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FIGURE 1. Ang1 induces DIl4 expression leading to activation of Notch signaling in confluent endothelial cells. A, sparse and confluent HUVECs were
starved in medium 199 containing 1% BSA for 12 h, and stimulated with vehicle (—) or COMP-Ang1 at 400 ng/ml (C-Ang1) for 1 h. (COMP-Ang1 was used at the
concentration of 400 ng/ml throughout the following experiments.) After stimulation, total RNA was extracted and subjected to real time RT-PCR analysis to
determine the expression of DIl4 mRNA as described under “Experimental Procedures.” Bar graphs show relative mRNA levels of DIl4 mRNA normalized to that
of GAPDH. Data are expressed as fold-induction relative to that in the vehicle-treated sparse cells, and shown as mean * S.D. of three independent experi-
ments. B, confluent HUVECs starved for 12 h were stimulated with COMP-Ang1 for the periods indicated at the bottom (h). DIl4 mRNA levels were analyzed by
real time RT-PCR as described in A. Values are expressed as fold-induction relative to that in the unstimulated cells, and shown as mean *+ S.D. of five
independent experiments. C, confluent and sparse HUVECs were starved in medium 199 containing 1% BSA for 12 h, and stimulated with COMP-Ang1 for the
periods indicated at the top (h). Cell lysates were subjected to Western blot analysis with anti-DII4 (DII4) and anti-tubulin (tubulin) antibodies. D, the relative
expression of DIl4 observed in C are quantified by normalizing the expression of DIl4 by that of tubulin. Values are expressed as fold-induction relative to that
observed in the confluent unstimulated cells, and shown as mean *+ S.D. of three independent experiments. E, confluent HUVECs starved for 12 h were
stimulated with vehicle (control), 600 ng/ml of Ang1 (Ang 1), 600 ng/ml of Ang2 (Ang2) and COMP-Ang1 (C-Ang1) for 1 h. Cell lysates were subjected to Western
blot analysis with anti-Dll4 (DII4) and anti-tubulin (tubulin) antibodies. F, expression of DIl4 protein observed in E are quantified as described in D. Values are
expressed as fold-induction relative to that observed in the control cells, and shown as mean = S.D. of four independent experiments. G, confluent and sparse
HUVECs were starved in medium 199 containing 1% BSA for 12 h, and stimulated with COMP-Ang1 for the periods indicated at the top (h). Cell lysates were
subjected to Western blot analysis with anti-NICD (N/CD), anti-DII4 (DII4), and anti-tubulin (tubulin) antibodies. H, confluent HUVECs transfected without (—) or
with either control siRNA (control) or two independent siRNAs targeting D4 (DIl4#1 and DIl4#2) were stimulated with COMP-Ang1 as described in A. Cell lysates
were subjected to Western blot analysis with anti-NICD (N/CD), anti-DII4 (DII4), and anti-tubulin (tubulin) antibodies. Significant differences between two
groups (A) or from the control (8, D, and F) are indicated as: *, p < 0.05; **, p < 0.01; or *** p < 0.001. n.s. indicates no significance between two groups or from
the control.

areas of the rhodamine-marked tube structures was deter-
mined using FluoView software (Olympus Corporation). Data
were expressed as average pixel intensity in the areas of tube
structures.

Statistical Analysis—The values are expressed as mean *

with Alexa 488-labeled donkey anti-goat IgG. To visualize fila-
mentous actin, the cultures were subsequently permeabilized
with 0.1% Triton X-100 for 1 h at RT, and stained with rhod-
amine-phalloidin for 12 hat 4 °C. Fluorescence images of Alexa
488 and rhodamine were recorded with a FV1000 confocal

microscope (Olympus Corporation) with a X20 water immer-
sion objective lens. To quantify the extracellular deposition of
collagen type IV, fluorescence intensity of Alexa 488 within the
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S.D. Statistical significance was determined using one-way
analysis of variance or unpaired ¢ test. p values < 0.05 were
considered statistically significant.
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FIGURE 2. Ang1 induces DII4 expression through a PI3K/AKT pathway. A, confluent HUVECs starved for 12 h were pretreated with vehicle (control)
or 60 nm wortmannin for 30 min, and subsequently stimulated with vehicle (—) or COMP-Ang1 (+) for 1 h. DIl4 protein expression was examined by
Western blot analysis as described in the legend of Fig. 1C. B, expression of DIl4 protein observed in A are quantified as described in legend of Fig. 1D.
Values are expressed as fold-induction relative to that in the wortmannin-untreated cells stimulated with vehicle, and shown as mean = S.D. of five
independent experiments. C, confluent HUVECs starved for 12 h were pretreated with vehicle (control) or 8 um AKT inhibitor for 10 min and subse-
quently stimulated with vehicle (—) or COMP-Ang1 (+) for 1 h. DIl4 protein expression was analyzed as described in A. D, expression of DII4 protein
observed in C are quantified as described in legend of Fig. 1D. Values are expressed as fold-induction relative to that in the AKT inhibitor-untreated cells
stimulated with vehicle, and shown as mean * S.D. of four independent experiments. E, confluent HUVECs were infected with adenoviruses encoding
LacZ or with two different titers of adenoviruses encoding AKT-CA for 48 h. Cell lysates were subjected Western blot analysis with anti-DIl4 (D//4),
anti-NICD (NICD), anti-phospho-AKT (P-AKT), anti-AKT (AKT), and anti-tubulin (tubulin) antibodies. Significant differences between two groups (8 and D)

are indicated as: **, p < 0.01. n.s. indicates no significance between two groups.

RESULTS

Angl Induces Notch Signaling by Up-regulating DIl4 under
Confluent, But Not Sparse Cultures of HUVECs—We previ-
ously found that D114 expression was up-regulated in confluent
HUVECs stimulated with Ang1 by the microarray analyses (10).
To first confirm whether DIl4 expression is increased by Angl
in the HUVECs with cell-cell contacts, HUVECs were stimu-
lated with COMP-Angl, a potent Angl variant, under either
confluent or sparse culture conditions. Before the stimulation,
Dll4 mRNA was ~4 times higher in confluent HUVECs than in
the sparse cells, indicating that the basal Notch signal is present
in the HUVECs with cell-cell contacts (Fig. 14). COMP-Angl
significantly increased DI/4 mRNA in the confluent HUVECs,
which peaked at 1 h after the stimulation and immediately
declined to the basal level by 2 h (Fig. 1, A and B). Similarly,
DLL4 mRNA levels were increased by stimulation with COMP-
Angl in human aortic endothelial cells and human dermal
microvascular endothelial cells under confluent culture condi-
tions (supplemental Fig. S1). However, in the sparse HUVECs,
DLL4 mRNA was not affected by the stimulation with COMP-
Angl (Fig. 14). Consistently, DIl4 in the confluent HUVECs
was higher than that in the sparse cells, and was increased in
response to COMP-Ang]1 (Fig. 1, Cand D). In contrast, COMP-
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Angl did not induce DIl4 in the sparse cells (Fig. 1, C and D).
Dll4 was induced by native Angl as well as COMP-Ang]l, but
not by Ang2, an antagonist for Tie2 (Fig. 1, E and F). These
results suggest that D114 up-regulation by Angl depends on the
cell-cell contacts that allow activation of Notch signaling, and is
dependent on the specific signal downstream of the trans-asso-
ciated Tie2 by Angl.

To further investigate whether DIl4 expression by trans-as-
sociated Tie2 leads to activation of Notch signaling, we exam-
ined the amount of NICD. COMP-Angl increased NICD in
parallel with D14 up-regulation under confluent culture condi-
tions, which peaked at 1-2 h after stimulation and declined to
basal levels by 4 h, although NICD was not induced by COMP-
Angl in the sparse cells (Fig. 1G). In addition, depletion of D114
by siRNA blocked increase in NICD by COMP-Ang] (Fig. 1H).
Collectively, these results indicate that Tie2 activation in the
presence of cell-cell contacts results in activation of Notch sig-
naling by up-regulating DIl4 expression.

A PI3K/AKT Pathway Is Involved in Angl-induced DIl4
Expression—To understand the molecular mechanism under-
lying DIl4 expression by Angl/Tie2 in confluent cells, we
focused on the downstream signaling of Tie2 in the presence of
cell-cell contacts. We previously demonstrated that the PI3K/
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AKT signal is preferentially activated by trans-associated Tie2
(10). Thus, we next investigated involvement of the PI3K/AKT
pathway in Angl-induced DIl4 expression by using specific
inhibitors for PI3K (wortmannin) and AKT (AKT inhibitor).
Either inhibitor prevented not only COMP-Angl-induced
AKT activation but also COMP-Angl-induced DIl4 expression
(Fig. 2, A-D, and supplemental Fig. $2, A and B), indicating the
requirement of the PI3K/AKT pathway for Angl-induced DIl4
expression. We further tested whether activation of the PI3K/
AKT pathway is sufficient to induce DII4 expression by infect-
ing HUVECs with adenovirus-encoding CA-AKT, an active
mutant of AKT. Overexpression of CA-AKT led to the increase
in both DIl4 and NICD (Fig. 2E). These findings indicate that
Angl activates Notch signaling through the PI3K/AKT path-
way-mediated DII4 expression.

GSK3 Is a Downstream Target of AKT Responsible for Angl-
induced Dll4 Expression—Among the substrates of AKT,
GSK3p is a well documented downstream target of the PI3K/
AKT pathway that regulates various cellular functions (44).
Thus, we investigated whether GSK3p acts downstream of the
PI3K/AKT pathway to mediate Angl-induced DIl4 expression.
AKT phosphorylates GSK38 on Ser” to render it inactive (44).
Therefore, we examined the effect of Angl on GSK38 phos-
phorylated at Ser® by using the anti-phospho-GSK3p antibody.
COMP-Ang]l induced an increase in the phosphorylation of
GSK3p, which peaked at 30 min after the stimulation (Fig. 34).
COMP-Angl-induced GSK3p phosphorylation was inhibited
by wortmannin (Fig. 3, B and C). Consistently, adenovirus-me-
diated overexpression of CA-AKT resulted in increased GSK33
phosphorylation in HUVECs (Fig. 3D). These results indicate
that Angl inhibits GSK3B through phosphorylation by AKT.
We further tested whether GSK3f inactivation is sufficient to
induce DIl4 expression. Confluent but not sparse HUVECs
treated with GSK3 inhibitors, LiCl and SB216763, exhibited
up-regulation of D114 and an increase in NICD (Fig. 3, E and F,
and supplemental Fig. S3). Collectively, these findings reveal
that Angl induces Dll4 expression through AKT-mediated
inactivation of GSK3p.

B-Catenin Is Required for Angl-induced DIl4 Expression—
B-Catenin is one of the major substrates of GSK3p, and under-
goes proteasomal degradation through GSK3B-mediated phos-
phorylation (45). Recently, Corada et al. (46) have reported that
the Wnt/B-catenin pathway up-regulates DIl4 transcription
through the TCF-binding site located 706 bp upstream from
the transcription start site of mouse DI/4 gene. Consider-
ing these evidences, we hypothesized that stabilization of
B-catenin through AKT-mediated inactivation of GSK3p is
involved in Angl-induced D114 expression. To address this pos-
sibility, HUVECs were transfected with a B-catenin-responsive
luciferase reporter construct containing four native TCF bind-
ing sites (TOPflash). COMP-Angl significantly induced lucif-
erase activity driven by TOPflash reporter (Fig. 44), indicating
the ability of Angl to induce B-catenin-dependent transcrip-
tion. We further clarified the requirement of B-catenin in
Angl-induced DIl4 expression by transfecting HUVECs with
two independent siRNAs targeting B-catenin. Depletion of
B-catenin by siRNAs completely abolished COMP-Angl-in-
duced DIl4 expression (Fig. 4B). Similarly, DIl4 expression
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FIGURE 3. Ang1 induces DII4 expression through AKT-mediated inhibi-
tion of GSK3. A, confluent HUVECs starved for 12 h were stimulated with
COMP-Ang1 for the periods indicated at the top (h). Cell lysates were sub-
jected to Western blot analysis with anti-phospho-GSK3p (P-GSK3p), anti-
GSK3p (GSK3p), and anti-tubulin (tubulin) antibodies. B, confluent HUVECs
starved for 12 h were pretreated with vehicle (control) or 60 nm wortmannin
for 30 min, and subsequently stimulated with vehicle (—) or COMP-Ang1 (+)
for 30 min. Cell lysates were subjected to Western blot analysis with anti-
phospho-GSK3 (P-GSK3p), anti-GSK3B (GSK3p), anti-phospho-AKT (P-AKT),
and anti-AKT (AKT) antibodies. C, phosphorylated GSK3p levels observed in B
are quantified by normalizing the expression of phosphorylated GSK38 by
that of total GSK3p. Values are expressed as fold-induction relative to that in
the wortmannin-untreated cells stimulated with vehicle, and shown as
mean = S.D. of three independent experiments. D, confluent HUVECs were
infected with adenoviruses encoding either LacZ or CA-AKT. Cell lysates were
subjected to Western blot analysis as described in B. E, confluent and sparse
HUVECs were starved in medium 199 containing 1% BSA for 12 h, and treated
with 10 um SB216763 for the periods indicated at the top (h). Cell lysates were
subjected to Western blot analysis with anti-DII4 (DI/4), anti-NICD (N/CD), and
anti-tubulin (tubulin) antibodies. F, the effect of 20 mm LiCl on the expression
of DIl4 and NICD was analyzed as described in E. In C, a significant difference
between two groups is indicated as: *, p < 0.05. n.s. indicates no significance
between two groups.

induced by SB216763 did not occur in the absence of B-catenin
(Fig. 4C). These results suggest that Angl stimulates B-catenin-
dependent transcriptional activity through AKT-mediated
inhibition of GSK33, thereby inducing D114 expression.

We next investigated whether Angl stimulates DIl4 tran-
scription through the TCEF-binding site located 706 bp
upstream from the transcription initiation site of the mouse
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FIGURE 4. Ang1 induces DIl4 expression through activation of B-catenin. A, confluent HUVECs were transfected with TOPflash reporter plasmid together
with pRL-TK vector. After transfection, the cells were starved in medium 199 containing 1% BSA for 4 h, and stimulated with vehicle (control) or COMP-Ang1
(C-Ang1) for 4 h. After stimulation, the cells were collected, and the lysates were assayed for firefly and Renilla luciferase activities as described under
“Experimental Procedures.” The data represent firefly luciferase activity normalized by the Renilla luciferase activity present in each cellular lysate.
Values are expressed relative to that observed in the cells treated with vehicle, and shown as mean * S.D. of four independent experiments. B, confluent
HUVECs were transfected without (—) or with either control siRNA (control) or two independent siRNAs targeting B-catenin (BCat#1 and BCat#2). Then,
the cells were starved and stimulated with vehicle (—) or COMP-Ang1 (+) for 1 h. Cell lysates were subjected to Western blot analysis with anti-DII4 (DI/4),
anti-B-catenin (BCat), and anti-tubulin (tubulin) antibodies. C, confluent HUVECs transfected with siRNAs as described in B were starved, and treated
with vehicle (—) or 10 um SB216763 (+) for 2 h. Cell lysates were subjected to Western blot analysis as described in B. In A, a significant difference

between two groups is indicated as: ***, p < 0.001.

Dil4 gene. For that, HUVECs were transfected with the lucifer-
ase reporter plasmid in which the reporter is driven by the
3.7-kb mouse DIl4 promoter (DIl4-3.7k-Luc). COMP-Angl
did not activate the 3.7-kb mouse DIl4 promoter, although
Foxc2 significantly stimulated the DII4-3.7k-Luc reporter
activity as previously reported (supplemental Fig. S4, A and B)
(41). However, CA-BCat, an active mutant of B-catenin, did not
induce luciferase expression driven by the DIl4-3.7k-Luc
reporter gene, although the TOPflash reporter activity was sig-
nificantly enhanced by CA-BCat (supplemental Fig. S4, B and
C). These results indicate that Angl stimulates DII4 transcrip-
tion independently of the TCF-binding element located in the
proximal Dll4 promoter.

Cell-Cell Contact-dependent Notch Signaling Is Required for
Angl-induced DIl4 Expression—Expression of DIl4 is higher in
confluent endothelial cells than in sparse cells (Fig. 1, C, D, and
G). In addition, either COMP-Angl or GSK3f inhibitor
induced DII4 up-regulation only in the confluent but not sparse
endothelial cells (Figs. 1, A and C, and 3, E and F). These results
imply that the cell-cell contact-dependent signal induces DIl4
expression and is required for B-catenin-mediated D14 up-reg-
ulation. Recently, Yamamizu et al. (47) have reported that
B-catenin forms a complex with NICD on the RBP-] binding
sites of genes that determine the arterial fate of endothelial
cells. Importantly, they also identified the RBP-] binding site
within intron 3 of both mouse DIl4 gene and human DLL4 gene
by performing in silico analysis of the cis-acting elements (Fig,
5A). These findings prompted us to hypothesize that the Notch
signal is a cell-cell contact-dependent signal responsible for
Angl-induced DIl4 expression. To address this possibility, we
examined the effect of depletion of NICD by DAPT, a y-secre-
tase inhibitor, on Angl-induced DI4 expression. Treatment of
confluent HUVECs with DAPT not only depleted NICD but
also reduced basal DIl4 expression. In addition, DAPT pre-
vented COMP-Angl-induced DIl4 expression and subsequent
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NICD production (Fig. 5, B and C). Dll4 up-regulation induced
by SB216763 was also inhibited by treatment with DAPT (Fig. 5,
D and E). These results indicate that cell-cell contact-depen-
dent Notch signaling contributes to basal D114 expression and is
indispensable for Angl-induced DIl4 up-regulation through
[3-catenin.

To further investigate whether intron 3 of the DLL4 gene
containing the RBP-] binding site acts as an Angl-responsive
enhancer element, HUVECs were transfected with either a
plasmid expressing the luciferase reporter gene under control
of the human DLL4 intron 3 (Dll4-Int3-Luc) or its mutant plas-
mid in which the RBP-] binding site is mutated (Dll4-Int3mut-
Luc) (Fig. 5A). COMP-Ang] significantly stimulated Dll4-Int3-
Luc reporter activity, which was inhibited by wortmannin (Fig.
5, Fand G). In contrast, the Dll4-Int3mut-Luc reporter was not
activated by COMP-Angl (Fig. 5F). In addition, inhibition of
Notch signaling by DAPT abolished COMP-Angl-induced
activation of the D1l4-Int3-Luc reporter (Fig. 5H). These results
indicate that Angl stimulates the enhancer activity of DLL4
intron 3 in a Notch signal-dependent manner.

Because B-catenin was essential for Angl-induced DIll4
expression (Fig. 4B), we assumed that B-catenin and NICD
might cooperatively stimulate the enhancer activity of the
DLL4 intron 3. To address this possibility, HUVECs were trans-
fected with either DIll4-Int3-Luc or the Dll4-Int3mut-Luc
reporter together with the plasmid encoding CA-BCat and/or
that expressing NICD. NICD stimulated DII4-Int3-Luc but
not DI4-Int3mut-Luc reporter activity (Fig. 5I). Although
CA-BCat did not stimulate both reporter genes, it potently aug-
mented NICD-stimulated DI4-Int3-Luc reporter activity (Fig.
5I). However, Dll4-Int3mut-Luc reporter activity did not
increase even if CA-BCat and NICD were co-expressed (Fig.
51). Collectively, these results indicate that NICD stimulates the
enhancer activity of DLL4 intron 3 via the RBP-] binding site
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and that B-catenin potentiates the NICD-induced stimulation
of the enhancer activity.

Angl Recruits B-Catenin to the NICDRBP-] Complexes on
the Dll4 Intron 3—To understand how B-catenin potentiates
Notch signal-mediated D114 expression, we examined the com-
plex formation of B-catenin, NICD, and RBP-]J on the DIll4
intron 3 enhancer region by performing a ChIP assay. Binding
of NICD and RBP-] to the DLL4 intron 3 was detected in con-
fluent HUVECs irrespective of the presence and absence of
COMP-Angl (Fig. 6A4). Although B-catenin did not exist in
DLL4 intron 3 in the unstimulated confluent cells, COMP-

Angl potently induced binding of B-catenin to the DLL4
intron 3 (Fig. 6A). Together with the results of D114-Int3-Luc
reporter assays, these findings suggest that the Angl/Tie2
signal recruits B-catenin to the NICD-RBP-] complexes on
DIl4 intron 3. To confirm it, we carried out a co-immuno-
precipitation assay using the anti-NICD antibody. Only a
small fraction of B-catenin interacted with NICD in conflu-
ent HUVECs (Fig. 6B). However, stimulation with COMP-
Angl enhanced the association between [B-catenin and
NICD without affecting the expression of DIl4 and NICD
(Fig. 6B). Collectively, these findings indicate that the Angl/
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FIGURE 6. B-Catenin is recruited to the NICD-RBP-J complexes on DIl4
intron 3 in response to Ang1. A, confluent HUVECs starved for 12 h were
stimulated with vehicle (control) or COMP-Ang1 (C-Ang1) for 30 min. After
stimulation, the cells were fixed with formaldehyde, and the cross-linked
chromatin was immunoprecipitated with anti-B-catenin (8Cat), anti-NICD
(NICD), anti-RBP-J (RBP-J), and control (negative) antibodies. Input (input) and
co-immunoprecipitated DNA were used as a template for PCR amplification.
PCR amplification was performed using the primers specifically targeting Dll4
intron 3. B, confluent HUVECs starved for 12 h were stimulated with COMP-
Ang1 as described in A. Cell lysates were immunoprecipitated with anti-NICD
antibody. Immunoprecipitates (/P: NICD) and aliquots of cell lysates (total cell
lysate) were subjected to Western blot analysis with anti-B-catenin (8Cat),
anti-DIl4 (DI/4), anti-NICD (NICD), and anti-tubulin (tubulin) antibodies as indi-
cated at the left.

Tie2 signal recruits B-catenin to the NICD-RBP-] complexes
on the enhancer region of DIl4 intron 3, thereby inducing
DIl4 up-regulation.

Angl Induces Extracellular Deposition of Collagen Type IV
through DIl4/Notch Signaling—Both Angl/Tie2 and DIl4/
Notch signaling are known to induce formation of the vascular
basement membrane (33, 36, 37), which is a hallmark of vascu-
lar stabilization. Therefore, we investigated whether Angl
induces deposition of collagen type IV, a major basement mem-
brane component, during endothelial cell tube formation in
three-dimensional collagen matrices. Extracellular deposition
of collagen type IV was markedly increased by stimulation with
COMP-Angl (Fig. 7, A and B). However, inhibition of Notch
signaling by treatment with DAPT inhibited COMP-Angl-in-
duced deposition of collagen type IV (Fig. 7, A and B). Consis-
tently, collagen type IV deposition was not induced by COMP-

Angl in Dll4-depleted cells (Fig. 7C and supplemental Fig. S5).
These findings suggest that Angl induces basement membrane
formation through DIll4/Notch signaling.

DISCUSSION

We here explored how Angl induces DIl4 expression and
suggested its contribution to Angl-regulated vascular quies-
cence. Angl assembles distinct Tie2 signaling complexes in the
presence or absence of cell-cell junctions, thereby regulating
both vascular quiescence and angiogenesis. In the presence of
cell-cell junctions, Angl induces formation of trans-associated
Tie2, which induces expression of the genes involved in vascu-
lar stabilization, which include Notch ligand DIl4. Because the
Dll4/Notch signal is known to restrict sprouting angiogenesis
and promote vascular stabilization (15, 17-21, 30, 31), we
hypothesized that the DIl4/Notch signal is involved in Angl/
Tie2 signal-mediated vascular quiescence. To address this pos-
sibility, we decided to delineate the signaling pathways under-
lying Angl-induced DIl4 expression. We found that the Ang1/
Tie2 signal induces activation of B-catenin through AKT-
mediated inhibition of GSK3p and that B-catenin resistant to
degradation enhances Notch signal-mediated D14 expression
by forming a complex with NICD/RBP-] on the RBP-J binding
site in DIl4 intron 3, thereby potentiating the D1l4/Notch signal
leading to vascular quiescence (Fig. 7).

Basal DIl4 expression and NICD is higher in confluent cells
than in the sparse cells (Fig. 1G), consistent with the previous
report that cell-cell contact-dependent Notch signaling in-
duces DIll4 expression (48). Importantly, either Angl- or
GSK3p inhibitor-induced DIl4 expression requires endothelial
cell-cell contacts, and is sensitive to DAPT, suggesting that
Notch signaling is a prerequisite for B-catenin-mediated D114
expression.

Augmentation of D14 expression by Angl is dependent on
B-catenin. We have previously shown that the Angl/Tie2 sig-
nal preferentially activates PI3K/AKT signaling (10). Although
phosphorylation of B-catenin by GSK3p leads to its degrada-
tion, B-catenin is stabilized by inhibition of GSK3p by AKT.

FIGURE 5. Ang1 stimulates the enhancer activity of the DLL4 intron 3 in a Notch signal-dependent manner. A, the exon-intron organization of the human
DLL4 gene and the structures of luciferase reporter constructs. Note that human DLL4 intron 3 contains the RBP-J binding site. The DIl4-Int3-Luc reporter
plasmid expresses the firefly luciferase reporter gene under control of the human DLL4 intron 3. In the Dll4-Int3mut-Luc reporter construct, the RBP-J binding
site is disrupted. B, confluent HUVECs starved for 12 h were pretreated with vehicle (control) or 10 um DAPT for 8 h, and subsequently stimulated with vehicle
(—) or COMP-Ang1 (+) for 1 h. Western blot analysis was performed as described in the legend of Fig. 1G. C, the expression of DIl4 observed in B are quantified
as described in legend of Fig. 1D. Values are expressed as fold-induction relative to that in the DAPT-untreated cells stimulated with vehicle, and shown as
mean = S.D. of five independent experiments. D, confluent HUVECs pretreated with DAPT as described in B were stimulated with vehicle (—) or SB216763 (+)
for 2 h. Western blot analysis was performed as described in B. E, the expression of DIl4 observed in D are quantified as described in legend of Fig. 1D. Values
are expressed as described in C, and shown as mean * S.D. of 4 independent experiments. F, confluent HUVECs transfected with either DIl4-Int3-Luc or
DlI4-Int3mut-Luc reporter constructs together with pRL-SV40 vector were starved in medium 199 containing 1% BSA for 12 h, and stimulated with vehicle
(control) or COMP-Ang1 (+) for 3 h. After the stimulation, the cells were collected, and the lysates were assayed for firefly and Renilla luciferase activities as
described in the legend of Fig. 4A. Values are expressed relative to that observed in control cells expressing the DIl4-Int3-Luc plasmid, and shown as mean +
S.D. of three independent experiments. G, confluent HUVECs co-transfected with the DII4-Int3-Luc reporter plasmid and pRL-SV40 vector were starved in
medium 199 containing 1% BSA for 12 h, pretreated with vehicle (control) or 60 nm wortmannin for 30 min, and stimulated with vehicle (—) or COMP-Ang1 (+)
for 3 h. After stimulation, the cells were collected, and the lysates were assayed for firefly and Renilla luciferase activities as described in the legend of Fig. 4A.
Values are expressed relative to that observed in the wortmannin-untreated cells stimulated with vehicle, and shown as mean =+ S.D. of four independent
experiments. H, confluent HUVECs co-expressing both DIl4-Int3-Luc plasmid and pRL-SV40 vector were starved for 12 h, pretreated with vehicle (control) or 10
M DAPT for 1 h, and stimulated with vehicle (—) or COMP-Ang1 (+) for 3 h. Firefly and Renilla luciferase activities were assayed as described in the legend of
Fig.4A.Values are expressed relative to that in the DAPT-untreated cells stimulated with vehicle, and shown as mean = S.D. of three independent experiments.
I, confluent HUVECs were transfected with either DIl4-Int3-Luc or Dll4-Int3mut-Luc reporter construct together with pRL-5V40 vector and the empty vector
(control) or the plasmid encoding either CA-BCat or NICD. Cell lysates were assayed for firefly and Renilla luciferase activities as described in the legend of Fig.
4A. Values are expressed relative to that observed in the control cells expressing the DII4-Int3-Luc reporter plasmid, and shown as mean * S.D. of five
independent experiments. Significant differences between two groups (C and E-) are indicated as: *, p < 0.05; **, p < 0.01; ***, p < 0.001. n.s. indicates no
significance between two groups.

YASEMB\ JOURNAL OF BIOLOGICAL CHEMISTRY - 8063

MARCH 11,2011 +VOLUME 286-NUMBER 10

— 164 —

L10Z ‘zL AInp uo “Jsjua) JejnoseAoipie)) [euoneN Je B1o°ogl-mmm woly papeojumoq



Ang1 Up-regulates Dll4/Notch Signal through B-Catenin

A control DAPT

%
>
e
L=
+

collagen IV

F-actin

merge

...+

LL0Z ‘2L AInf uo ‘Jejue) JejnoseAocipies) [euoneN Je 610°0qgl-mmm woly papeojumoq

B 4 dedkek C
g $
B @
5 8. 3 E (:.’-3 ek
§3 2%
g2, 332 ns
28 2g n
s = ns =2 8
T - T
281 251
g L
8 8
C-Ang1 e U, S SO ) C-Ang1 A PR
control DAPT control  DIl4 #1  Dli4 #2

FIGURE 7. Ang1 induces extracellular deposition of collagen type IV via DIl4/Notch signaling. A, HUVECs were cultured to form tube structures in
three-dimensional collagen matrices for 48 h. During this period, the cells were stimulated with vehicle (—) or COMP-Ang1 (+) in the presence (DAPT) or
absence (control) of 20 um DAPT as indicated at the top. To detect the extracellular deposition of collagen type IV, the cultures were fixed, immunostained with
anti-collagen type IV antibody, and visualized with Alexa 488-conjugated secondary antibody. After permeabilization, the cells were further stained with
rhodamine-phalloidin to visualize filamentous actin. Alexa 488 and rhodamine images were obtained through a confocal microscope. Alexa 488 (collagen IV)
and rhodamine (F-actin)images and the merged images (merge) are shown as indicated at the left. Scale bar, 100 um. B, extracellular deposition of collagen type
IV was quantified as described under “Experimental Procedures.” Values are expressed as fold-induction relative to that observed in DAPT-untreated cells
stimulated with vehicle, and shown as mean * S.D. of five different fields. Similar results were obtained in four independent experiments. C, HUVECs
transfected with either control siRNA (control) or two independent siRNAs targeting DII4 (DII4#1 and DIl4#2) were cultured to form tube structures in three-
dimensional collagen matrices for 48 h. During this period, the cells were stimulated with vehicle (=) or COMP-Ang1 (+) as indicated at the bottom. The
extracellular deposition of collagen type IV was detected and quantified as described in A and B. Values are expressed as fold-induction relative to that
observed in control siRNA-transfected cells stimulated with vehicle,and shown as mean * S.D. of five different fields. In Band C, significant differences between
two groups are indicated as: ***, p < 0.001. n.s. indicates no significance between two groups.

DIl4 expression by Angl was inhibited by depletion of
B-catenin and inhibition of either PI3K or AKT (Figs. 2, A-D,
and 4B), indicating the essential role of B-catenin for Angl-
induced D14 expression. Thus, we further extend the study on
the transcriptional regulation of DIl4 by B-catenin.

We first analyzed the —3.7-kb promoter region of the mouse
Dll4 gene, because this region contains transcription factor
binding sites for forkhead transcription factors and TCF. The
forkhead transcription factors, Foxcl and Foxc2, are the first
transcription factors identified to regulate DIl4 expression dur-
ing vascular development (41). Mouse embryos deficient in
both Foxc1 and Foxc2 exhibit arteriovenous malformation and
lack of expression of arterial genes, such as DI//4 and ephrinB2.
Consistently, Foxcl and Foxc2 directly activate the D14 pro-
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moter via the forkhead binding element located ~3.7 kb
upstream from the transcription initiation site (41). Thus, D1l4
induction responsible for arterial-venous cell fate determina-
tion appears to be mediated by Foxc genes. However, Angl did
not stimulate the —3.7-kb Dll4 promoter containing the fork-
head binding element, suggesting that Foxcl and Foxc2 are not
involved in Angl-induced D114 expression. In addition, Corada
et al. (46) have recently reported that B-catenin up-regulates
DIl4 transcription through the TCF-binding site located 706 bp
upstream from the transcription initiation site of the mouse
Dli4 gene. However, in our experiments, neither Angl nor
CA-BCat activated the —3.7-kb mouse D14 promoter contain-
ing the corresponding TCF binding site. Instead, our luciferase
reporter assays and ChIP experiments performed in this study
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FIGURE 8. Schematic representation of a proposed model for how Ang1/
Tie2 signal induces DII4 expression to potentiate Notch signal. A, in the
confluent endothelial cells, cell-cell contact-dependent Notch signaling
induces production of NICD, which subsequently binds to the RBP-J binding
site in DIl4 intron 3, leading to DIl4 expression. B, in confluent cells, the Ang1/
Tie2 signal stimulates the transcriptional activity of B-catenin through the
PI3K/AKT pathway-mediated inhibition of GSK3p. The stabilized B-catenin
enhances NICD-mediated DIl4 expression by forming a complex with NICD
and RBP-J on DIlI4 intron 3, which augments the Notch signal. DIl4/Notch
signal augmented by the Ang1/Tie2 signal promotes formation of vascular
basement membrane leading to vascular quiescence. In the absence of cell-
cell contacts, DIl4 expression is very low due to the lack of Notch signaling.
Even if the cells are stimulated with Ang1 under this condition, DIl4 up-regu-
lation does not occur, because the Ang1/Tie2 signal is unable to induce DIl4
expression in the absence of Notch signaling (not described in this figure).

revealed that DIl4 intron 3 is an enhancer element responsible
for Angl-induced DIll4 transcription through B-catenin. Cur-
rently, the reason for this discrepancy remains unclear, but it
may be due to the different cell types used for the experiments.
We performed the experiments with HUVECs, whereas they
used endothelial cells isolated from mouse embryos (46). Con-
sistent with this idea, VEGF-induced DIl4 expression occurs
only in arterial endothelial cell, but not in venous cells (49).
Thus, the signaling pathways leading to DIl4 expression may
vary in different endothelial cell types and in different upstream
mediators.

Angl induces recruitment of B-catenin to NICD-RBP-] com-
plexes on the RBP-] binding site in DII4 intron 3, which
enhances NICD-mediated DIl4 expression. Thus, Angl/Tie2
and Notch signaling converges into B-catenin"NICD-RBP-]
complexes on the DII4 intron 3 enhancer to cooperatively
induce D114 expression. Consistently, functional interaction
between NICD and B-catenin has recently been reported
(47, 50). In arterial, but not venous, endothelial cells,
B-catenin'NICD-RBP-] complexes are formed on the RBP-]
binding sites of arterial genes, thereby regulating their expres-
sion leading to arterial fate specification (47). In addition, it has
also been shown that B-catenin"NICD-RBP-]J complexes on the
Hes1 promoter induce Hes1 expression to suppress the differ-
entiation of neural precursor cells (50). Thus, the functional
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interaction between Notch and B-catenin signaling may be
involved in a variety of biological processes.

Both Angl/Tie2 and Notch signal are known to regulate vas-
cular quiescence. Functional similarity between them and our
present evidence that Angl induces D14 expression leading to
Notch activation imply the role of the DIl4/Notch signal in
Angl/Tie2-mediated vascular quiescence. We further revealed
that Angl induces extracellular deposition of collagen type IV,
amajor component of basement membrane, during endothelial
cell tube formation. This Angl-mediated deposition of collagen
type IV is dependent of the DIl4/Notch signal, as demonstrated
by evidence that inhibition of the Notch signal by DAPT and
deletion of DIl4 by siRNA prevented this effect (Fig. 7). Because
basement membrane matrix assembly is a crucial step for vas-
cular maturation and stabilization (51), these findings suggest
that the Ang1/Tie2 signal might promote vascular stabilization
through activation of DIl4/Notch signal.

The Dll4/Notch signal is also involved in tip/stalk cell speci-
fication (15). Activation of the Notch signal in the stalk cells
restricts their angiogenic behavior, thereby maintaining a qui-
escent and stabilized phenotype of stalk cells. Interestingly,
Yana et al. (37) have found by using an ex vivo angiogenesis
system that Tie2 is specifically expressed in stalk cells and is
involved in vessel maturation. Thus, the Ang1/Tie2 signal may
also regulate DIl4 expression in the stalk cells, leading to the
maturation of neovessels. However, the in vivo study must be
required to clarify the role of cross-talk between the Angl/Tie2
and DIll4/Notch signal in vascular stabilization.

In conclusion, we found that the Angl/Tie2 signal induces
activation of B-catenin through the PI3K/AKT pathway-medi-
ated inhibition of GSK3p in the presence of cell-cell contacts,
and that the undegraded B-catenin subsequently potentiates
the Notch signal-mediated DIl4 expression by forming a com-
plex with NICD/RBP-] on the RBP-] binding site in D14 intron
3, which in turn up-regulates the D114/Notch signal. In addition,
we also revealed that the D114/Notch signal augmented by the
Angl/Tie2 signal promotes formation of vascular basement
membrane leading to vascular stabilization (Fig. 8).
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