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Forkhead transcription factor Foxc2 is an essential regulator
of the cardiovascular system in development and disease. How-
ever, the cellular and molecular functions of Foxc2 in vascular
endothelial cells are still not fully understood. Here, through
gene expression profiling in endothelial cells, we identified mol-
ecules associated with cell-extracellular matrix interactions,
integrin 83 (Itgb3), integrin 35 (Itgb5), and fibronectin, as down-
stream targets of Foxc2. We found that I£gh3 expression is directly
regulated by Foxc2 through multiple Forkhead-binding elements
within two high homology regions in the Itgh3 promoter. Because
Itgb3 is known to regulate angiogenesis, we further tested whether
Foxc2 is directly involved in angiogenesis by regulating Itgh3
expression by in vitro experiments. Overexpression of Foxc2 signif-
icantly enhanced endothelial cell migration and adhesion, whereas
this effect was strongly inhibited by Itgb3 neutralization antibody.
In accordance with these results, pulmonary microvascular endo-
thelial cells isolated from Foxc2 heterozygous mutant mice showed
a marked reduction in /tgh3 expression and cell migration. Finally,
ex vivo aortic ring assay to test the sprouting and microvessel for-
mation revealed enhanced microvessel outgrowth by Foxc2 over-
expression. Conversely, microvessel outgrowth from aortas of
Foxc2 heterozygous mutant mice was reduced. Taken together,
these results suggest that Foxc2 directly induces Itgh3 expression
and regulates angiogenesis by Itgh3-mediated endothelial cell
adhesion and migration.

Pathological and physiological angiogenesis is a complex
event involving endothelial cell proliferation and migration and
vascular tube formation. In this process, the penetration of new
endothelial cells occurs in avascular zones by sprouting from
existing vascular vessels (1). Dynamic conformation changes in
extracellular matrix adhesion are an essential part of sprouting
angiogenesis because the extracellular matrix provides a
mechanical substrate in the cellular environment and regulates
pathophysiological signals to neighboring cells. The role of
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integrins has been extensively studied in a variety of molecules
participating in interactions between vascular endothelial cells
and the extracellular matrix (2, 3).

Integrins represent a large family of heterodimeric adhesion
receptors that interact with extracellular matrix components such
as fibronectin and vitronectin. At present, there are 16a- and
8B-subunits identified, thereby forming 24 different integrins.
Although accumulating evidence shows that av33 and avf35 inte-
grins play a pivotal role in the formation of blood vessels (2), Itgh3
and Itgb5 are dispensable for embryonic angiogenesis (4). How-
ever, given that Itgb3 and Itgb5 are highly expressed in vascular
vessels in pathological angiogenesis, blockade of these integrins
with specific antagonists inhibits angiogenesis in cancer as well as
arthritis and ischemic retinopathy (2, 5, 6). Therefore, as a thera-
peutic approach to prevent pathological angiogenesis and tumor
growth, Abegrin, a humanized monoclonal antibody that targets
av3 integrin, is being tested in the phase II clinical trial for anti-
tumor therapy of melanoma patients (7).

The Foxc2 gene encodes a protein belonging to the Fork-
head/Fox transcription factor family that shares an evolution-
arily conserved DNA-binding domain. Our laboratory and oth-
ers have shown that Foxc2 is an essential regulator of vascular/
lymphatic vessel formation in cardiovascular development and
disease. Disruption of Foxc2 in mouse causes perinatal lethality
with defects in aortic arch patterning, arterial specification, and
vessel remodeling during embryonic development (8 —12). Fur-
thermore, mutations in mouse and human result in lymphed-
ema associated with abnormal lymphatic patterning, failure of
lymphatic and venous valves, and lymphatic and venous dys-
function (13-16). However, the precise function of Foxc2 in the
process of angiogenesis remains largely unknown. The goal of
this study is therefore to elucidate the mechanisms by which
Foxc2 functions in vascular endothelial cells. Here, we present
the first evidence that Itgh3 is a novel downstream target of
Foxc2 and that Foxc2 regulates angiogenesis by contributing
primarily to endothelial cell migration and adhesion.

MATERIALS AND METHODS

Cell Culture—Immortalized mouse embryonic endothelial
cells (MEECs)? were obtained from Dr. Marie-Jose Goumans
(The Netherlands Cancer Institute) and cultured on gelatin-

2The abbreviations used are: MEECs, mouse embryonic endothelial cells;
PMVECs, pulmonary microvascular endothelial cells; Ad, adenovirus; FBEs,
Fox-binding elements; RT, reverse transcription; PBS, phosphate-buffered
saline; BrdUrd, 5-bromo-2’-deoxyuridine; HHR, high homology region;
LUC, luciferase; BSA, bovine serum albumin; VEGF, vascular endothelial
growth factor; FN, fibronectin; VEGFR-2, VEGF receptor type 2.
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coated tissue culture plates at 37 °C in a 5% CO, incubator in
Dulbecco’s modified Eagle’s medium containing 10% serum as
described (17). Mouse pulmonary microvascular endothelial
cells (PMVECs) were isolated and cultured as described (18).

Generation and Infection of Recombinant Adenovirus for
Foxc2—To generate an adenovirus expression vector contain-
ing Foxc2, the complete coding sequence of mouse Foxc2 with
Xbal sites at the 5'- and 3'-ends was first generated using Pfu
DNA polymerase (Stratagene) and primers including Xbal sites
(5'-TATCTAGAGGACGCATGCAGGCG-3' and 5'-CTCT-
AGACTCAGTATTTGGTGCAGTGG-3'). The Xbal sites and
the Kozak sequence upstream of the start codon for efficient
translation are underlined and double-underlined, respectively.
The initiation and stop codons are shown in boldface. The PCR
product was subcloned into the EcoRV site of pBluescript II
KS™ (Stratagene) and then sequenced for confirmation. The
Foxc2 Xbal fragment was cloned into the Xbal site of the shuttle
vector pAdTrack-CMV. To generate the adenovirus expression
vector for Foxc2 (Ad-Foxc2) by homologous recombination,
the resultant plasmid linearized with Pmel was cotransformed
into Escherichia coli B]J5183 cells with the adenoviral backbone
pAdEasy-1 vector containing green fluorescent protein to mon-
itor the efficiency of transfection and infection. Adenovirus
vectors (Ad-control and Ad-Foxc2) linearized with Pacl were
transfected into 293T cells to produce adenoviruses. Following
three rounds of amplification in 293T cells, the adenoviruses
were purified and titered based on the efficiency of infection by
counting the number of green fluorescent protein-expressing
cells as described previously (19). Infection of MEECs with the
adenoviruses was performed as described previously (17).

Identification of Putative Fox-binding Elements (FBEs)—The
alignment of mouse and human genomic sequences containing
up to 30 kb upstream of the transcription start site of Jtgh3 was
visualized using mVISTA (genome.lbl.gov/vista/index.shtml).
Among highly conserved regions (>50% identity), FBEs were
subsequently selected according to the consensus sequence
WAARYAAAYW (where W = Ala or Thr, R = Ala or Gly, and
Y = Cys or Thr).

Real-time Reverse Transcription (RT)-PCR Analysis—Isola-
tion of total RNA from endothelial cells and cDNA synthesis
were performed using an RNeasy mini kit (Qiagen Inc.) and
iScript (Bio-Rad), respectively. Real-time PCRs were carried
out using the SYBR Green PCR Master Mix (Applied Biosys-
tems) and iCycler (Bio-Rad) according to the manufacturers’
instructions. The PCR primers used are shown in supplemental
Table 1. The data were normalized by the expression levels of
the ppi housekeeping gene.

Fluorescence-activated Cell Sorter Analysis—Dissociated
PMVECs or MEECs were washed with phosphate-buffered
saline (PBS) supplemented with 1% fetal calf serum and stained
with phycoerythrin-conjugated anti-mouse CD61 (Itgb3) anti-
body (eBioscience) for 30 min on ice. 7-Aminoactinomycin D
(Invitrogen) was also used to identify and remove a nonviable
cell population. Cells were processed for cytometric analyses by
LSR II (BD Biosciences) or for sorting by FACSAria (BD Bio-
sciences) at the Vanderbilt University Flow Cytometry Core
Facility.
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Isolation of Endothelial Cells Stably Overexpressing Foxc2—
MEECs were seeded at a density of 6 X 10* cells/well on 24-well
tissue culture plates. The next day, these cells were transfected
with 400 ng of the Foxc2 expression vector or pcDNA3.0
(Invitrogen) as a mock control using Lipofectamine and PLUS
reagents (Invitrogen). After 3 days of transfection, the cells
were continuously treated with Geneticin (5 mg/ml; Invitro-
gen) to collect a pool of Geneticin-resistant cells. The expres-
sion levels of Foxc2 were subsequently confirmed by semiquan-
titative RT-PCR (data not shown). The PCR primers for Foxc2
are shown in supplemental Table 1.

Cell Proliferation Assay—Cell proliferation was assessed by
the incorporation of 5-bromo-2’-deoxyuridine (BrdUrd) into
cellular DNA. MEECs were plated on gelatin-coated Lab-Tek
chamber slides (Nalgene) at a density of 3.5 X 10? cells/cham-
ber. Attached cells were cultured for 24 h in serum-reduced
medium (0.5%) with a pulse of BrdUrd (25 mwm) for the last 3 h.
The cells were fixed with 4% paraformaldehyde immediately
after the pulse and incubated with anti-BrdUrd monoclonal
antibody (Sigma) for 1 h. After washing with Tris-buffered
saline and 0.1% Tween 20, the cells were incubated with Alexa
568-conjugated goat anti-mouse antibody (Jackson Immu-
noResearch Laboratories). To visualize all cell nuclei, the slides
were also stained with 4',6-diamidino-2-phenylindole. Three
random non-overlapping fields of view (total magnification
X200) were photographed in duplicate. The percentage of the
uptake of BrdUrd into the cells was calculated based on the
ratio of 4',6-diamidino-2-phenylindole-positive and BrdUrd-
positive cells to 4',6-diamidino-2-phenylindole-positive and
BrdUrd-negative cells. The experiment was repeated three
times.

Construction of Luciferase Reporters—For construction of
distal HHR-Itgb3-LUC, proximal Itgb3-LUC, and —793Itgb3-
LUC, PCR fragments were amplified using a mouse bacterial
artificial chromosome clone (RP24 —-94A3; BACPAC Resource
Center) as template DNA. PCR-based mutagenesis of the
FBEs in 1Mut-LUC (TCTATTT to TCTAGGT), 2Mut-
LUC (AAAATAAA to AAGGTGGA), and 3Mut-LUC
(AAAATAAA to AAGGTGGA) was performed using the distal
HHR-Itgb3-LUC reporter as template DNA. All fragments
were subsequently purified and ligated into the Kpnl and Nhel
sites of the pGL3-basic vector or pGL3-promoter vector (Pro-
mega), followed by sequence confirmation. The primers used
for plasmid construction are shown in supplemental Table 1.

Transfection and Luciferase Assay—MEECs were transiently
transfected using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions. For luciferase assays, the pRL-
CMV reporter plasmid (Promega) containing Renilla luciferase
as an internal control was cotransfected with the firefly lucifer-
ase reporter constructs described above. All transfections were
carried out in triplicate on gelatin-coated 24-well plates. The
transfected cells were harvested at 48 h after transfection, and
luciferase activity was measured using the Dual-Luciferase
reporter assay system (Promega).

Chromatin Immunoprecipitation Assay—Cultured MEECs
were washed with PBS and treated with formaldehyde to cross-
link protein to DNA. Cellular lysates were obtained by scraping,
followed by pulse ultrasonication to shear cellular DNA. After
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FIGURE 1. Foxc2 induces Itgb3 expression in endothelial cells. A, Foxc2
increases mMRNA levels of Itgb3, Itgb5, and FN as detected by real-time
RT-PCR. MEECs were infected with either Ad-control or Ad-Foxc2. Sixteen
hours after infection, the cells were washed and cultured for 30 h. Total
RNA was thenisolated and subjected to real-time RT-PCR to detect expres-
sion levels of Itgb3, Itgb5, FN, and Foxc2. The experiment was independ-
ently repeated three times, and statistical significance was determined by
Student’s t tests. **, p < 0.01; ***, p < 0.005 versus Ad-control-infected
cells. B, Foxc2 up-regulates Itgb3 protein in endothelial cells. Total protein
lysates were prepared from MEECs infected with either Ad-Foxc2 or Ad-
control and from untreated MEECs and subjected to Western blotting
using antibodies against Foxc2 and Itgb3. Expression of B-actin is shown
as aloading control. C, surface levels of Itgb3 expression in MEECs infected
with either Ad-control or Ad-Foxc2 as measured by flow cytometry. Rep-
licate analyses of three independent experiments are shown. The nega-
tive control (N.C.) indicates unstained MEECs. D, Foxc2 does not induce
expression of Itgal, Itga5, Itgaé6, Itgav, and Itgb 1. MEECs were infected with
either Ad-control or Ad-Foxc2, and real-time RT-PCR was subsequently
performed. The experiment was independently repeated three times, and
statistical significance was determined by Student’s t tests. N.S.,
non-significant.
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FIGURE 2. Alignment of 30-kb upstream regions from the transcription
initiation site of /tgb3 between human and mouse using mVISTA. HHRs
are shown in pink.

centrifugation, supernatants containing sheared chromatin
were incubated with anti-Foxc2 antibody or control IgG
(Abcam), followed by addition of protein A/G-Sepharose
(Santa Cruz Biotechnology) overnight. After elution,
immune complexes were subsequently treated with protein-
ase K at 55 °C for 1.5 h and extracted with phenol/chloro-
form and chloroform. Immunoprecipitated DNA was ana-
lyzed by PCR. The PCR primers used are shown in
supplemental Table 1.

Adhesion Assay—Confluent MEECs stably transfected with
the mock or Foxc2 expression vector were detached and prein-
cubated with antibody against Itgb3 at 5 mg/ml or with control
IgG for 30 min at 37 °C. After washing three times with Dulbec-
co’s modified Eagle’s medium containing 0.1% bovine serum
albumin (BSA), 5 X 10* cells were plated on 96-well cell
culture plates precoated with 10 wg/ml vitronectin for 1 h at
37 °C, blocked with 1% BSA for 1 h, and incubated for 30 min
at 37 °C. The attached cells were stained and fixed with 0.1%
crystal violet aqueous solution in 20% methanol for 10 min.
After washing with water, the stained cells were dissolved
with 1% SDS. The absorbance at 595 nm was measured using
a microplate reader.

Wound Closure Assay—Endothelial cell migration was deter-
mined by wound closure assay. MEECs were grown to conflu-
ence on gelatin-coated 6-well plates in growth culture medium.
Monolayer cells were mechanically wounded by scratching
with the tip of a sterile plastic 10-ml pipette. After washing with
PBS, the cells were cultured in serum-reduced medium (0.5%)
for 24 h. The cells were treated with or without 10 ng/ml mouse
recombinant vascular endothelial growth factor (VEGF) (R&D
Systems) in the presence or absence of 5 mg/ml R-phyco-
erythrin-conjugated hamster anti-mouse 83 integrin mono-
clonal antibody (clone 2C9.G2; Armenian hamster IgG1k; BD
Biosciences) or IgG isotype control (clone A19-3; BD Bio-
sciences). Residual wound areas were measured at 0 and 24 h by
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comparing phase-contrast micrographs of three fields of view software. To visualize the cell migration patterns after 24 h,
(total magnification X40) along the originally scraped areas in  cells were fixed with 4% paraformaldehyde and stained with
triplicate. The recovered areas were calculated using Image] 0.1% crystal violet.
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Transwell Migration Assay—Transwells with 8-mm pores
(Costar) were precoated with collagen I (20 mg/ml) overnight at
4. °C. The filters were subsequently blocked with 3% BSA in PBS
to inhibit nonspecific migration. The lower wells of the cham-
ber were filled with serum-free medium containing 0.1% BSA in
the presence or absence of VEGF at 25 ng/ml. PMVECs from
Foxc2™'~ or control wild-type mouse suspensions were pre-
pared from subconfluent cultures in serum-free medium con-
taining 0.1% BSA. A total of 5 X 10* cells were added to the
upper chamber and then incubated for 4 h at 37 °C. Non-mi-
grating cells on top of the filter were wiped out by a cotton swab,
and the filters were fixed in 4% formaldehyde in PBS. Migrating
cells were stained with 1% crystal violet and counted under a
microscope.

Aortic Ring Assay—C57BL/6 mice (6—8 weeks old) were
killed, and thoracic aortas were excised and immediately trans-
ferred to a culture dish with cold serum-free Dulbecco’s modi-
fied Eagle’s medium. The periaortic fibroadipose tissue was
carefully removed, and aortic tubes were sagittally cut in two
equal pieces to make two equivalent half-tubes. In the experi-
ment shown in Fig. 7A, one of the half-tubes was immediately
exposed to Ad-Foxc2 and the other to Ad-control each at 5 X
10° plaque-forming units in 0.1 ml of Dulbecco’s modified
Eagle’s medium in 1.5-ml centrifugation tubes at 37 °C in 5%
CO, for 24 h. (This process was skipped for the experiment
shown in Fig. 7B.) Infected tubes were then each cut into cross-
sectional pieces of 0.5 mm in length using a razorblade. Pieces
of aorta were placed on 48-well culture plates and overlaid with
150 ml of fibrinogen (Sigma) at 3 mg/ml. Polymerization was
performed by the addition of 15 ml of thrombin (Sigma) at 1
unit/ml for 30 min, followed by the addition of 0.5 ml of EBM-2
(Lonza). The culture of aortic rings and analysis of microvessel
outgrowth were as described previously (20).

RESULTS

Foxc2 Directly Regulates Integrin 33 Expression in Endothe-
lial Cells—To identify genes regulated by Foxc2 in endothelial
cells, we performed gene expression profiling using immortal-
ized MEEC:s by infection of recombinant adenovirus for Foxc2.
On the basis of the 39,000 oligoprobe sets of Mouse Genome
430 2.0 Array (Affymetrix) we used, overexpression of Foxc2 in
MEECs up-regulated 448 probe sets and down-regulated 156
probe sets. The details of the microarray results will be pub-
lished elsewhere.? Interestingly, we found that the expression of

3 H. Hayashi and T. Kume, manuscript in preparation.
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Itgh3 and Itgb5, known as components of av33 and avf5 inte-
grin heterodimers, and fibronectin (EN), a ligand for avf33 inte-
grin, was significantly up-regulated. By real-time RT-PCR, we
validated the induction of these genes by Foxc2 (Fig. 14). We
next confirmed that Itgb3 protein was indeed up-regulated in
endothelial cells that overexpress Foxc2 by Western blot anal-
ysis (Fig. 1B). Consistently, the surface levels of Itgb3 expres-
sion were increased by Foxc2 as evaluated by flow cytometry
(Fig. 1C). In contrast, Foxc2 did not regulate the expression of
other integrins, including av integrin (Itgav) (Fig. 1D). We
therefore hypothesized that overexpression of Foxc2 could
induce pro-angiogenic factors in endothelial cells because av33
and avf5 integrins as well as FN were all up-regulated on cer-
tain tumor vasculature (2, 6, 21). Among these molecules, av33
integrin is recognized as a promising therapeutic target for
pathological angiogenesis.

Because the molecular mechanisms for /tgh3 gene expression
in angiogenesis are not fully understood, we further analyzed
Foxc2-mediated Itgh3 gene expression in endothelial cells. A
recent study showed that another Fox transcription factor,
Foxfl, activates the mouse Itgh3 promoter by directly binding
to the tandem repeats of FBEs located at region —871 to —815
of the Itgh3 locus in lung mesenchymal cells and induces mes-
enchymal cell migration (22). Notably, the reported FBEs are
not found in the proximal HHR of the human /zgh3 promoter,
as shown in Figs. 2 and 3A. Because we found that overexpres-
sion of Foxc2 induced Itgh3 mRNA expression in human
umbilical vein endothelial cells (data not shown), we searched
for additional FBEs farther upstream (up to 30 kb) of the Itgh3
locus (Fig. 2). In fact, we found a cluster of three FBEs located in
the distal HHR between —11.1 and —10.8 kb upstream of Itgh3
(Figs. 2 and 3C). This finding led us hypothesize that the distal
HHR is also responsible for Foxc2-induced Itgh3 expression.

To test the direct involvement of Foxc2 in the induction of
Itgh3 expression, we next investigated whether Foxc2 could
activate the Itgh3 promoter by regulating the FBEs in the distal
and proximal HHRs of the mouse I£gh3 promoter. For analysis
of the proximal HHR, we constructed luciferase reporters using
the pGL3-basic vector that does not contain a basic promoter
(Fig. 3A). On the other hand, for analysis of the distal HHR, we
generated luciferase reporters using the pGL3-basic vector or
the pGL3-promoter vector (Fig. 3C). The pGL3-promoter vec-
tor carries the SV40 promoter sequence and is designed to ana-
lyze enhancer sequences upstream of a gene of interest. In Fig.
3B, Foxc2 significantly activated the proximal HHR in a dose-
dependent manner, whereas the deletion construct lacking the

FIGURE 3. Foxc2 regulates the proximal and distal promoters of Itgb3 in endothelial cells. A, schematic diagram of luciferase constructs for the proximal
Itgb3 promoter (proximal HHR-Itgb3-LUC). Shown above are the mouse and human sequences for comparison. Note that the reported tandem repeats of the
FBEs (highlighted) are located only in the mouse /tgb3 locus. B, Foxc2 activates the proximal /tgb3 promoter in a dose-dependent manner. MEECs were
transfected with the Foxc2 expression vector together with either proximal HHR-ltgb3-LUC or its deletion construct, —793Itgb3-LUC. The -fold increase in
normalized luciferase activity is shown. Statistical significance was determined by Student’s t tests. ****, p < 0.001 versus the control. N.S., non-significant.
C, schematic diagram of luciferase constructs for the distal Itgb3 promoter that consists of the three conserved FBEs (highlighted). Distal HHR-ltgb3-LUC (+P)
and distal HHR-Itgb3-LUC (—P) indicate the presence and absence of the SV40 promoter in the constructs, respectively. Shown above are the mouse and
human sequences for comparison. D, Foxc2 activates the distal ltgb3 promoter through two of the three FBEs. Luciferase assays were performed after
transfection of MEECs with distal HHR-Itgb3-LUC or a series of mutant reporters (1Mut-LUC, 2Mut-LUC, 3Mut-LUC, and 1,2,3Mut-LUC) along with the Foxc2
expression vector. The -fold increase in normalized luciferase activity is shown. Data are presented as the means = S.D. (n = 6) from two independent
experiments. ¥, p < 0.05; **,p < 0.01 versus cells cotransfected with Foxc2 and pGL3-basic. E, Foxc2 binds to the FBEs in the distal or proximal HHRs in chromatin
structure of endothelial cells. MEECs were subjected to chromatin immunoprecipitation assays using anti-Foxc2 antibody (Ab) or control IgG. Immunoprecipi-
tated DNA was analyzed by PCR using primers specific to the proximal or distal HHR of mouse Itgb3.
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FIGURE 4. Proliferation assay for Foxc2-overexpressing endothelial cells.
MEECs stably transfected with the mock or Foxc2 expression vector were
cultured with or without VEGF (5 ng/ml) for 24 h in serum-reduced medium
(0.5%) with a pulse of BrdUrd (BrdU) for the last 3 h. The cells were subse-
quently fixed and stained for BrdUrd and 4',6-diamidino-2-phenylindole. The
number of BrdUrd-positive cells and total cells was counted. Values are pre-
sented as the means *+ S.D.from 10 microscopic fields from two independent
experiments. Statistical significance was determined by Student’s t tests. ¥,
p < 0.05. N.S., non-significant.

FBEs showed no induction of luciferase activity by Foxc2. These
data suggest that similar to Foxf1, Foxc2 can activate the mouse
Itgh3 proximal promoter. More important, Foxc2 was also able
to activate the distal HHR through the FBEs except for the most
upstream one (Fig. 3D). It should also be noted that essentially
similar results were obtained in experiments with luciferase
constructs in the presence or absence of the SV40 promoter.
Next, we performed chromatin immunoprecipitation assays to
test whether Foxc2 could directly bind to the FBEs in the distal
or proximal HHRs in chromatin structure of endothelial cells.
We found that Foxc2 specifically bound to both HHRs in vivo
(Fig. 3E). Taken together, these findings indicate that Foxc2
directly induces /tgh3 expression through the multiple FBEs on
the Itgh3 distal and proximal HHRs in endothelial cells.

Foxc2 Regulates Itgh3-mediated Endothelial Cell Migration
and Adhesion, but Not Proliferation—Angiogenesis is a multi-
step process that includes endothelial cell proliferation, migra-
tion, and adhesion. Considering the direct induction of Itgh3
expression by Foxc2, we sought to determine whether Foxc2
regulates the angiogenic process in vitro. Using MEECs stably
overexpressing Foxc2, the rate of BrdUrd incorporation in
endothelial cells was determined in serum-reduced medium
(0.5%) for 24 h. We observed no significant difference in the
number of BrdUrd-positive cells between mock- and Foxc2-
transfected MEECs (Fig. 4). In addition, although VEGF aug-
mented cell division, Foxc2 overexpression along with VEGF
did not show further increase in proliferation compared with
the control cells treated with VEGF. These findings indicate
that Foxc2 itself does not have the ability to stimulate the pro-
liferation of endothelial cells.

We next analyzed the effect of Foxc2 on endothelial cell
adhesion that is regulated by integrins during angiogenesis (23).
Adhesion assays were performed using 96-well culture plates
precoated by vitronectin. As shown in Fig. 54, Foxc2 signifi-
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cantly increased adhesiveness compared with the control cells.
Notably, consistent with our finding that Foxc2 directly regu-
lated Itgh3 expression, Foxc2-enhanced cell adhesion was
impaired by anti-Itgb3 blocking antibody.

Finally, we performed wound closure assays to test whether
Foxc2 is involved in endothelial cell migration. In agreement
with the effect of Foxc2 on endothelial cell adhesion, wound
closure assays further revealed that Foxc2 dramatically
enhanced endothelial cell migration (Fig. 5, B and C). Of note,
although Foxc2 did not induce endothelial cell proliferation
under the same serum-reduced conditions (Fig. 4), the rate of
Foxc2-enhanced wound closure was almost equivalent to that
of VEGF treatment in the control cells. On the other hand, the
addition of VEGF did not synergistically increase the rate of
would closure by Foxc2. Furthermore, treatment with anti-
Itgb3 blocking antibody significantly inhibited Foxc2-induced
cell migration. Therefore, these data demonstrate that Foxc2
plays an important role in endothelial cell adhesion and migra-
tion, at least in part through Itgb3 function.

Loss of Foxc2 Function Diminishes Endothelial Cell
Migration—To further test whether loss of Foxc2 affects the
migration of endothelial cells, PMVECs were isolated form
wild-type and Foxc2 heterozygous mutant (Foxc2*/~) mice. As
shown in Fig. 64, real-time RT-PCR analysis demonstrated a
marked reduction in expression of Itgh3, Itgh5, and FN in endo-
thelial cells isolated from Foxc2™’'~ mice. In accordance with
this observation, the surface levels of Itgh3 expression meas-
ured by flow cytometry were markedly reduced in Foxc2"'~
endothelial cells (Fig. 6B). On the other hand, no change in
expression of other integrins was observed in Foxc2™'~ endo-
thelial cells compared with wild-type cells (Fig. 6C).

As in the case of overexpression of Foxc2, we found no signifi-
cant difference in proliferation between wild-type and Foxc2™*'~
endothelial cells in the presence or absence of VEGF (Fig. 6D). In
contrast, Transwell migration assay revealed that both basal and
VEGF-induced migration of Foxc2"/~ endothelial cells were sig-
nificantly impaired compared with wild-type cells (Fig. 6E). Con-
sistent with the results obtained from wound closure assay (Fig. 5,
B and C), it should be noted that we tested the direct effects of
Foxc2 on the migration of endothelial cells cultured in serum-free
medium for 4 h. Therefore, these data confirm that Foxc2 plays a
critical role in endothelial cell migration.

Foxc2 Regulates ex Vivo Angiogenesis—To address whether
Foxc2 is really involved in angiogenesis, we used an aortic ring
culture model that recapitulates the process of angiogenesis ex
vivo by generating microvessels from isolated aortas on a fibrin/
thrombin gel. First, segments of aortas from wild-type mice
were infected with Ad-Foxc2 or Ad-control. Significantly, we
observed abundant formation of vascular sprouts from aortic
rings infected with Ad-Foxc2 compared with those infected
with Ad-control (Fig. 74). Consistent with the data obtained
from wound healing assays and cell adhesion assays, anti-Itgbh3
blocking antibody significantly inhibited Foxc2-induced ex vivo
angiogenesis. On the other hand, fewer vascular sprouts were
detected from aortic rings from Foxc2™'~ mice compared with
control aortic rings (Fig. 7B). These data suggest that Foxc2 in
the endothelium controls angiogenesis ex vivo, partially
through the direct regulation of Itgb3 expression.
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inducing expression of pro-angio-
genic factors such as Itghb3 and
thereby contributes to angiogenesis.

Foxc2-induced Expression of Itgh3
in Endothelial Cells—In addition to
the multiple repeat FBEs in the
proximal HHR whose sequences are
only found in the mouse I£gh3 locus,
we found novel FBEs in the distal
HHR upstream of the Izgh3 locus
(22). The distal HHRs are likely to be
more critical for the induction of
Itgh3 transcription by Foxc2 than
the proximal HHRs because the
FBEs in the distal HHR are highly
conserved between human and
mouse. When the distal HHR
(—=11.1 to —10.8 kb) was con-
structed in the pGL3-basic vector
that does not carry the basic (SV40)
promoter, it indeed had luciferase
activity in response to Foxc2. This
result suggests that the distal HHR
itself has weak but significant pro-
moter activity. Interestingly, we
found that the second and third
FBEs, but not the first FBE, are
required for Foxc2-induced lucifer-
ase activity. We realized that the
sequence (AAAATAAA) of the sec-

+ Itgh3 Ab

FIGURE 5. Increased adhesion and migration in Foxc2-overexpressing endothelial cells. A, Foxc2-induced
celladhesion is inhibited by blocking Itgb3 function. MEECs stably transfected with the mock or Foxc2 expres-
sion vector were preincubated with anti-ltgb3 antibody (Ab) or control IgG and plated on vitronectin-coated
96-well plates for 30 min. The relative numbers of the adherent cells were measured by absorbance after crystal
violet staining. Data are presented as the means = S.D. from three independent experiments. Statistical sig-
nificance was determined by Student’s t tests. **, p < 0.01; ***, p < 0.005. B, Foxc2-induced cell migration is
inhibited by blocking Itgb3 function. Confluent MEECs stably transfected with the mock or Foxc2 expression
vector were scraped to induce a wound and cultured with anti-mouse Itgb3 antibody or control IgG in the
presence or absence of VEGF (10 ng/ml). At 24 h after wounding, the cells were stained with crystal violet and
photographed. Unbroken and dotted lines define the wounded areas by the initial scraping and the recovered
areas after 24 h, respectively. Cell migration was evaluated as described under “Materials and Methods.” Rep-
resentative experiments are shown. C, quantitative measurement of cell migration during wound closure of B.
Values are presented as the means =+ S.D. of nine microscopic fields. The statistical significance of treatment
with anti-ltgb3 antibody was determined by Student’s t tests. ¥, p < 0.05; **, p < 0.01 versus corresponding

ond and third FBEs in the distal
HHR is similar to TATAAAAG, the
p2 TATA box on the c-myc pro-
moter. Given evidence that
another Fox protein, FoxMlc,
transactivates the c-myc promoter
by directly binding to the p2
TATA box (24), it will be interest-
ing to study whether Foxc2 binds
to TATA box sequences.

mock- or Foxc2-overexpressing cells treated with control IgG.

DISCUSSION

Foxc2 is an essential regulator of the cardiovascular system in
development and disease. However, the molecular mechanisms
for a role of Foxc2 in angiogenesis remain to be elucidated. In
this study, overexpression of Foxc2 in endothelial cells showed
that Foxc2 regulates the expression of Itgh3, Itgh5, and FN,
known pro-angiogenic factors. In addition, Foxc2 induces
endothelial cell adhesion and migration partially through Itgh3
expression. Luciferase reporter assay and chromatin immuno-
precipitation assay demonstrated that Foxc2 directly regulates
the transcription of /tgh3 through the FBEs in the proximal and
distal HHRs. On the other hand, loss of Foxc2 function in endo-
thelial cells results in reduced expression of Itgh3, Itgh5, and FN
as well as impaired cell migration. Aortic ring assay further
demonstrated that Foxc2 directly regulates angiogenesis. Thus,
Foxc2 regulates endothelial cell adhesion and migration by
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Consistent with evidence that
Foxcl and Foxc2 transcription fac-
tors play dose-dependent redundant roles in cardiovascular
development (10-12), like Foxc2, Foxcl activates the Itgh3
promoter and regulates Itgh3 expression in endothelial cells
(supplemental Figs. 1-3). In contrast to reduced expression
of Itgb3 in endothelial cells isolated from adult lungs of
Foxcl~'~ and Foxc2*’~ mice (Fig. 6B and supplemental Fig.
2), we found that Itgb3 expression was not obviously altered
in CD31" FIk1(VEGFR-2)" endothelial cells isolated from
Foxc2™'~ and Foxc2~ '~ embryos compared with wild-type
cells (supplemental Fig. 4). Because CD31" Flk1™ endothe-
lial cells were sorted from whole embryos, further analysis of
Itgb3 expression during the angiogenic process in Foxc2
mutant embryos needs to be performed. Alternatively,
embryonic expression of Itgb3 in endothelial cells may be
tightly regulated by additional transcription factors (e.g.
other Fox proteins) along with Foxc.
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FIGURE 6. Foxc2 deficiency results in a reduction in endothelial cell migration and Itgb3 expression.
A, reduced mRNA expression of ltgb3, Itgb5, and FN in PMVECs isolated from Foxc2*/~ mice. Total RNA was
prepared from PMVECs isolated from wild-type (WT) and Foxc2™/~ mice, and real-time RT-PCR was performed.
Results are presented as the means = S.D. from triplicate experiments. Statistical significance was determined
by Student’s ttests. ¥, p < 0.05 versus the wild type. B, surface levels of Itgb3 expression in PMVECs isolated from
wild-type and Foxc2*’~ mice measured by flow cytometry. Replicate analyses of independently isolated
PMVECs for each genotype are shown. Note the reduced expression of Itgb3 in Foxc2™/~ cells compared with
wild-type cells. C, no change in expression of Itgal, Itga5, Itga6, Itgav, and Itgb1 in Foxc2™'~ PMVECs measured
by real-time RT-PCR. Results are presented as the means = S.D. from triplicate experiments. Statistical signifi-
cance was determined by Student’s t tests. N.S., non-significant. D, loss of Foxc2 does not affect endothelial cell
proliferation. PMVECs isolated from wild-type and Foxc2™/~ mice were cultured with or without VEGF (5 ng/ml)
for 24 h in serum-reduced medium (0.5%) with a pulse of BrdUrd (BrdU) for the last 3 h. The number of
BrdUrd-positive cells and total cells was counted. Values are presented as the means * S.D. from 10 micro-
scopic fields from two independent experiments. Statistical significance was determined by Student’s t tests.
* p < 0.05. E, migration assay using PMVECs isolated from wild-type and Foxc2™/~ mice. Primary PMVECs were
added to Transwells coated with collagen | and allowed to migrate toward serum-free medium with or without
VEGF (25 ng/ml). The number of migrating cells from randomly selected microscopic fields/well was counted at
5 h after cell plating. Data are the means =+ S.D. from three experiments with eight data points for each. **, p <

0.01 versus the corresponding control.

eral integrins. Moreover, the VEGF
and integrin pathways often act syn-
ergistically to mediate the migra-
tion, proliferation, differentiation,
and survival of endothelial cells (2).
Recent studies emphasize the role of
avP3 integrin as a “gatekeeper”
of the VEGF-mediated process
because VEGFR-2 binds to Itgb3
through its extracellular domain
and phosphorylates Itgb3 via activa-
tion of ¢-Src, which in turn is crucial
for VEGF-induced tyrosine phos-
phorylation of VEGFR-2 (25, 26). In
this work, we have shown that there
are no cooperative effects of Foxc2
and the VEGF signal on the control
of endothelial cell proliferation and
migration. However, we have found
recently that VEGF-stimulated
PI3K (phosphatidylinositide 3-ki-
nase) and ERK (extracellular signal-
regulated kinase) pathways modu-
late the transcriptional activity of
Foxc2 for arterial gene expression in
endothelial cells (27). Conse-
quently, functional interaction
between VEGF signaling and Foxc2
may take place in some aspects of
blood vessel formation.

Foxc2 Regulates Angiogenesis—
We demonstrated that Foxc2 medi-
ates angiogenesis by aortic ring
assay. Although there are several
paradoxical reports (28-30), av33
integrin is thought to induce tumor
development and angiogenesis. A
humanized monoclonal antibody
against avf33 integrin is now being
tested in the phase II clinical trial
(7). Our results in this study support
the idea that av@B3 integrin is an
inducer of angiogenesis because
blockade of Itgb3 by the monoclonal
antibody inhibited Foxc2-induced
cell migration and angiogenesis.
Notably, we have shown recently
that Foxc transcription factors
directly induce expression of the
chemokine CXCR4 in endothelial
cells and regulate endothelial cell
migration toward its ligand,
CXCL12 (32). Another gene regu-
lated by Foxc2 is Dll4 (Delta-like 4)
(12). DIl4 is implicated in vascular

VEGF Signaling and Foxc2 Do Not Functionally Interact with ~ development (33—35) and is a strong candidate for clinical pre-

Each Other in Cell Proliferation, Adhesion, and Migration—

VEGF signaling enhances the expression and activation of sev-
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vention of tumor angiogenesis because VEGF dynamically reg-
ulates DIl4 expression in tumor endothelial cells and inhibition

VOLUME 283 +NUMBER 35+AUGUST 29, 2008



A Ad-control Ad-Foxc2

Anti-Itgb3

Ad-Foxc2
IgG  Anti-ltgb3

Ad-control
lgG  Anti-ltgb3

Relative Microvessel Numbers
O 2 NDNWHOUGL OO

2
2

£ 3

=} -

=z

© -

2 2 [ .

2 .

<

Qo

s 1

m cl

=

©

[0} 0

o WT Foxc2 +/-

FIGURE 7. Foxc2 regulates microvessel outgrowth through Itgb3 func-
tion from mouse aortic rings. A, aortic ring assay using wild-type aortas
infected with Ad-Foxc2 or Ad-control. Thoracic aortas excised from wild-type
(WT) mice were sagittally cut in two pieces, and a pair of equivalent tubes was
infected with either Ad-Foxc2 or Ad-control. They were treated with either
nonspecific control murine IgG or monoclonal antibody against Itgb3 at 20
mg/ml and then analyzed as described under “Materials and Methods".
B, aortic ring assay using Foxc2™/~ mice. Thoracic aortas excised from
Foxc2™~ mice were subjected to aortic ring assay as described above. Data
are presented as the relative number of microvessels sprouting from aortic
rings. Results are presented as the means = S.D. (n = 9 or more). p values were
determined by the corresponding sample indicated using Student’s t test. ¥,
p < 0.05 versus the corresponding control.

of DIl4 blocks functional angiogenesis (36 —39). Taken together,
it is conceivable that Foxc2 regulates angiogenesis via multiple
signaling pathways, including Itgb3, CXCR4, and DIl4.
Aberrant control of epithelial cell proliferation and angio-
genesis underlies the initiation and growth of primary carcino-
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mas. Recently, Mani et al. (40) showed that Foxc2 is expressed
in several metastatic and non-metastatic tumor cells lines and
that Foxc2 regulates epithelial-to-mesenchymal transition in
basal-like breast cancer. However, a possible involvement of
Foxc2 in tumor angiogenesis, as reviewed recently (41), has not
yet been addressed. Because av33 integrin plays a role in metas-
tasis of tumors as well (31), it is possible that Foxc2 not only
mediates metastasis through the regulation of avf3 integrin in
breast cancer cells, but also regulates tumor angiogenesis.
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