which was con-
firmed by quantitative RT-PCR (Fig. 3D and E) and by Western
blotting (Fig. 3F), thereby indicating that FOSL1 represses av and
B3 expression in endothelial cells.

Analysis of the protein distribution showed that FOSL1 silenc-
ing produced an augmented distribution of both av and B3 pro-
teins on the cell surface (Fig. 4A) and a significant increase in
adhesion to the av and B3 substrate vitronectin (Fig. 4B and C).
The increased adhesion to vitronectin was due to FOSL1 down-
modulation as expression of the FOSL1 rescue construct restored
the level of endothelial adhesion to this substrate.

To verify whether the increase of avand 33 expression depen-
dent on FOSLLI silencing was sufficient to alter the endothelial cell
phenotype, we expressed av and 33 in HUVEC by cell infection
with lentiviral vectors (Fig. 5A). The ectopic expression of av and
B3 increased endothelial cell adhesion to vitronectin (Fig. 5B),
inhibited the migration of HUVEC in a Boyden chamber assay
(Fig. 5C) and a wound-healing assay both on vitronectin and on
gelatin-coated plates (Fig. 5 D), and reduced the ability of HUVEC
to form vascular capillary networks on Matrigel (Fig. 5E and F).
Moreover, immunostaining analysis of HUVEC expressing ecto-
pic avand 33 revealed an alteration in the distribution of FAK and
paxillin with an increase of focal adhesion sites, similar to the
effect induced by FOSLI silencing (compare Fig. 2F and 5G).

To verify whether the reduction of av and 83 in FOSL1-
silenced HUVEC could restore their ability to form in vitro a
capillary network, we performed a rescue experiment by reduc-
ing av and B3 expression with increasing concentrations of
lentiviral particles expressing shRNAs to silence these two in-
tegrins (Fig. 6A).

The reduction of avand B3 expression to levels similar to those
of control cells rescued FOSL1-silenced HUVEC to form a capil-
lary network on Matrigel (Fig. 6B and C). We also inhibited, in
FOSL1-silenced HUVEC, the binding of the av and 3 to the
ECM by the use of increasing concentrations of cilengitide, a cyclic
peptide that is a specific inhibitor of the avf3 and avB5 integrins
(39). Cilengitide at a concentration of 0.1 M restored, at least in
part, the ability of the FOSLI1-silenced HUVEC to form a capil-
lary-like network in Matrigel (Fig. 6D and E).

Collectively, these results indicate that the overexpression of
av and 33 on the cell surface is a key player in the reduced angio-
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FIG 4 FOSL1 downregulation increases integrin expression on the cell surface
and cell adhesion. (A) HUVEC silenced for FOSL1 (shFOSL1) exhibited in-
creased numbers of focal adhesion plaques containing av33. Cell staining of
integrins avand 33 in HUVEC silenced for FOSLI and in FOSL1-silenced cells
infected with a viral vector expressing an shRNA-resistant FOSL1 mutant (res-
cue) is shown. Scale bar, 10 wm. DAPI (4',6'-diamidino-2-phenylindole) was
used for nuclear staining. (B) HUVEC adhesion to vitronectin-coated filters
(original magnification, X40). (C) Quantification of cell adhesion measured
by crystal violet staining. Data are presented as OD values of independent
experiments = SD (n = 3).

genic activity observed in endothelial cells upon FOSLI knock-
down.

FOSL1 downregulates the transcription of av and 33 pro-
moters by indirect binding to their promoters. Next, we ana-
lyzed the mechanism of FOSL1-dependent down-modulation of
av and B3 expression. Inspection of the promoter regions of av
and B3 with the TRANSFAC database (40) revealed that these
TATA-less promoters contain putative SP1 and ETS binding sites
but not putative AP-1 binding sites (Fig. 7A). To verify whether
FOSL1 directly regulates their transcription, we fused the human
av and 3 promoter regions with a luciferase reporter gene and
analyzed the expression of the reporter gene in wild-type and
FOSL1-silenced cells. FOSL1 knockdown significantly increased
the transcriptional activity of both av and B3 promoters, and this
effect was lost in FOSL1-rescued cells (Fig. 7B and C). Thus,
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FIG 5 Overexpression of integrin av and 33 subunits increases adhesion and affects migration of endothelial cells. (A) Total cell extracts of HUVEC expressing
either GFP (control) or integrin av and 33 subunits were analyzed by Western blotting using specific antibodies. (B) HUVEC as described in panel A were plated
on vitronectin, and adhesion was measured as described in Materials and Methods. Results are given as OD values of crystal violet-stained cells and represent the
mean of independent experiments = SD (n = 3). (C) Migration assay performed in Boyden chambers as described in the legend of Fig. 2E. The results are
expressed as the means = SD of three independent experiments performed in triplicate. (D) HUVEC as described in panel A were wounded with a sterile pipette
tip, washed with culture medium, and incubated in complete medium on vitronectin or gelatin-coated plates as indicated. Cells were observed under a light
microscope and photographed at 0 and 8 h. A representative experiment is shown (original magnification, X50). (E) HUVEC as described in panel A were plated
on BD Matrigel and incubated in complete medium for 20 h for in vitro angiogenesis assays. (F) Quantification of tube length was performed based on the results
shown in panel E. Data are presented as means = SD from four different fields randomly chosen from each group from three sets of experiments. (G) HUVEC
as described in panel A were stained for phalloidin (green) and FAK (red). Scale bar, 30 pm.

FOSL1-dependent down-modulation of av and B3 is transcrip-
tional, and the FOSL1-responsive elements are contained within
the promoter regions included in the constructs used although no
AP-1 binding sites were present on these promoters.

As it was previously demonstrated that in chicken embryo fi-
broblasts the SP1-dependent SPARC (secreted protein, acidic,
cysteine rich) promoter is downregulated by v-Jun (41) and in
Caco-2 cells the p21 promoter is repressed by Myc interacting
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with SP1 (42), we further analyzed whether FOSL1 could act as a
negative regulator of the avand 33 promoters via SP1. Chromatin
immunoprecipitations (ChIPs) followed by real-time quantitative
PCR revealed FOSLI recruitment to both av and B3 promoters as
well as to the promoter of NOTCH4 (Fig. 8A). NOTCH4 was used
as a positive control as it contains an AP-1 site recognized by
FOSLLI (43) and putative SP1 consensus sites. We observed a sig-
nificant reduction in FOSL1 binding to all three promoters fol-
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FIG 6 Integrin av and 33 down-modulation rescues the ability of HUVEC
silenced for FOSLI to form vascular capillary networks on Matrigel. (A)
FOSL1-silenced HUVEC were infected with increasing amounts of lentiviral
vectors expressing integrin av and 83 shRNAs (shav and shp3) as indicated.
Integrin expression was analyzed by Western blotting. 3-Actin was used to
verify equal loading. (B) HUVEC, with integrin down-modulation to levels
comparable to the endogenous wild type by lentiviral silencing, were plated on
BD Matrigel for in vitro angiogenesis assays (original magnification, X40). (C)
Tube length quantification was performed based on the results shown in panel
B. Data are presented as mean * SD from four different fields randomly
chosen from each group from three independent sets of experiments. (D)
HUVEC silenced for FOSL1 were plated on BD Matrigel and incubated in
complete medium in the presence of cilengitide at different concentrations.
Inhibition of avB3 interaction with the ECM by cilengitide at low doses par-
tially restored the tube formation on Matrigel impaired by FOSLI silencing.
(E) Tube length quantification was performed based on the results shown in
panel. Data are presented as means * SD from four different fields randomly
chosen from each group from three independent sets of experiments.

lowing FOSLI silencing, confirming the specificity of the signal
observed (Fig. 8A). SP1 was bound to both integrin promoters and
to the NOTCH4 promoter, as predicted by the presence of the
consensus sites. SP1 binding specificity was tested with the use of
mithramycin A (Fig. 8B), a drug that inhibits SP1 binding by com-
petitively binding to GC-rich motifs (44, 45). Inhibition of SP1
binding to the av and 3 promoters by mithramycin A also re-
duced the association of FOSL1 to both promoters while it did not
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affect its binding to the NOTCH4 promoter (Fig. 8C). Moreover,
FOSLI antiserum coimmunoprecipitated SP1, and the reciprocal
immunoprecipitation experiment with SP1 antibodies showed
FOSLLI association with SP1 (Fig. 8D). Taken together, these ex-
periments demonstrate that on av and 3 promoters FOSL1
binds via SP1.

Because FOSLI heterodimerizes with the Jun members of the
AP-1 family, we further tested whether the silencing of FOSL1
affects the binding of FOSL1 partners. ChIP analysis revealed that
JunD binds to both av and B3 promoters, and its binding was
significantly affected by FOSL1 knockdown (Fig. 8E).

Finally, we measured some histone modifications at av and 33
promoters in wild-type and FOSL1 knockdown cells. The analysis
of H3 and H4 acetylation at the promoter regions of both genes
showed a significant increment of H4 acetylation at both av and
B3 promoters following FOSL1 silencing (Fig. 8F and G). The use
of antibodies specific for each of the four different H4 acetylated
forms revealed a significant variation of H4K16ac at both promot-
ers, suggesting that FOSL1 recruitment to av and 33 promoters
affects the acetylation levels of H4K16.

DISCUSSION

Fosl1 knockout mice die at E10.5 as a result of placental defects due
to incorrect assembly of endothelial cells (11). In this report we
provide evidence that Fosl1 controls the correct assembly of en-
dothelial cells during the processes of vasculogenesis and angio-
genesis as in these cells it regulates the expression of key cellular
effectors of adhesion and migration. We observed that FoslI
knockout stem cells could differentiate into endothelial and
smooth muscle cells. However, unlike wild-type cells, they cannot
form cord-like tubes surrounded by alpha-smooth muscle actin
(a-SMA)-positive cells. Thus, in the absence of Fosl1, endothelial
cells cannot fully assemble into vessel-like structures. We also ob-
served defects in in vitro angiogenic assays with HUVEC silenced
for FOSLI. Since HUVEC derived from cord blood are an almost
pure population of primary endothelial cells, their phenotypic
analysis further confirms that the assembly defects observed in
FOSL1-silenced cells are due to impairment of endothelial cell
regulation and not to cross-signaling of endothelial cells with peri-
cytes or other cells that could be present in the microenvironment
of the developing vasculature.

By gene expression profiling, we identified several genes con-
trolled by FOSL1 in endothelial cells. We focused our attention on
integrins whose unbalanced expression could explain most of the
alterations observed. Indeed, the overexpression of av33 on the
cell surface was sufficient to alter cell morphology, increase cell
adhesion, and affect migration of endothelial cells in wound-heal-
ing assays. The increase in endothelial cell adhesion could be cor-
related with an increased interaction of cells overexpressing av33
integrins with the integrin-binding site exposed by the substrate as
the inhibition of av33 binding to the ECM rescued the endothelial
cell phenotype. The major expression of integrins on the surfaces
FOSL1-silenced cells and their increased adhesion to the substrate
could also explain their altered morphology. In fact, the clustering
of integrins on the extracellular surface induces the relocalization
and concentration of nonreceptor cytoplasmic proteins on focal
adhesion sites controlling cytoskeletal organization and down-
stream signaling (46). Accordingly, we observed that FOSL1 si-
lencing, besides inducing increased expression of av33 on the cell
surface, induced a dramatic alteration in the organization and
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FIG 7 FOSLLI is a negative regulator of integrin av and 33 subunit gene transcription. (A) Schematic representation of the human integrin av and 83 promoter
regions. Numbers shown refer to the distance from the transcription start site. The putative SP1 sites are indicated by ovals; other putative binding sites are
represented as rectangles. The nucleotide positions indicate the genomic region cloned upstream of the luciferase reporter gene in the pGL3 plasmid; the
restriction sites used are indicated. Arrowheads indicate the locations of the oligonucleotides used for the ChIP assay. (B) Reporter constructs carrying the av and
3 promoters were cotransfected in HUVEC together with shGFP (control), an shFOSL1-expressing plasmid, or shFOSLI together with the shRNA-resistant
FOSLI1 (rescue). Promoter activity values were normalized using Renilla activity, and fold induction was calculated with respect to transfected control samples.
Mean values for three experiments %+ standard deviations of the means are shown.

distribution of the focal adhesion sites, with alteration of the cell
morphology. These experiments suggest that the increased ex-
pression of av33 might stabilize focal adhesion and/or slow down
FAK turnover, resulting in the inhibition of endothelial cell mi-
gration, which is a coordinated process involving formation and
disassembly of cell adhesion sites. If the expression of av33 on
endothelial cells is required for correct angiogenesis and the re-
sponse to angiogenic stimuli (1, 4, 9), our results demonstrate also
that their uncontrolled expression impairs endothelial cell func-
tions.

Although our data demonstrate that the overexpression of
avB3 impairs angiogenic activity, we cannot exclude the pos-
sibility that other FOSL1 targets contribute to the altered phe-
notype. Indeed, the gene expression profile also highlighted
that FOSL1 silencing down-modulates uPAR and uPA. As both
uPA and uPAR are involved in the degradation of the ECM, our
results support a model by which, in primary endothelial cells,
FOSL1, by down-modulating the expression of av33 and up-
regulating the expression of uPA/uPAR, permits the fine-tun-
ing of the expression of these complexes on the cell surface,
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controlling in this way the equilibrium between the adhesive
versus the migrating state necessary to orchestrate the angio-
genic process.

Analysis of the transcriptional regulation driven by av and B3
promoters together with the ChIP analysis demonstrated that the
regulation of avand 33 is direct and that FOSL1 exerts its negative
regulation on both promoters. Unlike proteins such as YY1 that
can directly repress transcription binding to the DNA (47), FOSL1
represses the transcription of av and 83 promoters through SP1.
In fact, ChIP analysis show that the inhibition of SP1 association
on both avand B3 promoters resulted in the inhibition of FOSL1
binding, and coimmunoprecipitation experiments showed that
FOSL1 forms a nuclear complex with SP1. Thus, FOSL1 acts as a
negative modulator of the av and 83 promoters via SP1, similarly
to the regulation of SPARC in chicken embryo fibroblasts, which
is downregulated by v-Jun via SP1 (41) and p21, which in turn is
inhibited by the interaction of Myc with SP1 (42). In this respect it
is worth noting that FOSL1 binds via SP1 on av and 33 promoters
together with JunD, a FOSLI partner (30) that does not have an
activation domain.
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FIG 8 FOSLI regulates the integrin av and 3 promoters indirectly through SP1. (A) Chromatin immunoprecipitation of FOSL1 on av and 83 and NOTCH4
promoters. FOSLI silencing (shFOSL1) significantly reduced the signal on all three promoters. Primer positions for the amplification of av and 33 promoters are
reported in Fig. 7A. Amplification of the NOTCH4 promoter region, which is bound by both FOSLI (directly through an AP-1 binding site) and SP1, was used as a
control. (B) Chromatin immunoprecipitation of SP1 on avand 33 and NOTCH4 promoters. Cell treatment with mithramycin A for 2 h strongly inhibited SP1 binding
to all three promoters. (C) Chromatin immunoprecipitation of FOSL1 on av and 33 and NOTCH4 promoters in cells untreated (Vehicle) or treated with mithramycin
A for 2 h. Mithramycin A inhibited the binding of FOSL1 on the on av and B3 promoters but not the NOTCH4 promoter where FOSLI binds directly to an AP-1 site.
(D) Nuclear extracts obtained from HUVEC were either immunostained (Input) or subjected to immunoprecipitation (IP) with anti-FOSL1 or anti-SP1 antibodies as
indicated. (E) Chromatin immunoprecipitation of JunD on avand 33 promoters. FOSLI silencing significantly reduced the JunD association on both promoters. (Fand
G) Chromatin immunoprecipitation analysis of histone modifications on v and 33 promoters in control cells and in FOSL1-silenced cells. FOSLI silencing induces a
significant increase of H4ac at K16. Mean values from three independent experiments are shown with standard deviations.
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