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SUMMARY

When and where to make or break new blood vessel connections is the key to understanding
guided vascular patterning. VEGF-A stimulation and DI14/Notch signaling cooperatively control
the number of new connections by regulating endothelial tip cell formation. Here, we show that
the Notch-regulated ankyrin repeat protein (Nrarp) acts as a molecular link between Notch- and
Lefl-dependent Wnt signaling in endothelial cells to control stability of new vessel connections in
mouse and zebrafish. DIl14/Notch-induced expression of Nrarp limits Notch signaling and
promotes Wnt/Ctnnb1l signaling in endothelial stalk cells through interactions with Lefl. BATgal-
reporter expression confirms Whnt signaling activity in endothelial stalk cells. Ex vivo, combined
Whnt3a and DII4 stimulation of endothelial cells enhances Wnt-reporter activity, which is abrogated
by loss of Nrarp. In vivo, loss of Nrarp, Lef1, or endothelial Ctnnb1 causes vessel regression. We
suggest that the balance between Notch and Wnt signaling determines whether to make or break
new vessel connections.
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INTRODUCTION

Formation of a vascular network during sprouting angiogenesis is controlled by coordinated
endothelial cell (EC) migration, proliferation, and differentiation. Tubular sprouting from
epithelial/endothelial structures or cell clusters in Drosophila and vertebrates relies on a set
of conserved basic principles including (1) induction and selection of a leading tip cell, (2)
sprout elongation and stalk formation through intercalation and/or proliferation, (3)
branching, (4) anastomosis and, finally, (5) stabilization of the connected network (Lubarsky
and Krasnow, 2003). In the vertebrate vasculature, sprouting is induced by local production
of proangiogenic factors, including vascular endothelial growth factor A (VEGF-A).
Endothelial VEGF receptor 2 (VEGFR?2) stimulation and signaling is required for filopodia
formation and tip cell induction and is also involved in stalk cell proliferation (Gerhardt et
al., 2003). Recent work in mouse and zebrafish illustrates that VEGF-A/VEGFR2-dependent
signaling also induces expression of the Notch receptor ligand Delta-like 4 (DII4) in
endothelial tip cells (Leslie et al., 2007; Liu et al., 2003; Lobov et al., 2007). DIl4 signals in
a contact-dependent manner to neighboring endothelial cells through Notchl to limit their
tip cell behavior (Hellstrom et al., 2007b; Leslie et al., 2007; Lobov et al., 2007; Siekmann
and Lawson, 2007; Suchting et al., 2007). This mechanism regulates and balances the
number of tip cells required for effective sprouting and network formation.

Subsequent to sprouting angiogenesis, the mature hierarchical tubular network is a result of
extensive pruning of the initial primitive plexus through selective branch regression. With
the exception of hyaloid vessel regression (Lobov et al., 2005; Rao et al., 2007), the detailed
mechanism of vascular pruning is poorly understood. Inhibition of VEGF-A signaling in
adult mice leads to vessel regression associated with lumenal fibrin clot formation, EC
apoptosis, formation of empty basement membrane sleeves, and pericyte migration to
remaining patent vessels (Baffert et al., 2006). Loss or ectopic activation of endothelial
Notch signaling increases or reduces vascular density, respectively, indicating that
endothelial Notch signaling is a key regulator of vascular density (Gridley, 2007). The
downstream targets of endothelial Notch signaling in this process remain unknown.

The Notch-regulated ankyrin repeat protein (Nrarp) is induced by Notch signaling through
the CSL-dependent pathway (Krebs et al., 2001; Lamar et al., 2001; Pirot et al., 2004). In the
mouse, the Nrarp gene encodes a small protein of 114 amino acids with two ankyrin repeat
domains. In the zebrafish, two nrarp paralogs, nrarp-a and nrarp-b, encode proteins of 112
and 111 amino acids, respectively (Topczewska et al., 2003), which share 80% amino acid
sequence homology with mouse Nrarp (Topczewska et al., 2003). By investigating the
expression and function of murine Nrarp and zebrafish nrarp-aand nrarp-b in angiogenesis,
we find that Nrarp acts downstream of Notch at newly formed branch points to regulate
vascular density. Nrarp performs this function by integrating endothelial Notch and Wnt
signaling to control stalk cell proliferation and to stabilize new endothelial connections
during angiogenesis.
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RESULTS

Nrarp Is an Endothelial Target of Notch Signaling during Angiogenesis

In mouse E10.5 embryos, Nrarpis prominently expressed in the central nervous system and
in the presomitic mesoderm, as reported previously (Krebs et al., 2001). In addition, Nrarpis
expressed in intersomitic vessels (Figure 1A) and in vessels of the limb buds (Figure 1B).
Counterstaining of blood vessels with Endomucin indicated the strongest signal at vascular
branch points (Figures 1B and 1C).

In the early postnatal mouse retina, Ararp expression is prominent in ECs at the migrating
front of the vasculature. Strongest expression is detected behind the leading tip cells (Figure
1D). The distribution of Nrarp expression coincides with regions of high Notch activity, as
revealed previously in the transgenic Notch reporter mouse (TNR1) and the nuclear
localization of Notch intracellular domain (NICD) (Hellstrom et al., 2007b). Close
observation of Nrarp expression in 200 Isolectin-B4-labeled sprouts in 3 P5 retinas revealed
Nrarp mRNA in only 7% =+ 2 of the leading tip cells. For comparison, 84% =+ 10 of the tip
cells were positive for D//4 mRNA, consistent with the idea that tip cells signal through DI114
to induce Notch signaling, and hence Nrarp expression, in stalk cells. Nrarpis also
prominently expressed in some ECs of the newly formed plexus.

To determine whether the endothelial expression of Ararp in the retina is regulated by Notch
signaling, we suppressed Notch signaling by treating early postnatal mice with the y
secretase inhibitor (GSI) DAPT, and with human DIl4-Fc. Six hours post-treatment with
DAPT, Nrarp mRNA was decreased significantly in ECs by whole-mount in situ
hybridization (Figure 1E) and reduced by over 70% by gPCR analysis of whole retina
lysates (Figure 1F). Also, 24 hr post-treatment with human DIl4-Fc, Nrarp mRNA levels
were significantly reduced (Figure 1F). Primary human endothelial cells (HUVECs) plated
on Dll4-coated dishes upregulated NRARP, as well as the known Notch targets HEYZ and
HEYZ2 (Figure 1G). Together, these data illustrate that DIl4-Notch signaling positively
regulates Nrarp expression in ECs.

In the zebrafish, the two paralogs nrarp-aand nrarp-b are abundant in the neural tube and in
the presomitic mesoderm (Figures 1H and 1J; see Figure S1 available online). In addition,
we observed nrarp-a in the dorsal aorta (DA) at 24 hr post-fertilization (hpf) (Figures 1H and
1J). At higher magnification, nrarp-a expression is also detected in some ECs of the
intersegmental vessels (Figure 11), but appears absent from the cardinal vein.

Defects in Retinal Vessel Migration, Density, and Morphology in Nrarp-Deficient Mice

We generated Nrarp-deficient mice by replacing the genomic coding region of Nrarp with a
LacZreporter gene (Figure S2) using Velocimouse technology (Valenzuela et al., 2003).
Nrarg™" mice are viable with normal life span. Nrarp™~ females show reduced fertility. In
retinal angiogenesis, Nrarp mutants display defects in the radial expansion of the vascular
plexus from the optic nerve head to the periphery. Quantification reveals a significant delay
in radial expansion in both Araro™'~ and Nirarp*!~ retinas (Figures 2A-2D; **, p < 0.01; *, p
< 0.05). The delay in radial expansion is still observed at P7 (not shown), but partially
resolves by P10, indicating that loss of Nrarp reduces the speed of vascular growth rather
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than causing an inability to progress. We also observed a significant reduction in vessel
density in Nraro*'~ and Nraro™~ retinas (Figures 2E—2H), which was most severe close to
arteries and the vascular front. At higher magnification, vessel profiles of Nrarg~ retinas
are conspicuously narrow at branch points and appear unstable and poorly lumenized.
Vascular sprouts of Nlraro™’~ and Nraro™'~ mice (arrowheads, Figures 2J and 2K) were
generally more slender compared to those of Ararp*’* mice (Figure 21). The number of
filopodia per 100 um of leading endothelial membrane was not affected (Figure 2L),
suggesting that sprouting activity is not affected by loss of Ararp. Most of the defects in
retinal angiogenesis resolve over time, and by P14 all three layers of vessels are present,
although some mild patterning defects remain (Figure S3).

Loss of nrarp-a and nrarp-b in Zebrafish Leads to Defects in Intersegmental Vessel

Patterning

To study the function of nrarp in zebrafish intersegmental vessel (ISV) development, we
injected morpholinos that block the translation of nrarp-aand —b transcripts (Ishitani et al.,
2005) into Tg(fli1:EGFPYX embryos in which the vascular endothelium is visualized by
eGFP expression (Lawson and Weinstein, 2002). At ~56 hpf, control morpholino-injected
embryos develop ISVs that extend dorsally between somite boundaries on both sides of the
notochord and form the dorsal longitudinal anastomotic vessel (DLAV) (Figure 3A). In
nrarp-a and nrarp-b morphants, 1ISVs reach the dorsal roof of the neural tube (Figures 3B
and 3C) but show irregular and often thin diameter as well as poor connection to the DA and
the DLAV (Figures 3B—-3H). Disconnections occur most frequently at the boundary of ISV
and the DA in nrarp-a morphants and between the ISV and DLAV in nrarp-b morphants
(Figure 3L). Combined knockdown of nrarp-aand nrarp-b leads to similar vessel
disconnections as well as the formation of misguided vessels (yellow arrowhead, Figure
3D).

Labeling of somite boundaries with an antibody against collagen XII (Bader et al., 2008)
illustrated that nrarp-aand -band double nrarp-aand -b morphants display discontinuous
ISVs in the presence of intact segment boundaries (arrows, Figures 3E-3H), suggesting that
ISV malformations are caused by loss of endothelial nrarp functions and not secondary
consequences of segmentation defects.

Loss of nrarp-a and nrarp-b in Zebrafish and Nrarp in Mouse Results in Ectopic Vessel

Regression

Time-lapse confocal laser scanning microscopy of the morphants from 48 hpf onward
revealed that disconnections result from EC retraction and consequent regression. In control
morphants, the ISVs remained connected with the DA and the DLAV (Figure 3I; Movie S1).
nrarp-a knockdown resulted in gradual regression of ISV from the existing DLAV (Figure
3J; Movie S2). Also, nranp-b knockdown frequently led to regression of the ISV from the
DA and also from the DLAV (Figure 3K; Movie S3). The observed dynamic regression may
explain the missing ISVs occasionally observed in nrarp-aand nrarp-b morphants (Figure
3G).
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In fixed tissue, empty basement membrane sleeves labeled for collagen IV but lacking
endothelial markers faithfully highlight vessel regression (Baffert et al., 2006). At the
sprouting front of P5 Ararp*’* retinas, collagen 1V colocalizes with endothelial Isolectin-B4
(Figure 4A) or Endomucin staining (data not shown), suggesting that newly formed vessels
in the vicinity of high VEGF production rarely regress. In the more central plexus, most
vessels show both collagen IV and Isolectin-B4 staining; however, closer to arteries,
collagen 1V profiles lacking Isolectin-B4 indicate regression profiles (Figure S4). In P5
Nraro*'= and Nraro™~ retinas, we observed more vessel regression profiles in the
remodeling plexus (arrowheads in Figure 4D” and 4E; p < 0.0005), and also at the sprouting
front (arrowheads in Figure 4B), suggesting that Ararp deficiency induces pruning even in
regions of high VEGF stimulation. The observed vessel regression in the sprouting region
could explain the delayed retinal vascularization and the reduced vascular density in Nrarp-
deficient retinas.

EC adherens and tight junctions are essential for stabilization of vessel morphology and
structure (Blum et al., 2008; Corada et al., 1999). Claudin 5, an endothelial tight junction
component, localizes to junctions along the length of patent vessels in a continuous manner
(Morita et al., 1999). During vessel regression, continuous junctions are disrupted and
Claudin 5 redistributes to cytoplasmic vesicular structures (Figure S4).

In Nrarp™™* mice, a continuous network of junctions decorates the capillary plexus (Figure
4C), whereas in Nrarp™'~ mice, the junctional network is fragmented with frequently isolated
Claudin 5 strands and punctate structures (Figures 4D and 4D”).

Endothelial junctions are similarly disorganized between ISVs and DA in zebrafish nrarp-a
and nrarp-b morphants. At 48 hpf in uninjected embryos, two ECs form two parallel strands
that connect in a ring-shaped junction with ECs of the DA (Figures 4F, 4F’, and 4F”), as
revealed by zona occludens 1 (ZO1) staining (Blum et al., 2008). In nrarp-aand b
morphants, we frequently observe single junctional strands without ring-shaped connection
to the DA (Figures 4G, 4G’, and 4G” and data not shown).

Decreased EC Proliferation in Zebrafish nrarp-a and nrarp-b Morphants and Nrarp™~ Mice

In the zebrafish, ECs of the ISVs undergo controlled proliferation. In the absence of Notch
signaling, more ECs proliferate and adopt the explorative migrating tip cell behavior, leading
to excessive numbers of ECs in the ISVs (Leslie et al., 2007; Siekmann and Lawson, 2007).
In the mouse, loss of Notch signaling also leads to excessive formation of endothelial tip
cells (Hellstrom et al., 2007b; Suchting et al., 2007) and increased EC proliferation
(Hellstrom et al., 2007b; Lobov et al., 2007; Siekmann and Lawson, 2007). We therefore
investigated whether Ararp has a role in regulating EC proliferation.

To(f1i1:EGFPY? zebrafish embryos were exposed to BrdU between 19 and 48 hpf. ECs that
divided during this period are detected by BrdU staining and GFP expression. In control
morphants, all ECs within the ISV showed BrdU incorporation (99%; Figures 5A and 5D),
whereas the ratio of BrdU-positive ECs was only ~80% in nrarp-aand nrarp-b morphants
(Figures 5B-5D). In some ISVs, none of the ECs were BrdU labeled, indicating that these
ISVs formed solely by migrating ECs in the absence of proliferation.
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The significant decrease in EC proliferation offers an explanation for the decreased number
of ECs that constitute the ISVs in nrarp-aand nrarp-b morphants. In control embryos, ISVs
comprise of 1-6 ECs, with the largest fraction (35.5%) lined by 4 EC nuclei (Figure 5E). In
nrarp-a and nrarp-b morphants, most ISVs contain only 2 EC nuclei (nrarp-a MO, 43%;
nrarp-b MO, 41%; Figure 5E). Occasionally, the cellular compartment containing the
nucleus shifted to contribute to the DLAV, while the remaining ISV consisted of a nucleus-
free cytoplasmic trail (data not shown).

Endothelial proliferation is also reduced in Ararp™/~ retinas at P5 (Figures 5F and 51; p =
0.0328), suggesting that Ararp controls EC proliferation during sprouting angiogenesis in
mouse and zebrafish.

Loss of Nrarp Leads to Increased Notch Signaling and Reduced Wnt Signaling in
Endothelial Cells

Nrarp has been reported to act as a negative regulator of Notch signaling by destabilizing the
Notch intracellular domain (Ishitani et al., 2005; Lamar et al., 2001). Consistent with this
concept, Nrarp™'~ retinas reveal mildly elevated levels of the cleaved Notch1 intracellular
domain (NICD1) (Figure 6A) and increased mRNA levels of the Notch target genes Hey2
and Lunatic fringe (Lnfg) (Figure 6B; HeyZ, p = 0.0426; Lnfg, p = 0.0025). A slight but
significant increase in LngfmRNA in Nrarp*!™ retinas (Figure 6B, p = 0.015) suggests a
dose-dependent negative regulation of Notch signaling through Nrarp. To directly test
whether Nrarp influences Notch signaling in ECs, we silenced NRARPin HUVECs (Figure
S5) by specific small interfering RNA (siRNA) and monitored Notch-signaling activity
using the TP-1 luciferase Notch-reporter (Minoguchi et al., 1997). HUVECs transfected
with scrambled control siRNA show a robust (8-fold) increase in TP-1 reporter activity when
plated on immobilized DIl4 (Figure 6C, lane 3). NRARP knockdown significantly augments
this induction (Figure 6C, lane 4), demonstrating that Nrarp limits Notch signaling in ECs.

Ectopic activation of Notch signaling in the postnatal retina reduces vascular density through
inhibition of endothelial tip cell formation and filopodia extension (Hellstrom et al., 2007Db).
Although Araro™" retinas display normal filopodia numbers (Figure 2L), it is possible that
the increased Notch signalling directly limits vascular density. Forty-eight hour
pharmacological reduction of Notch signaling by DAPT treatment restored vascular density
to near normal levels in Ararp™/~ retinas (Figures 6D—6F and Figure S6C) while causing the
reported hyperdense, hypersprouting vasculature in Ararg*’* and Nirarp*’~ retinas (Hellstrom
et al., 2007b; Suchting et al., 2007). The abnormal stalk cell morphology including reduced
sprout diameter and poor vessel connections persisted in Ararp™'~ retinas after DAPT
treatment (Figure 6F), indicating that the excessive regression is not caused by increased
Notch activity. By studying sprout diameter and collagen IV distribution 48 hr after
treatment with the Jaggedl1 (huJagl) peptide, we found no evidence for increased vessel
regression (Figure S7). Together, these results imply that negative regulation of Notch
signaling is not the only function of Nrarp in ECs and that the observed vascular regression
may be linked to an additional role of Nrarp in angiogenesis.

Ishitani et al. reported that zebrafish nrarp-a binds to and stabilizes lymphoid enhancer factor
1 (Lefl) by preventing its degradation, leading to a positive modulation of Wnt signaling
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during zebrafish neural crest differentiation (Ishitani et al., 2005). Western blot analysis
shows reduced Lefl protein in Ararp*’~ and Nrarp™~ retinas (Figure 6G), suggesting that
Nrarp also regulates Lefl in the mouse. Myc-tagged Nrarp coimmunoprecipitates with Lef1,
confirming the interaction of Nrarp and Lefl in ECs (Figure 6H). Isolated primary mouse
ECs from Alrarp™~ mice express significantly less Cyclin D1 (Figure 61), which, in addition
to being an important cell cycle regulator, is a known transcriptional target of Ctnnb1/Lef1-
dependent Wnt signaling (Shtutman et al., 1999). Conversely, the Notch-target Hey2is
highly overexpressed in Ararg™"~ ECs, together indicating that Nrarp also differentially
modulates Notch and Wnt signaling in mouse ECs.

To directly test this idea, we transfected HUVECs with the super8xTOPFlash Whnt signaling
luciferase reporter (Veeman et al., 2003) and measured the activity of Wnt3a and/or DII4
stimulated cells treated with NRARP or scrambled siRNA. Wnt3a stimulation induces
significant Wnt-reporter activity, which is abolished by NRARP knockdown (Figure 6J).
DIl4 treatment alone does not activate the reporter; however, costimulation with Wnt3a and
DIl4 leads to an even more pronounced activation of Wnt signaling, which is abolished by
NRARP knockdown.

Based on these data, Notch-induced Nrarp expression could potentially regulate vessel
stability by promoting Wnt signaling in endothelial stalk cells. Studying retinas of the Wnt
signaling reporter mouse, BAT-gal (Maretto et al., 2003), we observed strong Wnt signaling
as evidenced by B-galactosidase expres sion specifically in ECs situated behind the
sprouting front and in the vascular plexus (Figures 6K and 6L). The strongest reporter
activity regularly localized to ECs situated at branch points, strikingly similar to the
expression pattern of Ararp.

Loss of Lefl and Endothelial-Specific Deletion of Ctnnb1 Cause Excessive Retinal Vessel

Regression

Analysis of LefI™/~ mouse retinas reveals delayed peripheral vascularization and reduced
vessel density similar to the phenotype observed in Araro™~ mice (Figures 7A-7D and 71).
Discontinuous and fragmented vessels at the sprouting vascular front indicate extensive
vessel regression, which is confirmed by collagen 1V labeling (Figures 7E-7H and 7J).
Junctional Claudin 5 labeling illustrates discontinuities as observed in Nrarg™ retinas,
together suggesting that the loss of Nrarp or Lefl causes vessel instability.

Lefl forms a complex with nuclear Ctnnbl to control transcription of target genes of the
canonical Wnt signaling pathway (Hsu et al., 1998). Recent studies suggested additional
functions for Lefl independent of components of the Whnt signaling pathway (Eastman and
Grosschedl, 1999; Ross and Kadesch, 2001). To directly test the potential involvement of
Ctnnb1, we deleted Citnnb1 during postnatal retinal angiogenesis from ECs using
Ctnnb1'0X/1oX mice (Brault et al., 2001) crossed to the tamoxifen-inducible Pdgfb-iCreER
IRES-EGFPline (Claxton et al., 2008). EGFP detection confirmed endothelial-specific
expression of Cre in the retina, and crosses with the Cre-reporter line Rosa26R-EYFP
(Srinivas et al., 2001) illustrated efficient Cre-mediated recombination 24—72 hr after a
single injection of tamoxifen (data not shown). Deletion of Ctnnb1 for 48 or 72 hr resulted
in a significant reduction in vascular density (Figures 7M-7Q). While sprouting occurs
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normally, empty basement membrane sleeves indicate excessive vessel regression (Figures
7N, 7P, and 7R). We observed similar defects in retinas of mice deficient in the low-density
lipoprotein receptor-related protein 5 (Lrp5) (Figure S8), which functions as essential
coreceptor in canonical Wnt signaling (He et al., 2004), together suggesting that endothelial
Whnt signaling controls vascular stability.

Ctnnb1 also plays a role in stabilizing adhesion junctions in epithelial and ECs through its
association with cadherins. However, loss of endothelial Ctrninb1 does not cause junctional
disassembly due to redundant activity of -y-catenin and increased incorporation of
desmoplakin (Cattelino et al., 2003). We observed a similar level and distribution of VE-
cadherin and ZO-1 in Cre+ and — retinas (Figures 7S and 7T; Figure S9), despite a complete
absence of junctional Ctnnb1.

DISCUSSION

Our study of Nrarp function in mouse and zebrafish provides an insight into the mechanisms
regulating vessel stability during sprouting angiogenesis: DII4/Notch signaling induces
expression of Nrarp in the stalk cells, where it differentially modulates Notch- and Wnt
signaling activity to balance stalk cell proliferation and maintain vessel stability during
network formation.

The increase in NICD levels and Notch target gene expression in Ararp™~ retinas and
isolated ECs is in line with earlier findings illustrating that Nrarp negatively regulates Notch
signaling by promoting NICD degradation (Ishitani et al., 2005; Lamar et al., 2001; Yun and
Bevan, 2003). DIl4-Notch signaling induces Nrarp expression, and siRNA-mediated
knockdown of NRARPin HUVECs augments activity of the TP-1 luciferase Notch-
signaling reporter. Thus, increased Notch signaling in endothelial stalk cells correlates with
vessel regression, whereas reduced Notch signaling in the stalk leads to formation of a new
tip cell (Hellstrom et al., 2007b; Leslie et al., 2007; Lobov et al., 2007; Suchting et al.,
2007). Balancing Notch activity could therefore regulate the fate of endothelial stalk cells:
deciding whether to add a new branch or to take away an existing branch.

VEGF-A and Notch signaling engage in a feedback loop controlling reiterative induction,
elongation, branching, and anastomosis of vascular sprouts (Hellstrom et al., 2007a; Leslie
et al., 2007). Vascular pruning occurs subsequently in regions of lower VEGF-A, and
oxygenation-dependent reduction of VEGF-A levels is a contributing factor (Claxton and
Fruttiger, 2003, 2005). Blocking VEGF-A signaling in adult mice appears sufficient to
induce rapid vessel pruning (Baffert et al., 2006; Inai et al., 2004). In Nrarg™'~ retinas,
however, excessive vessel regression occurs in regions of high VEGF-A expression
concomitant with sprouting, suggesting that the loss of Nrarp disables a molecular pathway
that normally stabilizes vessels under VEGF-A stimulation. Several groups reported
regulation of VEGF receptor expression through Notch signaling. Vegfr2 expression is
induced by VEGF-A and downregulated in ECs through Notch signaling (Harrington et al.,
2007). Thus, vascular regression in Ararg'~ retinas could be mediated by Notch-dependent
repression of Vegfr2. However, qPCR analysis showed normal VEGF-A and slightly
increased V&gfr2expression in Nrarp™'~ retinas (Figure $13). VEGFR1 (Flt1), which
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functions as a high-affinity decoy receptor for VEGF-A, is upregulated by Notch signaling
(Harrington et al., 2007). Nraro™" retinas express higher levels of £/tZ mRNA (Figure S10),
suggesting that enhanced Flt1-mediated sequestration of VEGF-A could contribute to the
reduced EC proliferation and vessel density.

Vessel stability further requires pericyte investment, the loss of which leads to selective
vessel regression (Hammes et al., 2002). AMrarp mMRNA was not detected in retinal pericytes,
and vessel regression in Ararp™" retinas occurs despite apparently normal pericyte
recruitment (Figure S11), suggesting that the vascular phenotype in Ararp™" retinas reflects
an EC-autonomous role of Nrarp in vessel stabilization.

Our observations illustrate that the cellular mechanism of vessel regression involves reduced
endothelial proliferation and excessive junctional remodeling. Activation of Notch signaling
in ECs induces cell cycle arrest through retinoblastoma protein dephosphorylation and
downregulation of p21CIP (Noseda et al., 2004). Wnt signaling promotes EC proliferation
(Masckauchan et al., 2005, 2006) and the Lef1/Ctnnb1 complex induces cell cycle
progression through transcriptional activation of Cyc/in D1 (Shtutman et al., 1999). Isolated
ECs from Alrarp™~ mice show increased expression of the Notch-target Hey2and
significantly reduced expression of Cyclin D1 (Figure 6). Thus, Nrarp could drive
endothelial stalk cell proliferation by limiting Notch-dependent cell cycle arrest and
increasing Lef1l/Whnt signaling-dependent Cyclin D1 levels. The function of Nrarp could
therefore explain why endothelial stalk cells readily proliferate although they receive highest
levels of Notch activation through DIl4 signaling from the leading tip cells.

The identity of the relevant Wnt ligands and Fzd receptors involved upstream of Lefl/
Ctnnbl in the retinal endothelial Wnt signaling modulated by Nrarp remain to be identified.
The involvement of Lefl, Lrp5, and Ctnnb1 in vivo and the regulation of Wnt3a-dependent
TOPFlash reporter activity by Nrarp ex vivo point toward canonical Wnt signaling as a
regulator of stalk cell and branch point stability. A C-terminal truncating mutation in the
Lrp5 gene, abrogating its activity in Wnt signaling, causes retinal vascular defects including
collapsed lumen and attenuated vascularization (Xia et al., 2008). Loss of Norrin-dependent
activation of Fzd4 also causes defects in retinal vascularization (Xu et al., 2004). Whereas
Norrin, Fzd4, or Lrp5 deficiency leads to severe and persistent attenuation of retinal
vascularization, most of the defects caused by the loss of Nrarp resolve after the first
postnatal week. One conceivable explanation is that Nrarp is a modulator of Wnt signaling,
the loss of which leads to reduced signaling as opposed to complete loss caused by deletion
of upstream components. Nevertheless, the loss of one allele of Nrarp already leads to vessel
regression, and reducing NRARP expression by siRNA in HUVECs abrogates Wnt3a
induced TOPFlash reporter activation.

Endothelial Ctnnb1 is required for vessel stability likely through interaction with Lefl
(Figure 6). Constitutive activation of one or two copies of the Ctrnb1/0X(EX3) allele (Harada
etal., 1999) in Nrarg™~ mice using the tamoxifen-inducible Pdgfb-iCreER line did not
consistently reduce the regression (Figure S12), suggesting that Ctnnb1 activation is
required for vessel stability but is not sufficient in the absence of Nrarp.
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In conclusion, we propose, based on our study of Nrarp function in mouse and zebrafish,
that Wnt and Notch pathways integrate in endothelial stalk cells of newly formed vessels to
control vascular sprouting and regression in angiogenesis.

EXPERIMENTAL PROCEDURES

Animals

To generate Nrarp null mice, the genomic coding region of the gene was replaced by a LacZ-
Neomycin cassette (Figure S1). Nrarp, Ctnnb1/0% (described in Brault et al., 2001), Pdgfb-
ICreER (Claxton et al., 2008), and BAT-gal (Maretto et al., 2003) transgenic mice were
backcrossed to C57BI6/J. LefI mice were bred in a C57BI6x129Sv hybrid background.
40H-tamoxifen was injected intraperitoneally into early postnatal pups at 80 pg/g to activate
Cre recombination. Tg(fli1:EGFP)Y! zebrafish were raised and maintained under standard
conditions.

Morpholino Knockdown of nrarp-a and nrarp-b in Zebrafish

Antisense morpholino oligonucleotides (Gene Tools) were diluted in Danieau buffer
containing 0.2% phenol red. Oligonucleotide (10ng) was injected into the yolk of 2—4 cell
stage Ty(flil.EGFPYX embryos. Morpholino sequences: nrarp-a, 5 -
GATGCTTCACACTGGGAGAAACTCG-3" and nrarp-b, 5’ -
ATGATTTCAGCAGGTTGACCAAAACG-3 (Ishitani et al., 2005). The control morpho
lino used is the standard control provided by Gene Tools.

Whole-Mount In Situ Hybridization

Retina in situ hybridization (ISH) was previously described (Fruttiger, 2002). Primers to
generate mouse Nrarp probe: forward 5’-ctagctctgcggcaacatga-3” and reverse 5”-
gagcccggtaatggttgttt-3”. Retinas were counterstained with Isolectin-B4 after ISH. Zebrafish
ISH was performed as described (Ariza-McNaughton and Krumlauf, 2002). nrarp-a probe
was provided by Ertugrul Ozbudak.

Immunofluorescence

Eyes were fixed in 4% paraformaldehye (PFA). For anti-claudin 5 staining, mice were
exsanguinated by transcardiac perfusion of PBS before dissecting and fixing retinas in
methanol. Antibodies were diluted in PBSa containing 0.5% BSA and 0.25% Tween 20
except for Isolectin-B4 and endomucin, which were diluted in PBlec (PBS [pH6.8], 1%
Triton X-100, 0.1 mM CacCly, 0.1 mM MgCly, 0.1 mM MnCl,). Primary antibodies used:
biotinylated-Isolectin-B4 (Sigma), collagen 1V (AbD Serotec), BrdU (Molecular Probes), B-
galactosidase (Biogenesis), endomucin (Dietmar Vestweber), GFP (Molecular Probes),
claudin 5 and human ZO1 (Zymed), Ctnnb1 (BD Transduction), and zebrafish collagen XII.
Alexa-488, —568 or —633 conjugated secondary antibodies were used (Molecular Probes).

Proliferation Assay

To(flil.EGFPY zebrafish embryos were exposed to 0.5% bromodeoxyuridine (BrdU,
Sigma) in E3 buffer (5 mM NaCl, 0.17 mM KClI, 0.33 mM CaCl,, 0.33 mM MgSQO,) from
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19 hpf to 48 hpf and fixed in 4% PFA. Embryos were dehydrated and permeabilized in
100% MeOH at —20°C, incubated in 20% DMSO in MeOH, rehydrated in PBT, incubated in
2 N HCI, and then stained for BrdU. In mouse, BrdU was administered at 10 mg/kg
intraperitoneally at P5 for 3 hr. For BrdU labeling, retinas were digested with Proteinase K
(10 pg/ml), fixed in 4% PFA, treated with DNase | (0.1 U/ul) for 2 hr at 37°C, and incubated
with anti-BrdU antibody. The number of BrdU-positive ECs in 10,000 pm? volume of
vessels (measured using Volocity, Improvision, UK) at the vascular front was determined.

Animal Procedures

DAPT (Merck) was injected subcutaneously at 100 mg/kg once for 6 hr treatment or once a
day for 2 days for 48 hr treatment. DIl4-Fc or hFc (4 ug) was injected once per eye for 24 hr
(see Gerhardt et al., 2003, for procedure).

Cell Culture and Transfections

Pooled human umbilical vein ECs (HUVEC) were purchased from Lonza and cultured in
endothelial basal medium (EBM; Lonza) supplemented with hydrocortisone (1 pg/ml),
bovine brain extract (12 ug/ml), gentamicin (50 pg/ml), amphotericin B (50 ng/ml), EGF (10
ng/ml), and 10% fetal calf serum (FCS; GIBCO) until the third passage. Lung ECs (MLEC)
from adult Ararp’* and Nrarp™~ mice were isolated by Dispase 11 (2.4 U/ml; GIBCO)
digestion for 1 hr, incubation with rat a-PECAM-1 antibody, separation with goat-a-rat
magnetic beads (Miltenyi Biotec), and cultured on rDII4 (1 ug/ml, R&D Systems) coated
dishes in EC growth medium MV (PromoCell) supplemented with ECGs/H (0.4%), EGF
(0.1 ng/ml), Hydrocortison (1 pg/ml), bFGF (1ng/ml), amphotericin B (50 ng/ml), and FCS
(10%).

Plasmid transfections in HUVEC were performed by using the Targefect F2 and Virofect
reagents (Targeting Systems) according to the manufacturers’ protocols and as previously
described (Potente et al., 2005). mNrarp-Myc (MT) construct was kindly provided by
Motoyuki Itoh, Nagoya, Japan. Recombinant human DII4 (500 ng/ml) and Wnt3a (100
ng/ml) were from R&D Systems.

RNA Interference

A validated pool of siRNA molecules directed against human NRARP (On-Target plus
SMART pool) was purchased from Dharmacon. HUVECs were transfected with siRNAs
(50-100 nM) against NRARP or a scrambled control siRNA using the GeneTrans Il reagent
(MoBiTec) as previously described (Potente et al., 2005, 2007). For combined gene
knockdown and reporter assay in HUVECSs (see below), highest efficacy was achieved by
sequential siRNA and reporter plasmid transfection using distinct reagents and protocols
(GeneTrans Il for siRNA and Targefect F2/Virofect for reporter plasmids).

Reporter Assays

Reporter assays in HUVECs were performed with the Dual-Luciferase Reporter Assay
System (Promega) and a LUMAT LB 9507 luminometer (BERTHOLD Technologies)
according to the manufacturers’ protocols. Briefly, 24 hr after siRNA transfection, HUVECs
were transfected with either TOPFLASH or TP1 luciferase reporters and the constitutive

Dev Cell. Author manuscript; available in PMC 2021 May 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Phng et al.

Page 12

Renilla luciferase reporter pGL4.74AR/uc/TK (Promega) to control for transfection
efficiency. Luciferase activities were determined 24 hr after transfection. TP1 or
TOPFLASH reporter activity was adjusted for the internal Renilla luciferase control and is
expressed relative to control.

Relative Quantitative PCR

RNA from retinas and HUVECs was reverse transcribed using SuperScript I11 (Invitrogen).
TagMan Gene Expression Cells-to-Ct Kit (Applied Biosystems) was used to prepare cDNA
from MLECs for gPCR. Nrarp/NRARP, Heyl1, Hey2, Lunatic Fringe, CyclinD1, VEGFA,
Flt1, and KarTagMan Gene Expression Assays were obtained from Applied Biosystems,
and gPCR was carried out using Applied Biosystems 7900HT sequence detection system or
StepOnePlus real-time PCR system. Gene expression was normalized to the endogenous
control, B-actin.

Immunoprecipitation, SDS-PAGE, and Western Blotting

Microscopy

Total cell lysates from HUVECSs were prepared in IPLS buffer (50 mM Tris-HCI [pH 7.5],
120 mM NaCl, 0.5 mM EDTA, 0.5% Nonidet P-40, protease inhibitor mixture), and
immunoprecipitations were carried out as described in Martin et al. (2008). Retinas were
lysed in RIPA buffer (50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% Nonidet
P-40, 0.25% Na-deoxycholate, and protease inhibitor mixture). SDS-PAGE and western blot
analysis were performed according to standard procedures. Antibodies used: cleaved Notchl
(\Val1744, Cell Signaling), mouse a-LEF1 (Chemicon), rabbit a-LEF1 (Cell Signaling), a-
Myc (Santa Cruz Biotechnology), a-actin (Sigma), Tubulin (Neomarkers), and sheep a-
mouse or a-rabbit HRP-conjugated antibodies (GE Healthcare). Horseradish peroxidase
activity was revealed by a chemoluminescence reaction (ECL, GE Healthcare).
Densitometric analysis of blots was performed by using ImageJ (Version 1.38x).

Confocal laser scanning microscopy was performed using Zeiss LSM 510 Meta microscope.
For live imaging of Tg(flil.EGFPY” zebrafish, the embryos were anaesthetized in aquarium
water containing 320 pug/ml Tricaine (Sigma), mounted on a glass-bottom dish (MatTek) in
0.2% agarose, and kept at 28°C. Images were captured with a Zeiss LSM 510 confocal
microscope using a 40x water immersion objective lens.

Quantification of Vessel Migration, Density, and Regression in Mouse Retina

For vessel migration, the distance of vessel growth from the optic nerve to the periphery was
measured. 77 indicates number of animals. For vessel density, the number of vessel branch
points in 100 um? field was counted. 7 indicates number of images. For vessel regression,
the skeletal length of Isolectin-B4-positive and collagen 1V-positive vessels was measured
and the ratio calculated. 7 indicates number of images.

Statistical Analysis

Statistical analysis was performed with Prism 5 software (GraphPad) using two-tailed,
unpaired t test.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Endothelial Nrarp Expression Is Regulated by Notch Signaling
(A-C) In situ hybridization (ISH) of mouse Nrarp in mouse embryonic (E10.5) intersomitic

vessels (arrows in [A]) and limb bud vessels ([B and C]; Endomucin, red). (C) Single plane
confocal LSM image of limb bud vessels outlined with dotted red line (ISH reflection signal,
blue; transmitted light; endomucin, green). Nrarp is more strongly expressed by ECs at
branch points (filled arrowheads in [C]) compared to ECs in between (stroked arrowheads in
[CD.

(D-G) Notch signaling positively regulates endothelial Nrarp expression. Whole-mount
retina ISH shows high Afrarp expression (blue) in ECs (stained with Isolectin-B4, green)
often located at vessel branch points in vehicle-treated P5 retinas (filled arrowheads, [D])
and absent in between branch points (stroked arrowheads). Endothelial stalk cells with Nrarp
expression are indicated by arrows. Endothelial Nrarp expression decreased after 6 hr of
DAPT treatment (E). (F) gPCR, relative expression of Nrarp in the retinas of P5 C57BI16/J
mice treated with DAPT (6 hr) or DIl4-Fc (24 hr). ***, p < 0.0004. Vehicle and DAPT
treatments, n = 7; hFc, n = 4; DIl4-Fc, n = 6. Data show mean = SEM, n = animals. (G)
HUVECs were stimulated with rDII4 for 6 or 24 hr. Fold increase in NRARFE, HEY1 and

HE Y2 expression are shown. n = 3.

(H=J) nrarp-a I1SH in 24 hpf zebrafish embryos. (H) and (H) are lateral views of the same
region in the zebrafish trunk taken at different focal planes. The boxed region in (H) is
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magnified in (1). (J) is a transverse section of the zebrafish trunk. nrarp-ais expressed in ECs
of ISV (arrowhead, [1]) and in cells located between somite boundaries (empty arrowheads,
[H]). nrarp-ais also expressed in the DA and in the neural tube (H’, J). Arrows in (1)
indicate somite boundary. NT, neural tube; NC, notochord; DA, dorsal aorta; PCV, posterior
cardinal vein.
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Figure 2. Loss of Nrarp Results in a Delay in Retinal Vascularization, a Decrease in Vessel
Density, and Abnormal Vessel Morphology

(A-D) Gene dose-dependent delay in radial expansion of retinal blood vessel in Nrarp-
deficient mice. Images of whole-mount P5 Nrarp*’*, Nrarp*'=, and Nrarp™!~ retinas stained
with collagen IV (A-C). (D) Bar graphs show mean distance of radial expansion (um) %
SEM; ** p < 0.01; *, p < 0.05. Nrarp**: P3,n = 8; P5,n=6; P6, n = 3; P7, n = 3; Nrarp™'™:
P3,n=5;P5 n=15;P6,n=12; P7,n=4; Nrarp‘/‘: P3,n=4;P5 n=4;P6,n=4;P7,n=
5.

(E—H) Decreased vessel density in P5 Ararp mutants. (E-G) Representative images of P5
Nrarp*"*, Nrarg*'=, and Nrarp™'~ retinas stained with Isolectin-B4. Green and yellow boxes
highlight the vascular front and capillary plexus, respectively, of retinal vessels analyzed for
vessel density. Arteries (A); veins (V). (H) Quantification of vessel branch points/100 um2.
*** < 0.0001; ** p = 0.0079. Vascular front: Nrarg*’™*, n = 21; Nrarp*'=, n = 29; Nrarp™-,
n = 18. Capillary plexus: Nrargt’*, n = 41; Nrarp*'=, n = 30; Nraro™'=, n = 15.

(1-L) Nrarg*’™*, Nrarg*'=, and Nrarp™'~ retinas have similar number of filopodia protrusion.
(I-K) Confocal images of tip cells stained with Isolectin-B4. Arrowheads indicate narrow
vessels (J and K). (L) Quantification of filopodia/100 pum vessel length. Ararp™*, n = 20;
Nrarp*'=, n = 23; Nrarp™=, n = 19. n = images.
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Figure 3. Knockdown of nrarp-a and nrarp-b in Zebrafish Leads to Abnormal Intersegmental
Vessel Formation

(A-D) Ty(fli1:EGFP)! zebrafish were injected with 10 ng control (A), nrarp-a (B), nrarp-b
(C), or 5 ng each of nrarp-aand -b (D) morpholinos and analyzed at ~56 hpf. (B'-D") nrarp-
aand -b morphants show defective ISVs. Arrows indicate disconnected vessels; arrowheads
indicate ISVs with delayed dorsal migration; yellow arrowheads show misdirected ISV
formation. Anterior of embryos is to the left. DLAV, dorsal longitudinal anastomotic vessel;
ISV, intersegmental vessel; PAV, parachordal vessel; DA, dorsal aorta; PCV, posterior
cardinal vein.
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(E-H) Whole-mount collagen XII (red) staining in 48 hpf zebrafish Tg(fli1.EGFP)!
embryos. Normal myotome boundaries are observed in nrarp-a, -b, and double nrarp-aand —
b morphants (F-H). Arrows indicate disconnected vessels. * in (G) indicates missing ISV at
the myotome boundary.

(1-K) Confocal time-lapse stills of control (1) and nrarp-a (J) or nrarp-b (K) morphants
between 48 and 56 hpf. The ISVs of control morphants remained connected to the DA and
DLAV (I). Note that the middle and right ISVs of the control morphant is out of focus. ISVs
in nrarp-a and -b morphants regress over time (J and K). In (J), red arrows indicate poor
connection between vessels and yellow arrow points to a regressing vessel. In (K), red arrow
points to regressing vessel along the path of DLAV formation; yellow arrow indicates
detachment of ISV from DA.

(L) Quantification of vessel disconnection. Graph shows the percentage of ISVs with
disconnection between the ISV and DA, within the ISV, or between the ISV and DLAV. Ten
embryos (8 ISVs/embryo) were analyzed for each morphant.
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Figure 4. Loss of Nrarp Expression Causes Vessel Regression in Mouse and Zebrafish

(A and B) Nrarp™~ retinas display ectopic vessel regression at vascular front. P5 Nrarp*
and Afrarp™~ retinas labeled for Isolectin-B4 (blue) and collagen IV (red). Arrowheads
highlight empty collagen 1V sleeves, indicating vessel regression.

(C and D) P6 Nrarp*’* and Nrarp™~ retinas labeled for Claudin 5 (green in [C”” and D”']),
collagen 1V (red in [C”” and D”]), and Isolectin-B4 (blue in [C”” and D" ]). Increased
vessel regression (arrowheads, [D’]) associates with discontinuous endothelial junctions in
Nrarg™'~ retinas (arrows, [D]). (D”) and (D””) correspond to boxed regions in (D) and (D").
Yellow arrows indicate punctate Claudin 5 staining; white arrows point to loss of Claudin 5
continuity between vessels.

(E) Ratio of Isolectin-B4-positive vessels to collagen 1\VV-positive vessels. Values below 1
indicate vessel regression. *** p < 0.0005. Ararg*’*, n = 13; Nrarg*'=,n=8: Nrarg™~, n =
20.

(F and G) Zona occludens 1 (ZO1, red) staining in uninjected and rrarp-a MO-injected
Tg(fli1:EGFPY zebrafish embryos at 48 hpf. (F') and (G”), high magnification Z-stacks of
boxed regions in (F) and (G). Endothelial junctions (illustrated by red tracing) between the
ISV and DA are poorly developed in r7arp-a morphants (arrow in [G']).
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Figure 5. Decreased EC Proliferation in Nrarp'/‘ Mouse and in nrarp-a and nrarp-b Morphants
(A-D) Control, nrarp-aand -b MO-injected Ty(flil.EGFPY? zebrafish embryos were

exposed to BrdU (red) from 19 to 48 hpf. Circles highlight ECs nuclei along ISVs. Arrows
indicate BrdU-positive ECs. (D) Quantification of BrdU-positive ECs in ISVs. Error bars
indicate SEM. Control, n = 8 (31 ISVSs); nrarp-a, n = 6 (47 I1SVS); nrarp-b, n = 14 (66 1SVs).
(E) Decrease in EC number in ISVs of nrarp-aand -b morphants. Bar graph shows the
percentage of 1ISVs containing x number of endothelial nuclei per ISV at 48 hpf. Control
MO, n = 17; nrarp-a MO, n = 16; nrarp-b MO, n = 21. Eight ISVs/embryo were analyzed.
(F=1) 3 hr BrdU incorporation assay in P5 mice. Bar graph shows number of proliferated
ECs in 10,000um?3 retinal vessels (F). *, p = 0.0328. Ararp*'*, n = 17, Nraro™'=, n = 8; Nrarp
-/~ n =14 images. Data show mean + SEM. (G-I) Circles highlight BrdU-positive ECs in
Nraro™*, Nrarg*'=, and Nrarp™'~ retinas stained with Isolectin-B4 (green) and BrdU (red).
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Figure 6. Loss of Nrarp Leads to Increased Notch Signaling and Reduced Wnt Signaling in ECs
(A) Western blot of Notch1 intracellular domain (NICD1) in P5 Nrarp*!*, Nrarp*'=, and

Nrarg™'~ retinas. n = 3 per genotype.

(B) gPCR of Notch target genes Heyl, Hey2, and Lunatic fringe (Lnfg)in P5 Nrarp*!™*,
Nraro*=, and Nrarp™~ retinas. **, p < 0.01; *, p < 0.05.

(C) TP-1 Notch reporter assay in HUVECs. HUVECSs were stimulated with rDI14, r\WWnt3a,
or both. **, p<0.01.n= 3.

Dev Cell. Author manuscript; available in PMC 2021 May 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Phng et al.

Page 25

(D—F) Vascular front of P7 Nrarg*’*, Nrarg™'~, and DAPT-treated Nrarp™'™ retinas stained
with Isolectin-B4 (white). Arrows indicate thin and poorly connected vessels.

(G) Representative Western blot of Lefl in P5 Nrarp*’*, Nrarp*!~, and Nrarp™'~ retinas,
densiometric analysis shown below blot.

(H) Coimmunoprecipitation experiment in HUVECs transfected with Nrarp-Myc.
Endogenous LEF1 coimmunoprecipitates with Nrarp-Myc (arrow). Empty vector (o)cDNA)
was used as a control.

(1) Fold difference in expression (QPCR) of Hey2and CyclinD1 in Nraro™'~ compared to
Nrarg** ECs isolated from adult lungs. *, p = 0.019; *** p = 0.0004. n = 6.

(J) TOPFlash Wnt reporter assay in HUVECs stimulated with Wnt3a and/or DIl4. *, p =
0.0014; *** p =0.0002. n = 3.

(K-L) BAT-gal reporter mouse shows Wnit activity (anti-B-galactosidase staining, green) in
ECs of P4 retinal vasculature (Isolectin-B4, blue).

Error bars are +SEM.
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Figure 7. Loss of Lef1 and Specific Endothelial Deletion of Ctnnbl Results in Decreased Vessel
Density and Ectopic Vessel Regression

(A-D) P5 Left!* and LefI™/~ retinas stained with Isolectin-B4.

(E-H, K, and L) LefI™"~ retinas have increased empty collagen IV sleeves (red, arrowheads)
at the vascular front (F) and in capillary plexus (H and K). Claudin 5 staining (green) reveals
discontinuous endothelial junctions in LefZ~'~. vasculature (arrows in [K and L]). Isolectin-
B4, blue.

(1) Quantification of vessel branch points/100 pm? area in capillary plexus of LefI™~ P5
retinas. *, p = 0.0150; ***, p < 0.0001. LefI** n=41; Lef1*~,n=8; LefI’~,n=8.

(J) Quantification of vessel regression in the capillary plexus of Lef**, Lefr*!~, and
Lef1™!= P5 retinas. **, p = 0.048; *** p = 0.0002. LefI*"* n=13; LefI"'~n=9; Lefr~,n
=09,

(M-R) Ctnnb1/oXIox. Pagfb-iCreER mice, treated with tamoxifen at P4 and analyzed at P7.
Inducible deletion of endothelial CtnnbI resulted in increased empty collagen 1V sleeves
(arrowheads) at sprouting front (N) and in the plexus (P) when compared to control Cre
negative littermates (M and O). Quantification of branch points/100 pm? (Q) and vessel
regression (R) in the capillary plexuses of Cre-negative and Cre-positive littermates. *, p =
0.0279; ***, p =0.0005. n = 8.

. (Sand T) Junctional localization of Ctnnb1 (green), ZO-1 (red), and VE-cadherin (blue) in
retinal capillaries. Junctional ZO-1 and VE-cadherin are retained despite complete loss of
junctional Ctnnb1 in Cinnb1/oX1ox, pagfb-iCreER mice (T).
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