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DEVELOPMENTAL BIOLOGY

PI3K Signaling Through the Dual
GTPase—Activating Protein ARAP3 Is Essential for

Developmental Angiogenesis
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One function of phosphoinositide 3-kinase a (PI3Ka), which generates the lipid second messenger
phosphatidylinositol 3,4,5-trisphosphate [PtdIns(3,4,5)P;], is its regulation of angiogenesis in the developing
embryo and in pathological situations. ARAP3 is a Ptdins(3,4,5)P3- and Rap-activated guanosine triphospha-
tase (GTPase)-activating protein (GAP) for the small GTPases RhoA and Arf6. Here, we show that deleting
Arap3in the mouse caused embryonic death in mid-gestation due to an endothelial cell-autonomous defect
in sprouting angiogenesis. Explants taken at a developmental stage at which no defect was yet present
reproduced this phenotype ex vivo, demonstrating that the defect was not secondary to hypoxia, placental
defects, or organ failure. In addition, knock-in mice expressing an ARAP3 point mutant that cannot be acti-
vated by Ptdins(3,4,5)P; had angiogenesis defects similar to those of Arap3”~ embryos. Our work delineates
a previously unknown signaling pathway that controls angiogenesis immediately downstream of PI3Ka

through ARAP3 to the Rho and Arf family of small GTPases.

INTRODUCTION

The generation of a circulatory system during embryonic development in-
volves the formation of a primitive vascular plexus (vasculogenesis) that is
later remodeled by angiogenesis into an organized, treelike structure com-
prising arteries and veins, which are connected by a network of capillaries.
This remodeling occurs by three distinct mechanisms: (i) sprouting of new
vessels, (ii) intussusception (splitting of existing vessels), and (iii) pruning
(1, 2). In the adult, angiogenesis reappears in pathological situations such as
arteriosclerosis, tumor growth, or wound healing. The major regulator of
angiogenesis is hypoxia, which induces the local production of vascular
growth factors such as vascular endothelial growth factor (VEGF). This
in turn induces signaling downstream of VEGF receptors in endothelial
cells. Complex signaling processes, many components of which remain
poorly understood, regulate in concert the tight coordination among cell pro-
liferation, differentiation, and migration required for the generation of a
healthy vascular system.

Agonist-activated (class I) phosphoinositide 3-kinases (PI3Ks) generate
the lipid second messengers phosphatidylinositol 3,4,5-trisphosphate
[PtdIns(3,4,5)P;] and phosphatidylinositol 3,4-bisphosphate [PtdIns(3,4)P,],
which localize to the inner leaflet of the plasma membrane. Class I PI3Ks
are essential regulators of a large number of important physiological pro-
cesses. Four different heterodimeric class I PI3Ks exist, which couple to either
growth factor receptor tyrosine kinases (class 1A, comprising a p110a, -,
or -3 catalytic subunit and a p85 or p55 type adaptor protein) or heterotri-
meric guanosine 5’-triphosphate (GTP)-binding protein (G protein)—coupled
receptors (class IB, with a p110y catalytic subunit and a p101 or p84 reg-
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ulatory subunit) (3). PI3K mouse models have indicated that class A
PI3Ks, in particular those containing p110a (PI3Ka), regulate angiogenesis
both during embryonic development and in pathological situations. Loss of
p1100, or of its catalytic activity, or of the class IA PI3K regulatory subunits
(which leads to the degradation of p110 subunits) causes embryonic lethality
at mid-gestation as a result of an angiogenesis defect (4, 5). About 50 PI3K
effectors have been identified, many of which contain pleckstrin homology
(PH) domains, which specifically bind to PtdIns(3,4,5)P;. PI3K effectors
are regulated by PtdIns(3,4,5)P; by translocation to the plasma membrane
or the induction of a conformational change. Many PtdIns(3,4,5)P3-binding
proteins are regulators of small guanosine triphosphatases (GTPases) of the
Rho and Arf families.

ARAP3 is one such PI3K effector, which we identified as part of a tar-
geted proteomic screen for PtdIns(3,4,5)P5-binding proteins (6). ARAP3 is
a dual GTPase—activating protein (GAP) for RhoA and Arf6. It is regulated by
PtdIns(3,4,5)P5 both catalytically—its Arf GAP activity is PtdIns(3,4,5)P3
dependent—and by recruitment to the plasma membrane in a PH domain—
dependent manner (7). The most N-terminal PH domain of ARAP3 mediates
its interaction with PtdIns(3,4,5)Ps (7, 8).

Here, we show that deleting ARAP3 in the mouse leads to a sprouting
angiogenesis defect, which resembles that described in knock-in mice
carrying a catalytically dead p110c (D933A) allele. Furthermore, we dem-
onstrate that introducing point mutations in conserved arginine residues in
ARAP3’ most N-terminal PH domain (R302,303A), thus interfering with
the regulatory input of PI3K into ARAP3, phenocopies the angiogenesis
defect of Arap3~" mice. Thus, signaling through ARAP3 immediately
downstream of PI3K is required for developmental angiogenesis.

RESULTS

Arap3”~ mice die as a result of an endothelial
cell-dependent defect in mid-gestation

We generated a conditional Arap3 knockout mouse (4drap3™) to elucidate
ARAP3’s physiological function (fig. S1). Crossing the 4rap3™" mouse
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with a germline Cre deletor (9) to generate Arap3~ mice resulted in em-
bryonic death around E11 (embryonic day 11) (table S1). AtE10.5, Arap3 ™~
embryos were pale, small in size, and had various developmental defects,
including a characteristically wrinkled yolk sac (fig. S2). All mutant em-
bryos displayed regular heartbeats, causing visible blood flow in the large
vessels (fig. S3). In Arap3~~ embryos, ARAP3 protein was not present,
whereas the abundance of other ARAP family members ARAP1 and
ARAP?2 was not affected (Fig. 1, A and B). Because growth arrest followed
by deterioration until death at mid-gestation could indicate a placental de-
fect, we compared placentas of Arap3~~ embryos with those from Arap3™~
embryos and wild-type controls and found a defect in labyrinth formation in
placentas from Arap3 "~ (but not from Arap3*") embryos; however, spon-
giotrophoblast and giant cell layers were not affected (fig. S4). Labyrinth
development depends on the proper differentiation and fusion of the troph-
oblast into highly specialized syncytiotrophoblast cells, as well as on the
invasion of allantoic mesoderm to form the labyrinthine vasculature. To de-
termine in which of these two cell populations the defect of Arap3 ™~
placentas resides, we deleted Arap3 in the embryo proper and in the extra-
embryonic mesoderm, but not in the trophoblast, with Sox2Cre (10). Arap3"”~
Sox2Cre" embryos displayed defects identical to those of Arap3~~ embryos
(fig. S2), indicating that the observed phenotype was due to a defect in the
labyrinthine vasculature and not intrinsic to the trophoblast compartment.
This suggested that lack of ARAP3 affected vascular development. Accord-
ingly, in situ hybridizations revealed the presence of Arap3 in blood vessels
in both the yolk sac and the embryo (fig. S5A). We used 7Tie2Cre to specif-
ically delete Arap3 in the endothelial compartment (/) and confirmed that
endothelial cell populations derived from Arap3 " Tie2Cre™ embryos
lacked ARAP3 protein (Fig. 1C). This resulted in embryonic lethality and
a phenotype identical to that of Arap3 ™~ embryos (fig. S2), indicating
Arap3~ embryos died as a result of an endothelial cell-autonomous defect.

Vasculature of Arap3~- yolk sacs and
embryos is disorganized
To characterize the nature of this endothelial defect, we stained yolk sacs
from Arap3~'~ and wild-type mice for endomucin, a marker for mature en-
dothelial cells. Remodeling of the primary vascular plexus into large vessels
and a connecting capillary network did not occur in the 4 rap3”" and Arap3™"
Tie2Cre" yolk sacs (figs. S5B and S6A). Instead, they exhibited areas with
unevenly sized vessel lumens, some of which were large, giving an impres-
sion of accumulations of endothelial cells (arrows) in whole-mount—stained
samples. Sections of yolk sac from Arap3~ mice revealed large open
spaces, which were lined by endothelial cells (fig. S6B). This abnormally
loose association of mesodermal and endodermal layers in Arap3~ yolk
sacs is likely to be responsible for their distinctive wrinkled appearance.
Given that in the sections the spaces appeared devoid of embryonic blood
cells, that Arap3~"~ embryos and yolk sacs were pale (with the exception of a
few blood patches in the yolk sacs), and that the hemangioblast is thought to
be a common precursor for endothelial and hematopoietic structures, we
assessed whether hematopoiesis was affected in Arap3 ™~ yolk sacs. We per-
formed methylcellulose colony assays from yolk sac suspensions and ob-
tained similar numbers of erythroid and myeloid colonies from control and
Arap3™"~ samples, thereby excluding a hematopoiesis defect (fig. S6C). In
addition, analysis of freshly isolated yolk sac suspensions by fluorescence-
activated cell sorting (FACS) indicated a similar percentage of embryonic
red blood cells in Arap3~'~ and control yolk sacs (fig. S6D), suggesting that
blood cells may accumulate in a small number of places in the loosely as-
sembled Arap3~ yolk sacs and be prone to getting lost during subsequent
dissections, fixation, and staining steps.

When analyzing endomucin-stained Arap3~”~ embryos, we found that
remodeling of the primary plexus had not progressed in an orderly fashion

compared to wild-type controls (Fig. 1D). Although heterozygous Arap3™"~
animals showed slightly delayed vascularization at E10.5 (Fig. 1E), this was
no longer apparent at E11.5 (fig. S7). In contrast, Arap3 ' and Arap3"~
Tie2Cre” embryos were defective in vascular maturation and remodeling
(Fig. 1, F and G). This was most apparent in embryonic midbrains, where
the capillary network, when viewed as a whole, was replaced by a large ac-
cumulation of endothelial cells, reminiscent of the structures observed in the
mutant yolk sacs (Fig. 2, A to D). Analysis of confocal sections through the
embryonic heads indicated that these structures corresponded to endothelial
cell-lined sinuses, which replaced the capillary network in wild-type and
Arap3~" midbrains (Fig. 2, E to H). To address whether the underlying rea-

B (]
WT +- - wT - WT Al
> ARAP3 ARAPT *
; +
ARAP2 Tie2Cre
B-COP
B-COP

Fig. 1. Vascular remodeling is affected in Arap3~'~ embryos. (Ato C) Lysates
from entire E10.5 embryos (A and B) or E9.5 yolk sac—derived endothelial cell
populations (C) were subjected to SDS-PAGE and Western blotting with anti-
sera specific for ARAP3 (A and C), ARAP1 and ARAP2 (B), or the loading con-
trol B-COP. (D to G) Wild-type (WT) (n = 24), Arap3*~ (+/-) (n=12), Arap3~~
(—/-) (n = 18), and Arap3™"" Tie2Cre* E10.5 (-/fl Tie2Cre*) (n = 7) embryos
were whole-mount-stained for endomucin. Representative images are
shown. Scale bars, 0.25 mm.
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son for formation of this structure might be uncontrolled endothelial cell
growth, we analyzed immunostaining for phosphohistone H3, a marker
of proliferation, and found that the rate of endothelial cell division was
not increased in Arap3~~ midbrains (fig. S8). Similarly, when we examined
staining of phosphohistone H3 in wild-type and Arap3™ yolk sacs, we
found no increased proliferation in the absence of ARAP3 (fig. S8), indicat-
ing that this phenotype was not caused by general overproliferation of the
endothelial compartment but was due to a defect in angiogenic remodeling
in Arap3~" animals.

ARAP3 is required for angiogenesis

rather than vasculogenesis

To address whether the defects in Arap3~~ embryos and yolk sacs could be
secondary effects due to hypoxia, organ failure, or placental insufficiency,
we cultured the para-aortic splanchnopleural (P-Sp) regions of E8.5 control
and Arap3”~~ embryos (before the onset of any defects in Arap3~~ embryos)
on stromal feeder cells. This system recapitulates the different steps of blood
vessel development and hematopoiesis ex vivo, with explants initially
forming a vascular bed by vasculogenesis and then developing a vascular
network by angiogenesis (12). Arap3™" vascular networks that were gener-
ated by angiogenesis were less complex than in controls, containing fewer
but thicker branches, rather than the well-interconnected thin branches of
control networks (Fig. 3, A and B). Arap3~~ P-Sp explants also contained
characteristic endothelial cell accumulations, which, when viewed by phase-
contrast microscopy, were reminiscent of the large endothelial sinuses replac-

Fig. 2. Arap3~'~ embryonic midbrains display disordered capillary net-
works. (A to D) Representative 3D reconstructions of endomucin whole-
mount-stained E10.5 midbrains from WT (n = 14), Arap3*'~ (+/-) (n = 8),
Arap3~'~ (=/-) (n = 11), and Arap3™" Tie2Cre* (~/fl Tie2Cre*) (n = 4)
embryos. Scale bar, 90 um. Capillary networks are apparent in midbrains

ing capillary networks seen in Arap3 ™"~ yolk sacs and embryonic midbrains
(Fig. 3B, stars). In summary, P-Sp explants confirmed that loss of Arap3
conferred a defect in angiogenesis, rather than vasculogenesis, and showed
that this defect was not secondary to hypoxia, placental insufficiency, or
organ failure.

ARAP3 regulates sprouting angiogenesis
To evaluate the effects of 4rap3 deficiency on angiogenesis ex vivo, we
performed allantois explants, in which the allantois of the E8.5 embryo
is cultured on fibronectin-coated tissue culture plastic and within hours
produces a tubular endothelial network by sprouting angiogenesis (13, 14).
Although we could not detect differences between allantoises from E8.5
wild-type and Arap3”~ embryos (fig. S9), the networks generated from
Arap3 ™" allantoises were less complex and smaller than those from controls
(Fig. 3, C and D). We used computer algorithms to “skeletonize” the allan-
tois explants (Fig. 3E) and to count the number of branching points and
correct for the overall size of the analyzed explants to derive each explant’s
“branching index,” which counts the numbers of junctions per square
millimeter. We plotted branching indices and statistically analyzed any dif-
ferences obtained (Fig. 3F). Average Arap3™~ branching indices were sig-
nificantly smaller than those of controls, indicating that loss of ARAP3
caused a decreased ability of the explants to perform sprouting angiogenesis
in the context of allantois explants.

To ascertain whether this conclusion held true in vivo, we analyzed the
embryonic hindbrain (Fig. 4, A to D), where new vessels sprout in a tem-

of WT and Arap3*/~ embryos, but not in those of Arap3~'~ and Arap3™"
Tie2Cre* embryos. (E to H) Optical slices of the midbrains shown in (A)
to (D). Capillaries in WT and Arap3*'~ midbrains are indicated by arrows.
Arap3~~ and Arap3™" Tie2Cre* heads are characterized by large open
sinuses, indicated by asterisks (*).
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porally and spatially well-defined manner from the perineural vascular plex-
us into the neural tube to branch out, forming the subventricular plexus (15).
As expected, we saw capillary sprouting and extensive branching in E10.5
wild-type hindbrains (Fig. 4A). In contrast, no capillary sprouting from the
perineural plexus toward the midline was observed in hindbrains from
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Fig. 3. Loss of ARAPS3 confers a defect in sprouting angiogenesis ex vivo. (A
and B) P-Sp regions taken from E8.5 WT and Arap3~~ embryos (-/-) were
grown on OP9 feeder cells for 2 weeks. Endothelial cells were labeled with
antibodies against endomucin and CD31. Representative images from 17
WT and 4 Arap3~~ explants are shown. Arrows indicate the position of the
vascular beds, and asterisks indicate accumulation of endothelial cells in the
Arap3~"~ explant. Scale bar, 160 um. (C and D) Representative images of
allantois explants taken from WT (n = 25) and Arap.’f/’ (n=10) embryos.
Explants were grown on fibronectin-coated plastic dishes for 18 hours,
fixed, and labeled with antibodies against endomucin and VE-cadherin.
Scale bar, 0.2 mm. (E) Example of a skeletonized WT allantois explant.
For analysis, all allantois explants were skeletonized, where branches were
marked (shown in yellow) and branching points (large red circles) and
branch end points (small blue circles) were established by computer algo-
rithms. Numbers of branching points counted were corrected for the sizes
of the individual explants to allow a fair comparison. A branching index was
thus obtained for each analyzed explant. (F) Amalgamated branching in-
dices. Error bars indicate SEM. Statistical significance was determined with
Student’s ¢ test.

Arap3™"~ embryos (Fig. 4C). We noted that the complexity of the network
formed was reduced in E10.5 hindbrains from Arap3""~ embryos, which
had shorter vessels, incompletely formed interconnections between parallel
running vessels, and significantly fewer branching points (Fig. 4, B and D).
As with the other delays in angiogenesis that were observed in Arap3™"
embryos, these differences between wild-type and Arap3 ™~ hindbrains were
no longer apparent at E11.5 (fig. S10A). In keeping with our observation of
mild angiogenesis defects in Arap3™~ embryos, and only discernible at early
developmental time points, our analysis of retinal sprouting angiogenesis,
the best-characterized system for the analysis of angiogenesis (/6), did not
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Fig. 4. ARAP3 is required for sprouting angiogenesis in vivo. (A to C) Hind-
brains (E10.5) from WT, Arap3"~ (+/-), and Arap3~~ (-/-) were dissected,
and the microvascular network was visualized by labeling endomucin. Rep-
resentative confocal images taken from the ventricular side are shown; the
midline is to the left of the images. Sprouting between parallel running ves-
sels is delayed in Arap3*'~ hindbrains at this age, whereas sprouting angi-
ogenesis is absent in Arap3~~ hindbrains. (D) Amalgamated numbers of
branching points in WT, Arap3*~, and Arap3~'~ hindbrains. Each point in
the graph represents the average from three individual fields of view (0.4
mm?) taken from each of four hindbrains analyzed per genotype. Statistical
significance between WT and Arap3*~ hindbrains was determined by Stu-
dent’s ttest. The Arap.T/’ hindbrains were excluded from the statistical anal-
ysis because they were not quantifiable. (E and F) E10.5 necks were
analyzed by confocal microscopy. Each photo shows a 3D reconstruction;
note the reduced complexity and increased vessel diameter in Arap3~/~
necks. (G and H) Enlarged sections from the images shown in (E) and
(F) illustrate both sprouting angiogenesis (ovals) and intussusception (ar-
rows) taking place in WT necks, whereas in Arap3~'~ tissue, only sites of
intussusception are apparent (arrows). Scale bars, 40 um.
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indicate any significant defects in Arap3™ retinas. No differences were
found in terms of either radial expansion or the complexity of the network
formed as assessed by the branching index (fig. S10B). However, we were
able to analyze the nature of the defect in Argp3 ™~ animals by studying the
embryonic region below the otic vesicle but above the first somite (we refer
to this region as the embryonic “neck”) (Fig. 4, E and F). We observed abun-
dant new sprouts in wild-type tissue, led by characteristic filopodia-
carrying tip cells (Fig. 4G, ovals) and sites of intussusception (Fig. 4G,
arrows). In contrast, Arap3~” necks contained no new sprouts, although
there were sites of intussusception (Fig. 4, F and H). Moreover, Arap3 "~
necks contained fewer but thicker vessels. The enlarged vessel diameter
in Arap3™"~ embryonic necks might represent a hypoxia-driven attempt
by the embryo to increase oxygen supply as a compensatory mechanism
in the absence of the ability of the existing vessels to form new branches.
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Fig. 5. PI3K signaling is required for sprouting angiogenesis. (A) Allantois
explants were taken from WT embryos and treated with DMSO, 40 nm
TGX-221, 0.25 uM PI-103, or 0.3 uM Aktl and grown on fibronectin-coated
plastic for 18 hours. Explants were fixed and labeled with antibodies against
endomucin and VE-cadherin, and representative images were taken. Scale bar,
0.2 mm. (B) Amalgamated branching indices from all explants analyzed in
this context. Error bars indicate SEM. PI-103 treatment is the only condition
that induces a significant difference (P < 0.001) as evaluated by univariate
analysis of variance with Games-Howell post hoc test.

Together, our in vivo analyses suggested that in the embryo proper, ARAP3
is important for sprouting angiogenesis during early embryonic develop-
ment, whereas it is dispensable for intussusceptive growth.

PI3Ka regulates sprouting angiogenesis
Although a role of ARAP3 in angiogenesis was not previously known, a
prominent function of PI3Ka in developmental angiogenesis has been re-
ported (5). Endothelial cell-specific loss of the catalytic p110a subunit or
knocking in of a point mutation (D933A) that renders p110a catalytically
dead caused embryonic lethality at mid-gestation with a phenotype similar
to the one we present here for Arap3~~ embryos. Because the role of PI3K
in sprouting angiogenesis in allantois assays had not yet been addressed, we
treated explants with PI-103, which inhibits p1 100 with the highest efficien-
cy (17), or with TGX-221, a compound specific for the p110f catalytic sub-
unit (/8). Although TGX-221 did not affect sprouting in allantois explants,
PI-103 caused a significant reduction in sprouting and complexity (Fig. 5)
to a comparable extent as in Arap3 "~ explants. This agrees with published data
that PI3Ka, but not PI3K, is essential for developmental angiogenesis (5).
The serine-threonine kinase Akt [also known as protein kinase B
(PKB)] is the best-characterized class I PI3K effector. Akt regulates
multiple pathways that affect cell metabolism, growth, proliferation, and
apoptosis. Three Akt isoforms exist (Aktl, Akt2, and Akt3), of which
Aktl has been implicated in angiogenesis. Although either loss or overex-
pression of Akt interferes with the formation of mature, healthy vessels in
pathological angiogenesis (19, 20), the role of Akt in developmental angiogen-
esis is less clear-cut. Akt~ mice are viable but have placental defects (21),
whereas some double and triple knockouts cause embryonic lethality be-
cause of various severe defects (22). We treated allantois explants with
Akt inhibitor VIII (Aktl), a selective, noncompetitive inhibitor of Aktl
and Akt2 (23), to analyze the role of Akt in developmental angiogenesis
ex vivo. Sprouting and branching indices were not affected in Aktl-treated
allantois explants (Fig. 5), indicating that Akt activity is not essential for
angiogenesis in this context.

ARAP3 lies immediately downstream of PI3K in the
regulation of angiogenesis
The regulation of ARAP3 by PtdIns(3,4,5)P; is twofold. ARAP3 is re-
cruited to the plasma membrane in a PI3K-dependent manner, which brings
it into proximity of its substrates RhoA-GTP and Arf6-GTP. In addition,
ARAP3’s Arf GAP activity requires PtdIns(3,4,5)P5 (6). We found that
the interaction between ARAP3 and PtdIns(3,4,5)P; was PH domain—
mediated (8). In the context of full-length ARAP3, mutagenesis of two con-
served arginine residues within the predicted variable loop between the
B1 and the B2 strands of the most N-terminal PH domain abrogated binding
to PtdIns(3,4,5)P; and interfered with PI3K-dependent plasma membrane
translocation of full-length ARAP3 (6, 8). To address the role of PI3K as a
regulator of ARAP3 in angiogenesis in vivo, we generated a knock-in
mouse model (fig. S11), which contained the R302,303A double point mu-
tation in ARAP3’s most N-terminal PH domain to interrupt binding to
PtdIns(3,4,5)P5 and therefore uncouple ARAP3 from activation through PI3K.
Similar to Arap3~" mice, Arap3*3°*3 034/R302:3034 K nock-in mice were
embryonically lethal at E11 (table S2), with homozygous mutants pheno-
copying Arap3~"~ embryos, although the presence of the point mutation did
not interfere with the abundance of ARAPS3 protein (Fig. 6A). Arap3 ' and
Araqp3R3023034/R302.3034 o ihryos were grossly morphologically similar
(Fig. 6, B and C) and had wrinkled yolk sacs (fig. S12, A and B). Similar
to Arap3™"~ embryos, the midbrains of Argp3*3033034/R3023034 embryos
were characterized by an endothelial cell-lined sinus (Fig. 6, D to G). How-
ever, in E10.5 Arap3R3 02,3034/R302.3034 1in dbrains, we observed no sprout-
ing toward the midline, as had been the case in Arap3~~ embryos (fig. S12,
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C and D). Similarly, Arap3R30%3034/R302.3034 e mbryonic necks displayed
less abundant vessels with larger diameters and were devoid of sprouting
angiogenesis (Fig. 6, H and I), as described for Arap3™". Similarities
between the null and knock-in mice were also apparent ex vivo, because
Arap3R3023034/R302.3034 p_g explants displayed patches of accumulated
endothelial cells (fig. S$12, E and F), and Argp373023034/R302.3034 gfjantois
explants were characterized by reduced complexity, less sprouting, and smaller
branching indices than controls (fig. S12, G to I). This showed that interfering
with PI3K-dependent regulation of ARAP3 caused the same defects in angio-
genic remodeling as did complete ablation of ARAP3. Thus, ARAP3 lies im-
mediately downstream of PI3K in the regulation of embryonic angiogenesis.

ARAP3 signals through modulating the catalytic
activities of RhoA and Arf6

We previously showed that ARAP3 is a PtdIns(3,4,5)Ps-dependent Arfo
GAP and a PI3K- and Rap-regulated RhoA GAP. We also demonstrated that
introducing a point mutation in the most N-terminal PH domain of ARAP3
interferes with its binding to PtdIns(3,4,5)Ps and renders the protein catalytical-
ly inactive as an Arf GAP in vitro, although in vitro basal Rho GAP activity
was unaffected. In the context of cell-based assays, this point mutant be-
haves as a catalytically dead mutant, most likely because it is no longer re-
cruited to the plasma membrane where its substrate is located (6, 7). We
were unable to address whether the activities of RhoA and Arf6 were altered
in endothelial cells derived from Arap3~~ and Arap3*3033034R3023034 oy
bryos compared to those derived from wild-type embryos because we were
unable to culture embryonic cells to generate sufficient numbers of cells
required for such assays. As a compromise, we used RNA interference
(RNAi)-mediated knockdown of ARAP3. Knocking down ARAP3 with
a pool of four specific RNAI oligos was not efficient in primary human
umbilical vein endothelial cells (HUVECsS) (fig. S13), but we obtained re-
producible efficient knockdown of ARAP3 (>85%) in the immortalized
HUVEC line EA926.hy (Fig. 7, A and B), which has been extensively char-
acterized and preserves endothelial characteristics over many passages in
culture (24). When analyzing the average activity of Arf6 in the transfected
cells, we noticed that VEGF stimulation weakly activated Arf6-GTP in con-
trol transfected cells, but not in ARAP3 RNAi-transfected cells (Fig. 7, C
and D). Similar to p110a”°*** knock-in cells (5), the global amount of
RhoA-GTP was reduced in ARAP3-depleted cells growing in the presence
of fetal bovine serum (Fig. 7E). In addition, we analyzed RhoA activity after
stimulation with VEGE, which is reported to activate RhoA (25), as well as
PI3K and therefore ARAP3. Serum-starved cells transfected with ARAP3
RNAI had a greater response to VEGF than control cells (Fig. 7F). In sum-
mary, we observed subtle changes in global Arf6 and RhoA activities in
immortalized HUVECs in which ARAP3 was knocked down. This sug-
gests that ARAP3-dependent regulation of angiogenesis may occur by
signaling through its effectors Arf6 and RhoA.

DISCUSSION

Here, we demonstrate with genetic mouse models that a crucial phys-
iological function of ARAP3 lies in the regulation of developmental
sprouting angiogenesis. In addition, using a PH domain point mutation
knock-in mouse, in which ARAP3 is uncoupled from activation through
PtdIns(3,4,5)P;, we show that the regulatory input of PI3K into ARAP3
is required for its function in angiogenesis. This work identifies ARAP3
as a key effector of PI3K in the regulation of angiogenesis and demon-
strates that the observed phenotype is not due to the loss of a multidomain
protein, which may serve as a scaffold.

A previously demonstrated role of p110a lies in the control of cell
metabolism, proliferation, or survival through signaling to Akt (/7, 26).

A

WT  R302,303A

WT E10.5 R302,303A E10.5

Midbrain 3D image Embryo

Midbrain optical slice

Neck

Fig. 6. Incorporating a PH domain mutation into ARAP3, which uncouples it
from PI3K, causes defective angiogenesis. (A) ARAPS3 protein abundance is
not affected by the presence of a point mutation in the most N-terminal PH
domains as judged by Western blotting of endothelial cell populations derived
from WT and Argp3 0230343023054 (R302, 303A) yolk sacs. (B and C) Rep-
resentative images of E10.5 WT (B) (n = 24) and Argp37302:3054/R502,5054
(C) (n=16) embryos whole-mount-stained for endomucin and analyzed with
wide-field epifluorescence. Scale bar, 0.25 mm. (D and E) Representative
3D reconstructions of E10.5 endomucin-stained WT (D) (n = 14 embryos)
and Arap3P02305AR302.303A (E) (n = 13 embryos) midbrains. Scale bar, 90
um. (F and G) Optical sections through the midbrains shown in (D) and (E).
The sinus in the Argp3 0230343023054 haad is marked by an asterisk, and
capillaries in the control brain are indicated by arrowheads. (H and I) Rep-
resentative 3D reconstructions of E10.5 endomucin-stained WT (H) and
Arap3302:3034/R302:5034 |y embryonic necks. Abundant new sprouts are visible
in the WT (ovals) but not in the mutant tissue.
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However, the embryonic angiogenesis phenotype in PI3Ko D933 A knock-
in mice does not depend on a change in growth properties, but on a migratory
defect of endothelial cells (5), which was regulated by RhoA, making Akt an
unlikely signaling intermediate. Accordingly, we observed that inhibiting
Akt did not alter sprouting angiogenesis of allantois explants. As in PI3Ko
D933 A knock-ins, endothelial cell proliferation was not affected in Arap3 "
embryos. Our work points to ARAP3 as a major PI3K effector that regulates
angiogenesis.

Our analysis of allantois explants ex vivo, as well as of embryonic hind-
brains and necks, demonstrated that ARAP3 (and PI3Ko) is particularly
important for the regulation of sprouting angiogenesis. Time-lapse imaging
in zebra fish has demonstrated that the formation of new sprouts during an-
giogenesis is a dynamic process that depends on cell migration (27).

ARAP3’s catalytic activities suggest that its effects on angiogenesis may
be due to regulation of Arf6 and RhoA, and our analysis of their global cat-
alytic activities in ARAP3-depleted HUVECsS supports such a view. Given
that PI3K activation causes localized generation of PtdIns(3,4,5)P3 (28-30)
and that the PtdIns(3,4,5)P;-driven plasma membrane recruitment of the ef-
fector ARAP3 is a requirement for its catalytic activity, these global mea-
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Fig. 7. ARAP3 signals through its effectors Arf6 and RhoA. (A) Representative
Western blot from ARAP3 or scrambled RNAi-transfected EA926.hy cells.
Lanes are from triplicate transfections. The blot was probed with an antiserum
for ARAP3 and the loading control B-COP. (B) Densitometry of the blot shown
in (A). Analysis was performed with the densitometry tool in ImageJ. (C) Rep-
resentative example of an Arfé pull-down from EA926.hy cells transfected
with RNAI directed against ARAP3 or scrambled RNAI, serum-starved, and
stimulated with vehicle or VEGF (25 ng/ml) for 5 min. The top panel represents
the pulled-down Arf6-GTP; the bottom panel represents 5% of the total lysates
for each pull-down reaction. (D) Integrated results from four separate Arfé
pull-down assays analyzed by densitometry. (E and F) Integrated results
from four independent G-LISA RhoA activity assays, performed with RNAI-
transfected cells growing in the presence of serum (E) or that had been serum-
starved and stimulated for 5 min with vehicle or VEGF (25 ng/ml) (F). All bars in
the graphs show mean + SEM. Statistical significance was determined by
paired Student’s ttests. *P < 0.05; **P < 0.01.

surements may underestimate any local changes that are attributable to
ARAP3. To measure such local changes in the activities of ARAP3’s sub-
strates, one would need to use biosensors, such as fluorescence resonance
energy transfer (FRET) probes, as has been done in randomly migrating
fibroblasts (37, 32).

Both Arf6 and RhoA proteins are well-established regulators of cell mo-
tility in other systems (32, 33). Loss of 47f6 is embryonically lethal in mice
as a result of a defect in hepatic cord formation (34); however, angiogenesis
was not investigated in-depth in these mice. However, there is previous ev-
idence for a role of Arf6 in angiogenesis (35, 36). Similarly, although no
phenotype for RhoA knockout mice has yet been reported, there is evidence
for a role of RhoA in angiogenesis (37). Therefore, future work will be
directed to the generation of Arf GAP- and Rho GAP-dead 4rap3 knock-
in mice to assess the contributions of ARAP3’s two catalytic activities to its
role in the regulation of developmental angiogenesis.

MATERIALS AND METHODS

Generation of Arap3 mouse models

Preparation of targeting vectors, breeding of mouse models, genotyping,
and probes used for in situ hybridizations are described in the Supplemen-
tary Materials.

Generation of yolk sac—derived endothelial

cell populations

Yolk sacs were harvested at E9.5. Cells were dissociated in 0.1% collagenase
(Sigma) before being seeded into gelatin-coated tissue culture plates with o
Minimum Essential Medium (Gibco) containing 20% fetal calf serum
(FCS; Invitrogen), VEGF (5 ng/ml; Autogen Bioclear), and heparin
(12 U/ml; Sigma). Cultures were kept in a humidified tissue culture incu-
bator at 37°C and 5% CO,. Adherent cells were selected by repeated
changes of medium during the following day and then allowed to differen-
tiate in culture for 10 days. Endothelial identity of cell populations gener-
ated in this way was assessed by immunofluorescence with a rabbit
antibody against VEGF receptor 2 (VEGFR2) (Abcam) and a secondary
antibody against rabbit conjugated to Alexa Fluor 488 (Molecular Probes).
This showed that >90% of the cells were endothelial.

Whole-mount immunofluorescence

Embryos were dissected, rinsed in phosphate-buffered saline (PBS), and
fixed overnight in 4% paraformaldehyde, followed by 2 hours of blocking
in PBS, 0.2% Triton X-100, and 0.3% nonfat milk powder. Embryos were
incubated overnight with suitable antibodies [rat antibody against endomu-
cin (Santa Cruz Biotechnology), rabbit antibody against phosphohistone H3
(Cell Signaling)] in block. Embryos were washed for 3 hours with PBS and
0.2% Triton X-100 before being incubated for 5 hours with a secondary
antibody in block [antibody against rat conjugated to Alexa Fluor 488 or
antibody against rabbit conjugated to Alexa Fluor 568 (Molecular Probes);
sometimes, Hoechst 33342 (Sigma) was added to visualize nuclei]. After 3
hours of washing, embryos were fixed for 1 hour in PBS containing 2%
paraformaldehyde and 0.1% glutaraldehyde and then stored in PBS and
50% glycerol. All steps were performed with ice-cold buffers at 4°C.
Samples were mounted onto slides with DABCO mounting medium and
visualized with an inverted epifluorescence microscope (Cell®) or a con-
focal microscope (FV1000; both from Olympus). Three-dimensional (3D)
reconstructions and 3D slices were generated with the 3D opacity and 3D
slice tools from Volocity software. For analysis of defects in heterozygous
animals, an identical developmental stage of wild type and Arap3™~ was en-
sured by comparing individuals with identical somite numbers (E10.5) or
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limb developmental stage (E11.5). All experiments were carried out with at
least three different embryos for each genotype analyzed.

Colony assays

Yolk sacs from E9.5 embryos were mechanically disrupted to obtain a
single-cell suspension, counted, and resuspended into complete methylcel-
lulose medium containing recombinant stem cell factor (SCF), interleukin-3
(IL-3), IL-6, and erythropoietin (STEMCELL Technologies). Cell suspen-
sions from each yolk sac were split into duplicate plates and left to grow in a
humidified atmosphere at 37°C for 3 days. Erythroid cells were detected by
staining hemoglobin with 2,7-diaminofluorene (Sigma). Erythrocyte, mye-
loid, and mixed colonies were counted.

P-Sp explants

E8.5 P-Sp explants were performed as described previously (12). After 14
days in culture, explants were fixed in 4% paraformaldehyde. Endogenous
peroxidases were inactivated with PBS and 4% H,O, for 1 hour at room
temperature in the dark. Explants were then washed with PBS, blocked
for 2 hours in PBS, 0.2% Triton X-100, and 0.3% nonfat milk powder,
and incubated overnight with rat antibody against endomucin (Santa Cruz
Biotechnology) and rat antibody against CD31 (BD Biosciences) in block.
Explants were washed for 5 hours with PBS and 0.2% Triton X-100 before
being incubated overnight with a horseradish peroxidase—conjugated anti-
body against rat (Abcam) in blocking buffer. All steps were performed with
ice-cold buffers at 4°C. After 3 hours of washing, signal was revealed with
diaminobenzidine (DAB; Sigma). Explants were rinsed in PBS and imaged
with a Zeiss Axiophot light microscope.

Allantois explants

Allantoises were dissected from E8.5 embryos and cultured for 18 hours
in eight-well p-Slides (Ibidi) coated with bovine fibronectin (Sigma) in
Dulbecco’s modified Eagle’s medium (DMEM; Gibeo) supplemented with
10% FCS (Invitrogen) in a humidified incubator at 37°C and 5% CO,. When
inhibitors were used, they were made up in dimethyl sulfoxide (DMSO) and
added into the growth medium at the beginning of the culture; in such
experiments, wild-type controls received DMSO. Inhibitors were obtained
from Calbiochem and used at the following concentrations: TGX-221,
40 nM; PI-103, 0.25 uM; and Aktl, 0.3 uM. Whole-mount immunofluo-
rescence was carried out as described for embryos and yolk sacs except
that a rat antibody against vascular endothelial cadherin (VE-cadherin; BD
Biosciences) was used together with antibody against endomucin. Pictures
of the explants were taken with an inverted epifluorescence microscope
(Olympus Cell®).

Analysis of allantois explants

Allantois explants were analyzed with ImageJ (http:/rsbweb.nih.gov/ij/).
Vessel segmentation was performed after application of Hessian-based mul-
tiscale filter (38). Binary images were then skeletonized (39) and junctions
were detected as pixels with more than two neighbors. The area of the ex-
plants was calculated as the area of the convex hull polygon containing the
explant. The number of junctions per area of explant was used as an assess-
ment of vasculature complexity. Statistical analysis was performed with
GraphPad Prism 5 for graphs in Fig. 3 and fig. S12 with Student’s ¢ test,
and with PASW 18 for Fig. 5 with a univariate analysis of variance
(Games-Howell post hoc test).

Angiogenesis in the hindbrain

Hindbrains were dissected from surrounding tissue and then fixed, de-
hydrated, and rehydrated as previously described (15) before being whole-
mount—stained for endomucin as described above. All samples were

analyzed from the ventricular side. To count branches, we took photographs
of several areas (0.4 mm?) per hindbrain using an epifluorescence Cell® mi-
croscope (Olympus); for demonstration purposes (Fig. 4), representative
images were also taken with a confocal microscope (FV1000, Olympus).

Knockdown of ARAP3

EA926.hy cells were cultured as described (24) and reverse-transfected with
ON-TARGETplus SMARTpool RNAi oligos directed against human
ARAP3 (GUAAUGAGAUAGUACAGUU, GCAGAAAUGUGCGGCU-
CUA, ACACGGGAGUGGACAGUGA, GAACGGGAGUGGC-
CUUUGGQ) or as a control with the ON-TARGETplus nontargeting RNAi
pool (Dharmacon) with DharmaFECT 4 (Dharmacon) according to the
manufacturer’s instructions. Cells were used for experiments 60 hours after
transfection.

Activity assays for small GTPases

Assays were carried out with RNAi-transfected growing, serum-starved, or
VEGF (Autogen Bioclear)-stimulated cells in 6-cm dishes. Arf6-GTP was
measured with a “pull-down” assay using glutathione S-transferase (GST)—
GgA coupled to glutathione Sepharose beads as a bait, as previously de-
scribed (40). Fractions of the clarified lysate and washed beads were
subjected to SDS—polyacrylamide gel electrophoresis (SDS-PAGE), trans-
ferred onto a polyvinylidene difluoride membrane, and immunoblotted with
an antibody specific for Arf6 (Santa Cruz Biotechnology). RhoA-GTP was
measured according to the manufacturer’s instruction with an absorbance-
based G-LISA assay (Cytoskeleton).

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/3/145/ra76/DC1

Materials and Methods

Fig. S1. Generation of a conditional Arap3 knockout mouse.

Fig. S2. Loss of ARAP3 in the germ line, in embryonic tissues, or in the endothelial com-
partment, or incorporation of a PH domain point mutation causes defects in the embryo
and yolk sac.

Fig. S3. Analysis of blood flow in Arap3™~ embryos.

Fig. S4. Analysis of the placental phenotype in Arap3 mutants.

Fig. S5. Arap3”~ embryos die due to an endothelial cell-autonomous vascular defect.
Fig. S6. Vascular remodeling, but not hematopoiesis, is affected in Arap3”~ yolk sacs.
Fig. S7. Arap3"~ embryos show a mild, transient delay in angiogenesis.

Fig. S8. The Arap3™~ angiogenesis defect is not due to enhanced endothelial cell proliferation.
Fig. S9. Appearance of the allantois before explant culture.

Fig. S10. Analysis of sprouting angiogenesis.

Fig. S11. Generation of the Arap37i202.303A/R302.3054 Pl domain knock-in mouse.

Fig. S12. A PH domain point mutation in ARAP3, which uncouples it from PI3K, causes
defective angiogenesis.

Fig. S13. ARAP3 knockdown in HUVECs.

Table S1. Genotypes of litters from Arap3*~ intercrosses.

Table S2. Genotypes of litters from Arap3*/%02:3934 intercrosses.
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