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Abstract

The DI114-Notch-signaling pathway regulates capillary sprouting via the specification of endothelial tip cells. While VEGF
is a potent inducer of D114 expression, the intracellular mediators that stimulate its expression remain poorly defined. The
protein tyrosine phosphatase PTPRI/DEP-1 is required for angiogenesis in normal or pathological contexts through its
modulation of VEGF signaling. Here, we show that in DEP-1 KO mice, retinas at post-natal day 5 show enlarged blood
vessels, as well as an increased number of tip cells and vessel branching points at the migrating front of the vascular plexus.
Consistent with these observations, the proliferation of endothelial cells is increased in the retinas of DEP-1 KO mice, as
revealed by phospho-histone H3 staining, and increased phosphorylation of ERK1/2 in HUVECsS transfected with DEP-1
siRNA. The expression of DIl4 was decreased in retinas of DEP-1 KO mice and was associated with decreased Notch
activation. Mechanistically, reduced D114 expression in the absence of DEP-1 was correlated with the inhibition of the Src/
Akt/p-Catenin-signaling pathway in HUVECs. Conversely, overexpression of WT DEP-1 in cultured endothelial cells, but
not of mutants unable to activate Src-dependent signaling, promoted D114 expression. Inhibition of Src, Akt, and -catenin
transcriptional activity, leading to the inhibition of D114 expression, further suggested that their activation through a DEP-
1-dependent pathway was required to promote D114 expression in VEGF-stimulated endothelial cells. Altogether, these data
demonstrate that DEP-1, via Akt and p-catenin, is a significant promoter of the VEGF-induced DIl4-Notch pathway, and can
contribute to the regulation of the tip and stalk cell phenotypes of endothelial cells.
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Introduction

DEP-1 is a receptor-like protein tyrosine phosphatase (PTP)
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endothelial cells [1], was suggested to contribute to cell-
cell contact inhibition [2]. Many of its identified substrates
are growth factor receptors, including VEGFR2, as well as
ERK1/2 and cell adhesion proteins [2—4]. In vivo, embryonic
lethality was reported in a knock-in mutant mouse model, in
which a mutant DEP-1 allele was constructed to eliminate
its phosphatase activity, which revealed increased endothe-
lial cell proliferation and a disorganized vascular system,
suggesting that DEP-1 might regulate neovascularization
[5]. Depletion of DEP-1 during the early development of
zebrafish caused defects in vasculature, resulting in aber-
rant blood circulation [6]. In vitro, our group reported that
in endothelial cells, DEP-1 binds Src and dephosphoryl-
ates its inhibitory tyrosine (Y529), which leads to the auto-
phosphorylation of its activating tyrosine (Y418) [4, 7]. We
further showed that this regulatory mechanism was involved
in the promotion of VEGF-induced capillary formation and
vascular permeability in vitro. Surprisingly, no apparent
phenotypes were observed in DEP-1 knock-out (KO) mice
[8—-10]. However, further characterization of these mice
revealed impaired signaling in subsets of hematopoietic
cells, mostly associated with reduced activation of Src fam-
ily kinases [8, 11-13]. Furthermore, we recently showed
that VEGF-induced Src activation, capillary formation in
Matrigel in vivo and from aortic explants as well as vascular
permeability were impaired in DEP-1 KO mice, prohibiting
tumor growth and metastasis [14]. All of these results thus
indicated that DEP-1 might be involved in the initial steps
of capillary sprouting by regulating Src activity.

During sprouting, endothelial cells are activated by VEGF
and display specific phenotypes [15]. The highly mobile tip
cell leads the extension of the nascent capillary and harbors
numerous protrusions that allow the polarized migration
of the cell towards the VEGF gradient [16]. Adjacent cells
are defined as stalk cells and proliferate to form the grow-
ing capillary [16]. Once capillary extension is completed,
endothelial cells return to a quiescent-like state associated
with the formation of stable cell-cell junctions and vessel
maturation, and these are referred to as phalanx cells [17].
Numerous studies have demonstrated the importance of
the Notch pathway in regulating these phenotypes [18-21].
Indeed, VEGF stimulation of endothelial tip cells induces
the expression of DII4, which interacts with the Notch recep-
tor on neighbouring cells and induces its cleavage and the
subsequent release of the Notch intracellular domain (NICD)
[19, 20]. NICD then acts as a transcription factor co-activa-
tor, repressing the tip cell phenotype and VEGF responsive-
ness [22]. This is accomplished in part by downregulating
and upregulating VEGFR2 and VEGFR1, respectively, thus
favouring the stalk cell phenotype [20, 21, 23, 24]. Impair-
ment of Notch signaling using antibodies against D114 or
Notchl, Notch decoys, or gamma secretase inhibitors results
in non-productive angiogenesis and oversprouting of blood
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vessels, without adequate perfusion [21, 25-27]. Haploin-
sufficiency of D114 or Notchl was also shown to be embry-
onic-lethal, due to highly disorganized vascular structures
[28-30], further emphasizing the crucial role of D114/Notch
interactions during vascular development [19, 21, 31, 32].

In the current study, we show that during retinal vascular
development, DEP-1 deletion leads to increased vascular
density and tip cell formation, correlating with decreased
DIl4 expression. At the molecular level, regulation of D114
expression is achieved through DEP-1-dependent Src/Akt
pathway activation, leading to the phosphorylation (S552)
and stabilization of p-catenin, a known promoter of D114
transcription [33]. Consequently, we show that DEP-1 acts
as an important regulator of Notch signaling and endothelial
sprouting during retinal vascular development.

Experimental procedures
Antibodies and reagents

Antibodies against Src, non-stzgsrc, cleaved Notch
(NICD), DI114, pS33/S37/T41B-catenin, pSSSZB-Catenin,
pY78PLCy, pS*3Akt, Akt, p44/p42 MAPK, pT20%Y204p44/
p42MAPK, p3*GSK3p, pY!'>VEGFR?2 and horseradish per-
oxidase (HRP)-conjugated secondary IgGs were obtained
from Cell Signaling Technology. pY*'8Src and Alexa Fluor
594-coupled donkey anti-rabbit antibodies were purchased
from Invitrogen. Goat anti-DEP-1 and anti-Dll4 antibod-
ies were obtained from R&D Systems. PLCy antibody was
acquired form Millipore. B-catenin and GSK3p antibodies
were purchased from BD Pharmingen (BD Biosciences).
Actin, ERG1 and Phospho-histone H3 antibodies were
acquired from Abcam. Recombinant human VEGF-A was
obtained from the Biological Resources Branch Preclini-
cal Repository of the National Cancer Institute—Frederick
Cancer Research and Development Center. PP2, DMSO
and MG132 were purchased from Sigma. LY294002 and
PD98059 were obtained from Cell Signaling Technology.
Griffonia simplicifolia FITC-lectin B4 (IsoB4) was pur-
chased from Vectors laboratories. Alexa Fluor 594-labeled
IsoB4 was obtained from Life Technologies. PNU74654 and
PKF115584 were acquired from Tocris Biosciences.

Mice

DEP-1 KO and WT mice were derived from DEP-1*~ mice
in the FVB/N strain background. These were obtained after
backcrossing the previously described DEP*'~ mice (C57/
BL6J background) for at least ten generations with FVB/N
mice [9]. All animal experiments were conducted in accord-
ance with the guidelines set out by the CRCHUM Animal
Experimentation Ethics Committee.
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Fluorescence immunostaining

Eyes of 5-day-old pups were collected and fixed 2 h at
room temperature in 4% formalin in PBS, and then enu-
cleated as previously described [34]. For antibody staining,
retinas were dissected, permeabilized overnight at 4 °C in
PBS (with 1% BSA and 0.5% Triton X-100), rinsed twice
and then incubated overnight with the appropriate primary
antibodies (1/100). Retinas were next washed in PBS, incu-
bated 2 h at room temperature with secondary antibodies
and IsoB4 (1/100) in PBS, rinsed in PBS, and flat mounted.
Retinas were analyzed by immunofluorescence microscopy
using an Olympus FV1000 microscope. From whole-mount
retinas, radial expansion (distance of the migrating front
from the center of the retina) was measured using ImageJ.
Retinal vessel branch points and vessel length were assessed
using the Angiogenesis Analyzer application (ImagelJ). Tip
cell density at the migrating front was calculated based on
the number of tip cells reported by 100 um of migrating front
(tip cell density from the four petals of each retina for at least
nine retinas per condition). Retinal endothelial cell nuclear
density (ERG1 staining) was calculated using ImageJ (parti-
cle analysis) and normalized to vascular (IsoB4) area.

Collection of retinal proteins

The eyes of 5-day-old pups were collected and dissected.
Isolated retinas were frozen on dry ice and lysed in RIPA
buffer pH 7.4 containing 50 mM Tris-HCl, 150 mM NaCl,
1% (v/v) Triton X-100, 1% (w/v) sodium deoxycholate, 0.1%
(w/v) SDS, 1 mM EDTA, 10 pg/mL aprotinin, 10 pg/mL
leupeptin (Roche Applied Science), | mM phenylmethyl-
sulfonyl fluoride, 5 mM sodium fluoride, and 1 mM sodium
vanadate. Protein concentrations were determined using the
BCA protein assay reagent (Pierce).

Cell culture and transfection

Human umbilical vein endothelial cells (HUVECS; Cascade
Biologics/Invitrogen) were cultivated between passages 1
and 4 on gelatin (0.2%)-coated tissue culture plates (Corn-
ing) in M200 medium (Invitrogen) supplemented with LSGS
(Low serum growth supplement; Invitrogen) and gentamy-
cin (50 pg/ml, Wisent). Cells (4 X 10* cells/cm?) were trans-
fected in OptiMEM medium (Invitrogen) 20 h after plating
with cDNA constructs and Lipofectamin 2000 (Invitrogen)
according to the manufacturer’s instructions. Plasmids
encoding WT human DEP-1 and the C/S mutant (in pmT2
vector) were provided by Nicholas Tonks (Cold Spring Har-
bor Laboratory, NY, USA) [1]. The Y1311F/Y1320F DEP-1
mutant was generated as previously described [7].

Nucleofection of HUVECs

HUVECs (2-5 x 10%cells) were nucleofected using the
Nucleofector II (program U-001; Lonza) with DEP-1 (Hs_
PTPRJ_3_HP) or AllStars control siRNAs (Qiagen, Toronto,
ON, Canada) using the Amaxa HUVEC Nucleofector Kit
following manufacturer’s recommendations [35]. Cells were
then incubated in M200 supplemented with LSGS for 48 h
before being processed for in vitro experiments.

Cell lysis and western blotting

For in vitro cell stimulations, nucleofected cells were plated
at 3.5x 10° cells/cm? on 0.2% gelatin-coated tissue culture
plates for 48 h and then starved in M200 with 1% FBS for
3 h prior to an overnight stimulation with VEGF (50 ng/
mL). For experiments with chemical inhibitors, HUVEC
cells were plated on gelatin (0.2%) at 3.2 x 10° cells/cm? for
48 h. Cells were then starved and pre-treated with inhibitors
or vehicle for 3 h and stimulated with VEGF (50 ng/mL)
for 18 h. Transfected cells were similarly starved in M200
with 1% FBS for 3 h and stimulated with VEGF overnight
before lysis in a 50 mM HEPES, pH 7.5, buffer contain-
ing 0.5% Nonidet P-40, 0.5% Triton X-100, 10% glycerol,
150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, 10 pg/mL aprotinin, and 10 ug/mL leupeptin. Pro-
tein concentration was determined using the Bradford assay.
Protein lysates were resolved by SDS-PAGE and transferred
on nitrocellulose membranes (Bio-Rad). Western blotting
and ECL detection (Amersham Biosciences/GE Healthcare)
were then performed according to the manufacturer’s recom-
mendations using the specified antibodies [4, 14].

Data analysis

Densitometric analyses were performed with the Quantity
One 4.6.3 software (Bio-Rad, Mississauga, ON, Canada).
Levels of phosphorylated proteins were normalized to total
proteins. PLCy levels were used to normalize D114 and
B-catenin western blots. Statistical significance was evalu-
ated with the unpaired ¢ test using GraphPad Prism software.
P values less than 0.05 were considered to be significant.

Results

DEP-1 modulates tip cell formation and vessel
branching during retinal vascularization

DEP-1 has been shown to regulate the formation of capillar-
ies in vitro and in vivo, prompting us to evaluate its function
in vascular sprouting [7, 14]. The retinal model of develop-
mental angiogenesis is widely used to study developmental
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angiogenesis, where blood vessels emerge from the optic nerve
and sprout towards the periphery during the first week of life
[16, 36]. Immunostaining of retinas revealed that DEP-1 is
expressed in the retinal vasculature (Supplementary Fig. 1).
DEP-1 immunostaining was observed in capillaries and the
arterial and venous vasculature, and its expression appeared
stronger in endothelial cell junctions (Supplementary Fig. 1).
The role of DEP-1 in sprouting angiogenesis was investigated
in control and DEP-1 KO mice 5 days after birth (P5) dur-
ing the development of the superficial retinal vascular plexus
(Fig. 1). We observed that radial expansion was slightly
decreased in DEP-1 KO mice (Fig. 1a, b) while there were
no significant differences in radial outgrowth between WT
and heterozygote animals. Further analysis of the retinal vas-
cular plexus revealed that DEP-1 KO mice exhibited signifi-
cantly higher vascular densities at the migrating front, which
were characterized by an increased number of branch points
(nodes) and a greater length of vascular segments (Fig. lc,
d). Although there was an increase in the vascular surface
area (IsoB4-positive) that was accompanied by an increase
in endothelial cell numbers in DEP-1 KO mice, analysis of
the density of endothelial cells within the retinal vasculature,
which was performed by evaluating the number of ERG1-
positive EC nuclei in IsoB4-positive blood vessels, revealed
no significant difference in the overall size of endothelial
cells between WT and DEP-1 KO mice, implying that ECs in
DEP-1 KO retinas were able to cover the same surface area as
ECs in WT retinas (Fig. le, f). However, the venous vascular
plexus appeared denser and more branched, and veins were
enlarged and showed an increased number of endothelial cells
relative to vascular IsoB4-stained area, indicative of increased
proliferation (Fig. 1g, h). Since the number of tip cells deter-
mines the complexity of the vascular bed, we next investi-
gated the density of tip cells at the leading edge of retinas from
control and DEP-1 KO mice. Consistent with the increased
number of blood vessel segments and branch points, a greater
number of tip cells per length of vascular front was observed
in the retinas of DEP-1 KO mice (Fig. 1i). Finally, we analyzed
the retinal vasculature in P12 mice to evaluate whether the
hypervascularization phenotype persists in DEP-1 KO mice.
At this stage of development, we observed no differences in the
vasculature of DEP-1 KO mice compared to WT littermates,
showing that the hypervascularized phenotype of these mice
is transient and has resolved by P12 (Fig. 1j). Together, these
data thus suggest that DEP-1 contributes to the regulation of
the tip cell phenotype during the developmental stage of retinal
sprouting angiogenesis.

Increased proliferation of endothelial cells
in the retinas of DEP-1 KO mice

The formation of a new vascular plexus involves the pro-
liferation of ECs in response to VEGF. As the retinas of
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DEP-1 KO mice showed increased vascular density at the
leading edge of migrating capillaries, we evaluated whether
this phenotype was associated with altered EC proliferation.
To investigate the possible contribution of DEP-1 to the pro-
liferation of endothelial cells during vascularization, reti-
nas were stained using the mitosis marker phospho-histone
H3 (PH3). Quantification of PH3+/IsoB4 + cells revealed
increased numbers of proliferating cells at the vascular
front of DEP-1 KO mice at P5, while no differences were
observed in the vascular plexus closer to the optic nerve
(Fig. 2a). In endothelial cells, VEGF-induced proliferation
is mainly mediated by PLCy-dependent ERK1/2 activation
[37, 38]. To assess the status of this signaling pathway in
control and DEP-1 KO mice, whole retina lysates were ana-
lyzed by Western blot. We observed that ERK1/2 activation
was increased in the retinas of DEP-1 KO mice, while the
phosphorylation of its upstream regulator, PLCy, was not
affected (Fig. 2b). Collectively, these results demonstrate an
anti-proliferative function of DEP-1 in endothelial cells of
the retina and suggest that this feature may contribute to the
increased neovascularization observed in DEP-1 KO mice.

Loss of DEP-1 leads to DII4 down-regulation
and decreased Notch cleavage

In addition to increased vessel branching and enlarged veins,
DEP-1 KO mice exhibited an increased number of tip cells at
the migrating front (Fig. 1). Since these features were remi-
niscent of the retinal phenotype associated with impaired
Notch signaling [19, 21, 23, 31, 32], we evaluated whether
DEP-1 regulates Notch activity in the retinal endothelium.
We first assessed the expression of the Notch ligand DI14,
which is an important regulator of Notch activity in endothe-
lial cells during vascular development [39]. Interestingly, we
observed an important decrease of D114 expression in whole-
retina lysates from DEP-1 KO mice compared to controls
(Fig. 3a). Immunostaining experiments in retinas of DEP-1
KO mice also revealed a significantly decreased expression
of D114 at the vascular front (Supplementary Fig. 2). D114
binding to Notch leads to its cleavage and the generation
of the Notch intracellular domain (NICD). Consistent with
the decreased expression of DIl4, we also observed a great
reduction in the levels of NICD in the retinas of DEP-1 KO
mice compared to WT mice (Fig. 3a). As such, these data
suggest that DEP is an important mediator of D114 expres-
sion and Notch activation in the retinal vasculature.

DEP-1 promotes VEGF-dependent DII4 expression
through Src/Akt signaling

Recent reports have suggested that Akt regulates D114
expression, Notch cleavage, and sprouting angiogenesis [40,
41]. Furthermore, it was previously demonstrated that in
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Fig.1 Loss of DEP-1 increases sprouting during developmental reti-
nal angiogenesis. a Retinas were isolated from 5-day-old mice pups,
fixed and blood vessels were stained using IsoB4 and measurements
of radial expansion were performed in WT, heterozygote and DEP-1
KO mice. b Quantification of vascular radial expansion in WT, het-
erozygote and DEP-1 KO mice. N=9 WT, 10 heterozygotes and 9
homozygotes per group. ¢ Images of the vascular front of retinas
harvested from WT, heterozygote and DEP-1 KO mice. d Quantifi-
cation of the number of branch points (nodes) and the length of vas-
cular segments in WT, heterozygote and DEP-1 KO mice. N=9 WT,
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10 heterozygotes and 9 homozygotes per group. e ERG1 staining of
WT and DEP-1 KO mice. f Quantification of endothelial nuclei, nor-
malized to vascular area (IsoB4 staining). N=>5 animals/group. g, h
Images and quantification of the number of endothelial nuclei from
veins at the first branching point in WT and DEP-1 KO animals. N=5
animals/group. i Images and quantification of the number of endothe-
lial tip cells in WT and DEP-1 KO animals. N=9 animals/group. j
Representative images and quantification of vascular nodes in P12
retinas. N=35 animals/group. Data+ SEM are shown. Student’s ¢ test:
*p<0.05; *¥p<0.01.
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IsoB4 and PH3 antibody. The number of PH3 and IsoB4-positive
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response to VEGF stimulation, DEP-1 promotes Akt acti-
vation through a Src/Gab1/PI3K-signaling pathway [4]. In
endothelial cells, DEP-1 dephosphorylates the inhibitory
tyrosine of Src (Y529), which leads to Src autophospho-
rylation (Y418) and full activation [4, 7]. Consistent with
these earlier findings, Src and Akt (S473) activation lev-
els were impaired in retina lysates of DEP-1 KO mice that
showed significant reductions of D114 expression and Notch
cleavage (Fig. 3a, b). To further investigate this mechanism,
DEP-1 was silenced in HUVECs. Similarly, we observed
that abrogation of DEP-1 expression in HUVECs cultured
in the presence or absence of VEGF resulted in the inhibi-
tion of D114 expression, which was associated with reduced
Src and Akt phosphorylation (Fig. 3¢). In contrast, as previ-
ously reported [14], no reduction in the relative phospho-
rylation of VEGFR2, a DEP-1 substrate, was observed in
cells transfected with DEP-1 siRNAs (Fig. 3d), indicating
that DEP-1 acts downstream of VEGFR2 to promote VEGF-
dependent signaling. Additional experiments performed
with inhibitors of Src family kinases and PI3K, PP2 and
LY294002, respectively, further demonstrated the implica-
tion of Src and Akt in the VEGF-dependent expression of
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migrating front (5 images/animal; N=4 animals/group). b Protein
extracts from retinas of WT and DEP-1 KO mice were analyzed by
Western blotting using the indicated antibodies. Results were quan-
tified by densitometric analyses; N=5 WT and 5 DEP-1 KO mice.
Data + SEM are shown. Student’s # test: *p <0.05; **p <0.01.

DIl4 in endothelial cells (Fig. 3e). To bring further support
to this conclusion, the converse experiment was performed
and WT DEP-1 was overexpressed in HUVECs. In this
case, as expected, increased D114 expression was observed
(Fig. 3f). However, overexpression of DEP-1 mutants unable
to activate Src (YY/FF) and C/S mutants abrogated VEGF-
induced expression of D114 (Fig. 3f) [7]. Altogether, these
results thus establish the importance of the DEP-1/Src/Akt-
signaling pathway in the induction of VEGF-dependent D114
expression.

DEP-1-mediated B-catenin stabilization is required
for DII4 expression in VEGF-stimulated endothelial
cells

f-catenin/TCF complexes have been shown to bind to the D114
promoter and to induce DII4 expression, demonstrating that
[-catenin-transcriptional activation is crucial for proper Notch
signaling [33]. Akt signaling has also been shown to regulate
[-catenin function via two main mechanisms: (1) directly, by
phosphorylating f-catenin on S552, which is associated with
[-catenin translocation to the nucleus [42] and thus contributes
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to its transcriptional activation, (2) indirectly, by inactivating
GSK3p, a key component of the p-catenin destruction com-
plex, leading to B-catenin stabilization and increased p-catenin
protein levels [42, 43]. Since VEGF is an important inducer
of D114 and was reported to promote p-catenin stabilization
and activation, we postulated that DEP-1 might be involved
in the regulation of these processes via Akt activation [4, 7,
19, 44-46]. First, we assessed the Akt-mediated phospho-
rylation of B-catenin on S552 and observed its inhibition in
the retinas of DEP-1 KO mice (Fig. 4a), and this was simi-
larly observed in DEP-1-depleted endothelial cell lysates
(Fig. 4b), in accordance with reduced Akt activation. These
results suggest that, in response to VEGF, DEP-1 promotes
B-catenin phosphorylation and translocation to the nucleus
through its modulation of Akt signaling. Second, we inves-
tigated whether DEP-1 expression had any effect on the sta-
bilization of p-catenin protein levels. Results show that lower
levels of B-catenin were present in the lysates of retinas from
DEP-1 KO mice (Fig. 4a) or of DEP-1-depleted cells (Fig. 4b).
Likewise, the inhibitory phosphorylation of GSK3 (S9), the
main regulator of f-catenin degradation, was also impaired
in DEP-1 KO mice (Fig. 4a) and in DEP-1-depleted cells
(Fig. 4b), suggesting that DEP-1 is involved in the inhibition
of GSK3 via the promotion of its phosphorylation by Akt
and thus, in the stabilization of p-catenin. To validate this,
control and DEP-1-depleted HUVECSs were incubated with
the proteasome inhibitor MG132 prior to and during their
18 h-stimulation with VEGF to prevent protein degradation
and allow the analysis of GSK3-dependent phosphorylation of
B-catenin on S33/S37/T41, which signals B-catenin degrada-
tion. As expected, the GSK3p-dependent phosphorylation of
B-catenin on S33/S37/T41 and p-catenin protein levels were
increased in DEP-1-silenced cells compared to controls treated
with MG132, supporting the conclusion that DEP-1 depletion
promoted degradation of f-catenin (Fig. 4c). Since the results
suggested that DEP-1 promotes p-catenin stabilization and
translocation to the nucleus (Fig. 4a—), we next investigated
if f-catenin-dependent transcriptional activity was required for
DIl4 expression in VEGF-stimulated HUVEC:sS. In the nucleus,
activated p-catenin associates with the TCF/LEF transcription
factor family to induce gene expression. To test if transcrip-
tionally active p-catenin/TCF complexes were required for
VEGF-induced D114 expression, their association and activ-
ity were disrupted using two inhibitors of the TCF/B-catenin
complex, PNU74654 and PKF115584 [47]. Results show
that incubation of HUVECs with either inhibitor abrogated
VEGF-induced DI14 expression, suggesting that f-catenin
transcriptional activation plays a crucial role in this process in
VEGF-stimulated endothelial cells (Fig. 4d). Together, these
data suggest that DEP-1 contributes to the regulation of the

expression of DII4 through Akt-dependent phosphorylation
and the promotion of -catenin stabilization and transcriptional
activity.

Discussion

Recent evidence demonstrates that the protein tyrosine
phosphatase DEP-1 acts as a promoter of angiogenic
responses both in vitro and in vivo [4, 7, 14, 35]. In this
study, we demonstrate that DEP-1 is also an important
regulator of D114 expression and of endothelial cell sprout-
ing during retinal vascular development. We propose that
this is achieved via Src activation and the Akt-dependent
promotion of B-catenin stabilization and transcriptional
activity, which has previously been reported to upregulate
DIl4 expression [33]. In addition, through its ability to
inactivate the proliferative ERK1/2 pathway, DEP-1 also
controls the density of the developing retinal vascular net-
work (Fig. 5).

Previous work demonstrated that DEP-1 modulates
VEGF-induced angiogenic responses via its ability to
activate the Src kinase [4, 7, 14, 35]. Hence, DEP-1 was
shown to regulate VEGF-induced endothelial cell survival,
invasion, vascular permeability, and capillary formation
in vitro [4, 7, 35]. In vivo, physiological or pathological
angiogenesis as well as Src activation were impaired in
adult DEP-1 KO mice, further demonstrating the positive
role of DEP-1 during these processes [14]. Contrasting
with these results, we show here that similar to embryonic
vascular development, retinal vascularisation still occurred
in these animals (Fig. 1). Indeed, in the absence of DEP-1
expression, an increase in vascular density characterized
by a greater number of branching points at the migrating
front was found. Consistent with this, a larger number of
tip cells was also observed in the retinas of DEP-1 KO
mice, showing that DEP-1 controls endothelial sprouting
and the proper development of the retinal vascular net-
work. It is noteworthy that the retinal phenotype that we
describe in DEP-1 KO mice is much less severe than that
previously described in knock-in mice, in which a mutant
allele was constructed to eliminate DEP-1 phosphatase
activity, which die at midgestation [5]. It is possible that
the mutant protein expressed in the knock-in acts in a dom-
inant negative manner, and therefore, strongly interferes
with the signaling pathways involved in VEGF-induced
angiogenesis. Thus, while the phenotype of the knock-out
mice can be rescued during development, expression of a
non-functional DEP-1 that still interacts with endogenous
protein complexes in the knock-in mice would have fatal
consequences.
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«Fig.3 Expression of the Notch ligand DII4 depends on DEP-1
expression. a Retinas of 5-day-old pups were collected, lysed and
analyzed by Western blot using the specified antibodies. D14 expres-
sion was inhibited in DEP-1 KO animals, which correlates with the
decreased cleavage of Notch (NICD). b Activation of the Src-Akt-
signaling pathway was analyzed by Western blotting in retinas har-
vested from P5 pups. ¢ HUVECs nucleofected with siRNAs were
starved 3 h in 1% FBS medium, stimulated for 18 h with VEGF
(50 ng/mL) and lysed. Western blot analysis was performed using
antibodies targeting signaling molecules of the Src/Akt signaling
pathway. Quantification of blots from four independent experiments
are shown on the right. d Lysates from HUVECs nucleofected with
siRNA, starved and stimulated with VEGF as in ¢ were analyzed
by Western blot using antibodies targeting p¥''”>VEGFR2 and total
VEGFR2. Quantification of blots from four independent experiments
are shown below. e HUVECs were treated with Src or PI3K inhibi-
tors, PP2 (10 uM) and LY290042 (10 uM), then starved and stimu-
lated with VEGF for 18 h, followed by Western blot analysis with the
indicated antibodies. Quantification of blots from four independent
experiments are shown on the right. f DEP-1 WT, DEP-1 Y1311F/
Y1320/F (YY/FF), DEP-1 C/S or empty vector (pmT2) were trans-
fected in HUVEC: using Lipofectamin 2000. Cells were then starved,
stimulated with VEGF and lysed as described in c¢. Lysates were ana-
lyzed by Western blot using the specified antibodies. Densitomet-
ric analyses were performed on at least 4 independent experiments.
Data+ SEM are shown. Student’s ¢ test: *p <0.05; **p <0.01.

Endothelial sprouting is regulated by the expression
of DI1l4, a Notch ligand that limits tip cell formation and
favours the stalk cell phenotype [19-21, 23, 24]. While it
is widely accepted that VEGF stimulation induces D114
expression, the molecular pathways implicated remain
ill-defined [19]. Here we show that DEP-1 is a promoter
of D114 expression and, consequently, of Notch activation
(Fig. 5). It was previously demonstrated that expression
of a dominant-negative Akt mutant or PI3K inhibition
impaired D114 expression [40, 41]. As DEP-1 expression
was shown to be required for Src and Akt signaling in
endothelial cells in response to VEGF in vitro and during
retinal vascular expansion (Figs. 3, 4a) [4], these results
suggest that through its ability to regulate the activity of
Src and Akt, DEP-1 can induce D114 expression [4, 7]. In
support of this, we observed that endothelial cells treated
with chemical inhibitors of Src or PI3K, or cells express-
ing DEP-1 mutants unable to activate Src and Akt, were
also deficient in their ability to promote D114 expression
(Fig. 3e, 1).

The p-catenin transcriptional complex was reported to
directly bind to the D14 promoter, and its transcriptional
activity was shown to play a role in D114 expression [33].
Accordingly, we observed that the decreased expression of
D114 in DEP-1 KO mice or DEP-1-silenced endothelial cells
correlated with the reduced phosphorylation of p-catenin on
S552 and with its decreased protein levels (Fig. 4). In these

conditions, GSK3p, an important regulator of p-catenin
phosphorylation and degradation by the proteasome, was
more active as indicated by its decreased inhibitory phos-
phorylation on S9 (Fig. 4). Since GSK3p phosphorylation
is mainly mediated by Akt and that Akt phosphorylates
B-catenin on S552 to allow its nuclear translocation, these
results suggest that DEP-1, via the Src-Akt pathway, con-
tributes to the regulation of the extent of B-catenin tran-
scriptional activity in response to VEGF stimulation [42,
48]. The results presented here thus suggest that through
these signaling pathways, DEP-1 activity promotes Notch
signaling during retinal vascularization. Consistent with
our findings, DEP-1 expression in zebrafish was shown to
promote arterial specification, which is also dependent on
Notch activation [6, 49].

In addition to increased branching, we have also noted
the increased proliferation of endothelial cells in DEP-1 KO
mice (PH3 staining—Fig. 2). In response to VEGF, DEP-1 is
known to negatively regulate proliferation through attenua-
tion of VEGFR?2 phosphorylation and the consequent down-
modulation of the proliferative PLCy-ERK1/2-signaling
cascade [2, 4]. However, in the retina, the regulation of
cell proliferation by DEP-1 seemed to occur downstream
of PLCy as there was no difference in its activation level
between WT and DEP-1 KO mice. A possible explanation
is that DEP-1 may dephosphorylate ERK1/2 directly [3].
Indeed, several studies have demonstrated that DEP-1 inhib-
its the VEGF-dependent activation of ERK1/2, leading to
decreased proliferation [50-52].

On the other hand, it has been shown that Akt activa-
tion results in inhibition of Raf, an upstream regulator of
ERK1/2, consequently limiting proliferation [53]. As DEP-1
KO mice exhibit impaired Akt activation, it is possible that
ERK1/2 is activated through the relieved inhibition of its
upstream regulator. Also, the activation of Notch leads to
the inhibition of ERK1/2 activation and, consequently, of
proliferation [54, 55]. In the absence of DEP-1 and Notch
activation, ERK1/2 signalling would therefore increase. Of
note, activation of ERK1/2 has also been identified as a pro-
moter of retinal and developmental angiogenesis in vivo [56,
57]. Interestingly, we similarly observed that the inhibition
of ERK1/2, using PD98059, resulted in reduced expres-
sion of DIl4 in response to VEGF in vitro (Supplementary
Fig. 3). However, since DEP-1 KO mice exhibit higher
activation levels of ERK1/2 (Fig. 2), but still show reduced
Dl114 expression, we conclude that VEGF-induced and DEP-
1-dependent-signaling pathways involving Akt and p-catenin
contribute to optimal D114 expression in endothelial cells.
Given that the vascular retinal phenotype observed in DEP-1
KO mice is relatively mild compared to that observed in D114
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Fig.4 DEP-1 promotes VEGF-induced f-catenin stabilization and
expression of DIl4. a Retinas of 5-day-old pups were collected,
lysed and analyzed by Western blot using the specified antibodies. b
HUVECSs were nucleofected with DEP-1-targeting or control siRNAs.
Two days later, cells were starved in M200 medium containing 1%
FBS for 3 h and stimulated for 18 h with VEGF (50 ng/mL). Whole
cell lysates were resolved by Western blot using the specified anti-
bodies. ¢ HUVECs nucleofected with siRNAs were incubated with

haploinsufficient animals [30], it is likely that other molecu-
lar mechanisms are involved in the tight regulation of D114
expression. Indeed, the MEK-ERK pathway [58], blood flow
[59] and both the RBPJ/Notch intracellular domain and SOX
transcription factors [60] have all been shown to regulate

@ Springer

MG132 (proteasome inhibitor; 1 uM) and stimulated for 18 h with
VEGEF, followed by Western blot analyses using the specified antibod-
ies. Quantification of blots from four independent experiments are
shown below. d HUVECs were treated with inhibitors of B-catenin/
TCF association and activity, PNU74654 (100 uM) and PKF115584
(0.5 uM), during starvation and stimulation with VEGF for 18 h.
Expression of DIl4 and PLCy was evaluated by western blotting.
Data+ SEM are shown. Student’s ¢ test: *p <0.05.

DIl4 expression. Here, we describe a novel mechanism by
which DEP-1 participates in the precise regulation of DII4
expression in endothelial cells and maintains the proper
response of endothelial cells to VEGF stimulation.
Collectively, these results identify DEP-1 as a novel
regulator of the DI14-Notch signaling pathway controlling
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Fig.5 DEP-1 modulates endothelial sprouting via the promotion of
DIl4 expression. In response to VEGF, DEP-1 promotes Src activa-
tion, leading to Akt activation. Akt regulates p-catenin directly by
phosphorylating S552, cueing for its nuclear translocation, and indi-
rectly by inhibiting GSK3f, a major component of the p-catenin
destruction complex. In that state, f-catenin degradation is reduced,
promoting its translocation to the nucleus. In the nucleus, active
fB-catenin can then associate with TCF/LEF transcription factor to
induce DII4 expression, which results in Notch activation and the
repression of the tip cell phenotype, ensuring proper retinal neovascu-
larization during development.

the proliferation and sprouting abilities of endothelial cells
during retinal vascular development (Fig. 5). These findings
could thus provide new avenues for the treatment of vascular
pathologies.
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