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into the biology of GPCR-activated YAP/TAZ.

Introduction

Lysophosphatidic acid (LPA; 1- or 2-acyl-sn-glycerol-3-phosphate)
is a bioactive lipid mediator that regulates cell migration, prolifera-
tion, morphological change, and the production of cytokines (1, 2).
LPA is mainly produced by autotaxin (ATX), a secretory enzyme
that converts lysophospholipids to LPA. Significant amounts of
LPA have been detected in extracellular biological fluids such as
serum, saliva, seminal fluid, and follicular fluid (3). LPA exerts its
biological action through at least six G protein-coupled receptors
(GPCRs), LPA1-LPA6 (4-6). Depending on the functional cou-
pling of a given LPA receptor to Ga proteins, including Gas, Goi/
Gao, Gaq/Gall, and Gal2/Gal3, LPA activates diverse signaling
cascades (4, 6). Previously, we identified LPA4 (7) and LPAG6 (8)
and revealed that both receptors couple efficiently to Gal2/Gal3
proteins (8, 9). These interactions activate Rho GTPase, which
subsequently activates Rho-associated protein kinase I and II
(ROCKI/1I), leading to the induction of actin cytoskeletal tension
(10). Likewise, LPA5-dependent Gul2/Gal3-Rho-ROCK activa-
tion was observed (11). Previous studies of various knockout (KO)
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Lysophosphatidic acid (LPA) is a potent lipid mediator with various biological functions mediated through six G protein-
coupled receptors (GPCRs), LPA1-LPAG. Previous studies have demonstrated that LPA-Ga12/Ga13 signaling plays an
important role in embryonic vascular development. However, the responsible LPA receptors and underlying mechanisms
are poorly understood. Here, we show a critical role of LPA4 and LPAG6 in developmental angiogenesis. In mice, Lpa4;Lpa6
double-knockout (DKO) embryos were lethal due to global vascular deficiencies, and endothelial cell-specific (EC-specific)
Lpa4;Lpa6-DKO retinas had impaired sprouting angiogenesis. Mechanistically, LPA activated the transcriptional regulators
YAP and TAZ through LPA4/LPA6-mediated Ga12/Ga13-Rho-ROCK signaling in ECs. YAP/TAZ knockdown increased
endothelial expression of the Notch ligand delta-like ligand 4 (DLL4) that was mediated by B-catenin and Notch intracellular
domain (NICD). Fibrin gel sprouting assay revealed that LPA4/LPA6, Ga12/Ga13, or YAP/TAZ knockdown consistently
blocked EC sprouting, which was rescued by a Notch inhibitor. Notably, the inhibition of Notch signaling also ameliorated
impaired retinal angiogenesis in EC-specific Lpa4;Lpab-DKO mice. Overall, these results suggest that the Go12/Ga13-
coupled receptors LPA4 and LPAG synergistically regulate endothelial D/I4 expression through YAP/TAZ activation. This
could in part account for the mechanism of YAP/TAZ-mediated developmental angiogenesis. Our findings provide insight

mice lacking the LPA signaling components consistently showed
that LPA-Gol12/Gol3 signaling plays an important role in embry-
onic vascular development (12-14). For example, Atx-KO (12),
Gnal2;Gnal3 double-KO (DKO) (13), and Rockl;Rock2-DKO (14)
embryos displayed similar phenotypes of severely impaired blood
vessel formation at E9.5-10.5. All of these embryos died by E11.5.
However, the responsible LPA receptors and the underlying mech-
anisms are poorly understood. These studies are especially inter-
esting to note because we detected mRNA expression of Lpa4 and
Lpa6 in vascular endothelial cells (ECs) (8, 15, 16). Furthermore,
we found that Lpa4-KO embryos had pericardial effusion, subcu-
taneous hemorrhage, and dilated blood vessels with decreased
mural cell coatings at different gestational stages (16). As a result
of these abnormalities, however, only approximately 35% of Lpa4-
KO mice were embryonic lethal. Therefore, another Gal2/Gal3-
coupled LPA receptor such as LPA5 and/or LPAG6 is assumed to
cooperate with LPA4 in ECs for vascular development.

Blood vessel formation during mammalian embryonic develop-
ment is a complex and tightly regulated process. In the past decade,
the Notch signaling pathway has been shown to play a key role in
vascular development (17). Notch signaling is an evolutionarily con-
served pathway in multicellular organisms involved in numerous
developmental processes, including cell fate determination, cellular
differentiation, proliferation, survival, and apoptosis (18). Mice defi-
cient in various Notch signaling components die in utero of severe
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vascular abnormalities (19). Delta-like ligand 4 (DIl4) is a trans-
membrane ligand for Notch receptors (Notchl and Notch4), and it
is expressed at a high level in arterial ECs (17). D114 regulates crucial
processes during vascular growth, including EC sprouting and arte-
rial specification (20). Previous studies revealed that DIl4 expres-
sion is regulated by various signaling pathways involving vascular
endothelial growth factor-A (VEGF-A)/VEGF receptor-2 (VEGFR2),
angiopoietin-1 (Ang-1)/Tie2, Wnt/B-catenin, and DI14,/Notch itself
(21-24). Haploinsufficiency of DIl4 in mice caused embryonic lethal-
ity due to severe vascular defects (25). Furthermore, even subtle
changes in DIl4 expression impair vascular development (26, 27).
However, the regulatory systems that fine-tune DIl4 expression
during embryonic vascular development remain to be defined.

Yes-associated protein (YAP) and transcriptional coactiva-
tor with PDZ-binding motif (TAZ) are transcriptional regulators
with similar functions (28). As primary downstream effectors of
the Hippo signaling pathway, YAP/TAZ regulate signals related
to tissue homeostasis, organ size, and cancer development (28).
YAP/TAZ activity is limited through phosphorylation-dependent
cytoplasmic retention by the Hippo pathway, while Rho activity
and actin cytoskeleton tension exert a suppressive effect on YAP/
TAZ phosphorylation, promoting nuclear localization of YAP/
TAZ (29). A previous report showed that LPA-induced Ga12/Gal3
signaling activated YAP in HEK293 cells (30). Recently, several
independent studies revealed that endothelial YAP/TAZ mediate
sprouting angiogenesis (31-36). However, the biological signifi-
cance of GPCR-induced YAP/TAZ activation is largely unknown.

Here,we address whether LPA4 and LPAG6 synergistically func-
tion to contribute to developmental angiogenesis. We revealed
that all Lpa47“Lpa67- (termed hereafter Lpa4;Lpa6-DKO)
embryos died by E11.5 due to global vascular deficiencies. Fur-
thermore, EC-specific deletion of Lpa4 and Lpa6 genes resulted
in impaired sprouting angiogenesis in the retina. In human umbil-
ical vein endothelial cells (HUVECs), LPA-LPA4/LPA6-Gal2/
Gal3 signaling regulates endothelial DLL4 expression through
YAP/TAZ activation. Notably, inhibition of this signaling pathway
reduced sprouting angiogenesis in a 3D in vitro assay. We fur-
ther demonstrated that a Notch inhibitor ameliorated both of the
angiogenesis impairments in vivo and in vitro. Therefore, YAP/
TAZ are likely to mediate sprouting angiogenesis as downstream
effectors of GPCR signaling. Our findings suggest that LPA4 and
LPAG are angiogenesis regulators that repress DLL4 expression by
activating YAP/TAZ in ECs.

Results

Lpa4;Lpa6-DKO mice are embryonic lethal due to vascular abnor-
malities. Among the progenies of more than 300 neonates
obtained from Lpa6-heterozygous (Lpa6-Het) mouse intercrosses,
an expected Mendelian distribution was observed (Supplemental
Table 1; supplemental material available online with this article;
https://doi.org/10.1172/JCI121955DS1), indicating that Lpa6-
KO mice were viable and healthy. However, we could not obtain
Lpa4;Lpa6-DKO mice by Lpa4-KO;Lpa6-Het intercrosses (Sup-
plemental Table 2). Further mating experiments revealed that the
numbers of Lpa4-Het;Lpa6-KO and Lpa4-KO;Lpa6-Het mice were
approximately 50% less than the value expected from Mendelian
ratios (Supplemental Table 3). These results suggest that function-
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al cooperation between LPA4 and LPAG6 is essential for embryonic
development. Since Lpa4;Lpa5-DKO and Lpa5;Lpa6-DKO mice
were born at the expected Mendelian ratios and had no obvious
abnormalities (Supplemental Tables 4 and 5), LPA5 is unlikely to
be involved in embryonic development.

To examine the roles of LPA4 and LPA6 in embryonic devel-
opment, yolk sac and embryo proper were observed at various
stages of gestation. At E8.5, both Lpa4;Lpa6-DKO yolk sac and
embryo proper appeared normal (Supplemental Figure 1, A and
B). However, at E9.5-10.5, almost all of Lpa4;Lpa6-DKO embry-
os proper had various morphological abnormalities, such as
severe pericardial effusion (Figure 1A and Supplemental Figure
1, B-D), axial turning abnormality (Supplemental Figure 1, B, E,
and F), and developmental delay (Figure 1, A and B, and Supple-
mental Figure 1, B, G, and H). DKO yolk sacs lacked large blood
vessels at E9.5-10.5, whereas WT yolk sacs had well-developed
blood vessels (Figure 1B and Supplemental Figure 1, A, I, and J).
We observed that all DKO embryos died by E11.5 (Supplemen-
tal Figure 1, B, K, and L, and Supplemental Table 6). Histologi-
cal analysis showed that the endoderm and mesoderm of the
yolk sacs were more widely separated in the DKO tissue (Fig-
ure 1C). Despite this vascular defect, erythrocytes were present
in Lpa4;Lpa6-DKO yolk sacs (Figure 1C). Blood vessel-stained
whole-mount embryos at E10.5 revealed that DKO embryos had
enlarged dorsal aortae and poor vascular networks in the head
and intersomitic regions, compared with WT embryos (Figure
1D). Furthermore, blood vessel-stained cross sections of embryos
at E9.5 also revealed that DKO embryos had enlarged dorsal aor-
tae and thinned neural tubes, compared with WT embryos (Fig-
ure 1E). These results strongly suggest that both LPA4 and LPA6
are indispensable for embryonic angiogenesis.

Endothelial LPA4 and LPAG6 are involved in retinal angiogenesis.
Previously, we detected mRNA expression of Lpa4 and LPA6invas-
cular ECs (8, 16). To investigate the functional roles of endothelial
LPA4 and LPA6, we generated a tamoxifen-inducible and EC-spe-
cific Lpa4/Lpa6 deletion mouse line by crossing Lpa4;Lpa6 dou-
ble-floxed mutants with transgenic mice carrying Cdh5-CreER™
(ref. 37, Figure 2A, and Supplemental Figure 2A). The resulting
Lpa4™"VLpa6™Cdh5-CreER™ mice (termed hereafter Lpa4;
Lpa6“EC) were treated with tamoxifen from P1 to P3. Allele-specif-
ic PCR confirmed recombination of both floxed alleles in the tails
of Lpa4;Lpa6“tC mice at P5 (Supplemental Figure 2B). At P5, we
found that the radial expansion, EC area, and retinal blood vessel
branching were significantly reduced in Lpa4;Lpa6“*° mice com-
pared with those in control CreER™-negative Lpa4""™;Lpa6"" lit-
termates (Figure 2, C and F-H). At the angiogenic front, sprouts of
retinal vessels were significantly reduced in Lpa4;Lpa6“E retina
(Figure 2, D and I). Additionally, both the number and length of
sprouting filopodia were significantly reduced in Lpa4;Lpa6“tc
retina (Figure 2, E, ], and K). These results suggested that endo-
thelial LPA4 and LPAG6 are critical for sprouting angiogenesis.
No apparent body weight difference existed between control and
Lpa4;Lpa6“E pups (Figure 2B), eliminating the possibility of a
general growth defect due to endothelial LPA4/LPA6 deficiencies.

Endothelial LPA4 and LPA6 activate LPA-induced Gal2/Gal3-
Rho-ROCK signaling. Vascular endothelial signaling pathways
involved in LPA-induced angiogenesis remain largely undefined.
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Figure 1. Lpa4;Lpa6-DKO embryo proper and yolk sac have vascular abnormalities. (A) Gross morphology of embryo proper at E10.5. Lpa4;Lpa6-DKO
embryo proper had pericardial effusion as indicated by an arrowhead (WT, n = 11; DKO, n = 22 ). Scale bars: 1 mm. (B) Gross morphology of yolk sac at E10.5.
The bottom panels show higher-magnification images of the boxed areas indicated in the top panels. Lpa4;Lpa6-DKO yolk sac lacked large and branched
blood vessels (WT, n = 9; DKO, n = 21). White scale bars: 1 mm; yellow scale bars: 200 pm. (C) H&E-stained transverse section of yolk sac. The bottom
panels show higher-magnification images of the boxed areas indicated in the top panels. Endoderm (arrow) and mesoderm (arrowhead) of Lpa4;Lpa6-DKO
yolk sac were more widely separated (WT, n = 5; DKO, n = 8). Erythrocytes (red arrows) were present in DKO yolk sacs. Black scale bars: 1 mm; yellow scale
bars: 200 um. (D) Vascular networks of embryo proper at E10.5. Blood vessels were stained with anti-PECAM-1 antibody. The middle and right panels show
higher-magnification images of the boxed areas indicated in the left panels. Poor vascular networks in the head and intersomitic regions of Lpa4;
Lpa6-DKO embryo proper were noted (WT, n = 4; Lpa4-Het;Lpa6-KO, n = 4; Lpa4;Lpa6-DKO, n = 5). White scale bars: 1 mm; yellow scale bars: 200 pm. (E)
Transverse sections of the jugular area of embryo proper at E9.5. Blood vessels were stained with anti-PECAM-1 antibody. Enlargement of dorsal aortae
(red arrows) and thinning of neural tube wall (yellow arrowhead) were remarkable in Lpa4;Lpa6-DKO embryo proper (WT, n = 5; DKO, n = 6). da, dorsal

aorta; nt, neural tube. Scale bars: 200 um. Representative images are shown.

HUVECs endogenously expressed LPAI, LPA4, and LPA6 mRNA
(Figure 3A). We performed a serum response factor response ele-
ment (SRF-RE) luciferase reporter assay, which detects the activa-
tion of the Ga12/Gal3-Rho-ROCK signaling pathway (38, 39). LPA
increased the reporter activity, which was abolished by the ROCK
inhibitor Y27632 and the siRNA-mediated knockdown of LPA4
and/or LPA6 but not by the LPA1/LPA3 antagonist Kil6425 (ref.
40; Figure 3, B and C; and Supplemental Figure 3A). These results
suggested that LPA actually activates the Ga12/Ga13-Rho-ROCK
signaling pathway through LPA4 and LPA6 in HUVECs. In contrast
to the activation of Ga12/Gal3 signaling, HUVECs were unrespon-
sive to LPA in terms of calcium influx (Figure 3D) and intracellular
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cAMP level changes (Figure 3, E and F), which are cellular respons-
es mediated by Gag, Goi, and Gas proteins. Thus, LPA4 and LPA6
are unlikely to activate these Ga proteins strongly in HUVECs.
LPA reduces DLL4 expression in ECs through LPA4/LPA6-
Gal2/Gal3 signaling. To investigate whether impaired angiogene-
sis was associated with altered expression of angiogenesis-related
genes, we performed quantitative reverse transcriptase PCR
(RT-qPCR) screening for angiogenesis factors affected by LPA
in HUVECs. Accordingly, we found several angiogenesis factors
whose gene expression was changed by LPA (Figure 4A). Among
them, we focused on the important angiogenesis factor DLL4,
which was remarkably repressed by LPA (Figure 4B). Consis-
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Figure 2. Endothelial LPA4 and LPAG are involved in retinal angiogenesis. (A) Diagram for EC-specific Lpa4/Lpa6 deletion in the retinal vessels from P1
and their analyses at P5 using Lpa4™/f");| pa6™/f;Cdh5-CreER™ (Lpa4;Lpa6™ ) and Cdh5-CreER™-negative Lpa4™™");L pa6™/ (control) littermates. (B) Body
weight of Lpa4;Lpa6™ and control littermates at P5. (C) Representative confocal images of retinas of Lpa4;Lpa6™ and control littermates. Vessels were
stained with isolectin B4. Yellow dashed circles indicate the front edge of radial expansion of control retina. Scale bars: 500 um. (D) Representative confo-
cal images of retinas at the edge of the angiogenic growth front. Sprouts are indicated by yellow arrows. Scale bars: 100 um. (E) Representative high-mag-
nification confocal images of retinas at the edge of the angiogenic growth front. Scale bars: 10 um. (F-K) Quantitative analyses of retinal vessel expansion
(F), vascular area (G), branch point number (H), sprout number (1), filopodia number (J), and filopodia length (K). Each dot represents the value of a mouse.
Horizontal lines represent mean + SEM (n = 8 control and 7 Lpa4;Lpa6™&t mice). One retina was analyzed per mouse. *P < 0.05, **P < 0.01, ***P < 0.001,

2-tailed unpaired Student’s t test.

tent with RT-qPCR analysis, LPA treatment reduced the protein
expression level of DLL4 in HUVECS in a time-dependent man-
ner (Figure 4C). Conversely, LPA4/LPA6 siRNAs and also Gal2/
Gal3 siRNAs increased the mRNA and protein expression levels
of DLL4 (Figure 4, D and E, and Supplemental Figure 3, A-C).
Likewise, Rho inhibitor I and Y27632, but not Ki16425, increased
DLL4 expression. Rho inhibitor I and Y27632, as well as LPA4/
LPA6 siRNAs, consistently abolished the negative effect of LPA
on DLL4 expression (Figure 4, F-H). Transient overexpression of
LPA4 and/or LPA6 considerably decreased DLL4 mRNA and pro-

tein expression, while LPA1, LPA2, LPA3, and LPA5 showed little
or no effect on DLL4 expression (Supplemental Figure 4, A-C).
Additionally, the transient overexpression of LPA4 and/or LPA6
also decreased the mRNA expression of HESI, a Notch target gene
(Supplemental Figure 4D). Consistent results were obtained from
the lung ECs of Lpa4;Lpa6"5° mice, which were obtained by cross-
ing of Lpa4;Lpa6 double-floxed mutants with transgenic mice car-
rying Tie2-Cre (Supplemental Figure 2, C and D); Lpa4/Lpa6 dele-
tion in the ECs led to increased mRNA expression of D//4 and the
Notch target gene HeylI (Figure 4, I and J, and Supplemental Figure
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Figure 3. LPA4 and LPA6 in HUVECs mediate LPA-induced Go12/Ga13 activation. (A) Expression of mRNA for LPA receptors was detected by RT-qPCR. (B)
SRF-RE-Luc reporter assay was performed to detect Ga12/Ga13-Rho activation. LPA (10 uM, 6 hours) increased the reporter activity, which was attenuat-
ed by the ROCK inhibitor Y27632 (10 uM, 10 minutes pretreatment) but not by the LPA1/LPA3 antagonist Ki16425 (10 uM, 10 minutes pretreatment). (C)
LPA-induced SRF-RE-Luc activity was attenuated by LPA4/LPAG siRNAs (12.5 nM each, 48 hours pretreatment). (D) Intracellular calcium influx assay was
performed to detect Gaq activation. A representative trace of changes in intracellular Ca®* concentration ([Ca®]) is shown on the right. HUVECs were unre-

sponsive to LPA (10 uM). Adenosine 5'-triphosphate (ATP; 10 uM) was used as a positive control, because ATP evokes calcium influx via P2Y receptors that
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predominantly couple with Gog. (E) cAMP assay was performed to detect Gas activation. No significant increase in cAMP level was observed in HUVECs
treated with LPA (10 uM). Forskolin (20 uM) was used as a positive control. (F) cAMP assay was performed to detect Goi activation. Inhibitory effect of
LPA (10 uM) on cAMP accumulation stimulated by forskolin (20 pM) was not observed in HUVECs. Sphingosine-1-phosphate (S1P; 100 nM) was used as a
positive control. Data are mean + SEM of triplicates. *P < 0.05, **P < 0.01, ***P < 0.001, 1-way ANOVA followed by Tukey's multiple-comparisons test.

5). In subsequent immunohistological analysis of the retinas, we
detected increased D114 protein expression at the angiogenic front
of tamoxifen-administered Lpa4;Lpa6™“E¢ mice, as compared with
expression levels in Cre-negative control mice (Figure 5A). In con-
trast, DIl4 expression at the artery was unaffected by endothelial
Lpa4/Lpa6 deletion (Figure 5B). These findings indicate that the
LPA-LPA4/LPA6-Gal12/Gal3-Rho-ROCKI/II signaling pathway
prevents DLL4 expression in ECs (Figure 4K).

Inactivation of YAP and TAZ increases DLL4 expression in ECs.
The major function of Rho is to regulate cellular actin dynamics
(28). We therefore examined whether changes in the actin cyto-
skeleton contribute to DLL4 expression. When HUVECs were
treated with the actin-disrupting agent latrunculin A, the suppres-
sive effects of LPA on DLL4 expression were blocked. In addition,
latrunculin A treatment per se remarkably increased the mRNA
and protein expression levels of DLL4 (Figure 6, A and B). Corre-
spondingly, the mRNA expression level of EFNB2 was increased by
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latrunculin A (Figure 6C). To address the molecular mechanisms
underlying the LPA-induced DLL4 suppression, we focused on
the transcription coactivators YAP and TAZ, because an import-
ant role of actin polymerization has been reported in LPA-induced
YAP activation (30). As expected, siRNA-mediated knockdown of
YAP and TAZ drastically increased the mRNA and protein expres-
sion levels of DLL4 (Figure 6, D and E, and Supplemental Figure
3, D and E). The YAP/TAZ knockdown also increased the mRNA
expression levels of HEY1, HEY2, HES1, and EFNB2 (Figure 6F).
For the similar purpose of inactivating YAP/TAZ, HUVECs were
subjected to YAP inhibitor treatment with ivermectin (ref. 41 and
Figure 6, G and H), serum starvation (ref. 30 and Figure 6, I and
]), or overconfluent culture conditions (ref. 34 and Figure 6, K and
L). Taken together, we consistently observed the increased mRNA
and protein expression of DLL4 by YAP/TAZ inactivation.

LPA activates YAP through LPA4 and LPA6 in ECs. As
described in the last section, serum-starved and overconfluent
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Figure 4. DLL4 expression is negatively regulated by LPA through LPA4/LPA6-Ga12/Ga13-Rho-ROCK signaling in ECs. (A) LPA (10 uM, 3 hours) affected mRNA
expression of various angiogenesis-related genes in serum-starved HUVECs. (B and C) LPA (10 uM) reduced mRNA (B) and protein (C) expression of DLL4 in a
time-dependent manner in serum-starved HUVECs. (D) LPA4 and/or LPAG siRNAs increased mRNA expression of DLL4. (E) LPA4/LPAG and Ga12/Ga13 siRNAs
increased protein expression of DLL4. (F) LPA4/LPAG siRNAs increased protein expression of DLL4 and abolished the suppressive effect of LPA (10 uM, 3 hours) in
serum-starved HUVECs. (G) Y27632 (10 uM, 10 minutes pretreatment) but not Ki16425 (10 uM, 10 minutes pretreatment) increased mRNA expression of DLL4 and
abolished the suppressive effect of LPA (10 uM, 3 hours) in serum-starved HUVECs. (H) Rho inhibitor | (0.5 pg/mL, 6 hours pretreatment) and Y27632 (10 uM, 10
minutes pretreatment) increased protein expression of DLL4 and abolished the suppressive effect of LPA (10 uM, 3 hours) in serum-starved HUVECs. (I and J) Mouse
lung ECs from Lpa4™";L pa6"*;Tie2-Cre (Lpa4;L pa6*c) mice displayed increased D/l4 (1) and Hey1 (J) mRNA expression. (K) Scheme for how LPA-LPA4/LPA6-Gal12/
Ga13-Rho-ROCK signaling suppresses DLL4 expression. Data are mean + SEM of triplicates. *P < 0.05, **P < 0.01, ***P < 0.001, 1-way ANOVA followed by Dun-
nett’s (B and D) or Tukey’s multiple-comparisons test (G) or 2-tailed unpaired Student’s t test (I and J). HUVECs were serum-starved for 8 hours or transfected with
siRNAs for 96 hours. Unprocessed original scans of Western blots are shown in Supplemental Figure 12.
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culture conditions localized YAP/TAZ predominantly in the cyto-
plasm of HUVECs, and this was mediated by their phosphoryla-
tion (28, 34). These conditions allowed us to clearly observe the
nuclear translocation of YAP/TAZ in response to LPA in HUVECs
(Figure 7A). siRNA-mediated knockdown of LPA4 and/or LPA6
inhibited the LPA-induced dephosphorylation (Figure 7B) and
nuclear localization (Figure 7A) of YAP. Y27632 also inhibited
YAP nuclear localization induced by LPA (Figure 7C). In line with
these results, the LPA4 and/or LPA6 knockdown attenuated the
increase in mRNA expression of YAP target genes, such as CTGF
and CYR61, by LPA (Supplemental Figure 6A). Y27632, but not
Kil6425, attenuated the LPA-induced CTGF and CYR61 mRNA
expression (Supplemental Figure 6B). In mouse lung ECs, LPA-in-
duced nuclear localization of YAP was consistently suppressed by
Lpa4/Lpa6 deletion or Y27632 treatment (Figure 7D). In contrast
to the prominent nuclear localization of YAP at the retinal angio-
genic front of control mice, YAP was mainly localized within cyto-
plasm in tamoxifen-administered Lpa4;Lpa6“E¢ mice (Figure 7E).
Together, these results suggest that endothelial LPA4 and LPA6
are responsible for the LPA-Ga12/Gal13-Rho-ROCKI/II signaling
that leads to YAP activation.

LPA4/LPA6-mediated signaling functionally modulates angio-
genesis by inhibiting DIl4 expression in mice. To determine the
functional roles of LPA4 and LPA6 in ECs, we performed a 3D
bead sprouting assay with HUVECs. This assay recapitulates all
the major steps of angiogenesis seen in vivo (42). LPA4/LPA6,
Gal2/Gal3, or YAP/TAZ knockdown by gene-specific siRNA con-
sistently suppressed the length and number of sprouts from the
HUVEC-coated beads (Figure 8, A-C). Furthermore, knockdown
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of LPA4/LPAG6 also blocked EC proliferation (Supplemental Fig-
ure 7). When we inhibited Notch receptor cleavage and release of
Notch intracellular domain (NICD) using the y-secretase inhib-
itor N-[N-(3,5-difluorophenacetyl)-L-alanyl]-(S)-phenylglycine
t-butyl ester (DAPT) (refs. 20, 43, and Supplemental Figure 8),
the sprouting defects were significantly rescued (Figure 8, A-C).
DAPT also significantly ameliorated the sprouting defects of
Y27632-treated HUVECs (Figure 8, D-F). Consistent results were
obtained from the mouse lung ECs (Figure 8, G-I). Additionally,
the sprouting defects of gene-specific siRNA- or Y27632-treat-
ed HUVECs were significantly rescued by concomitant DLL4
knockdown (Supplemental Figure 9).

In addition to the pharmacological efficacy in vitro, DAPT
exerted a significant ameliorating effect on the impaired retinal
angiogenesis of Lpa4;Lpa6“t° mice (Figure 9), while exerting no
effect on body weight. Thus, the results observed after the phar-
macological inhibition of Notch strongly suggest that the reduced
angiogenesis in Lpa4;Lpa6™“*° retina was indeed a consequence of
increased DIll4 expression.

Nuclear YAP suppresses DLL4 expression in a TEA domain-
independent manner. It has been reported that the transcription-
al corepressor function of YAP requires TEA domain (TEAD)
transcription factors (44). To reveal the involvement of TEAD
transcription factors in YAP-induced DLL4 suppression, we
first tested whether siRNAs targeting TEAD1-4 affect DLL4
expression in HUVECs. TEAD1-4 knockdown did not alter
DLL4 expression (Figure 10, A and B, and Supplemental Figure
10A); however, knockdown of these transcription factors did
significantly reduce the expression of CTGF and CYR61 mRNA
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(Supplemental Figure 10B). Consistently, overexpression of
the YAP-S94A mutant, which is unable to interact with TEAD
(45), reduced DLL4 expression to the same degree as WT YAP
in sparse HUVEC culture conditions (Figure 10, C and D). Over-
expression of the YAP-5SA mutant, which mainly localized in
the nucleus, suppressed the DLL4 expression in overconfluent
culture conditions (Figure 10, E and F).

YAP/TAZ suppress [-catenin- and NICD-mediated DLL4
induction. DLL4 transcription is promoted by Akt activation in
HUVECs (22, 46). B-Catenin and NICD are indispensable for

this mechanism. Therefore, we addressed whether YAP/TAZ-
induced DLL4 suppression involves these molecules in HUVECs.
Interestingly, siRNA-mediated depletion of YAP/TAZ sensitized
HUVECs to the angiogenic factors VEGF-A and Ang-1 and also
to serum, all of which are known to activate Akt signaling (Figure
11, A-C). We found that the Akt inhibitor MK2206 considerably
attenuated the upregulation of mRNA and protein expression
of DLL4 caused by YAP/TAZ depletion (Figure 11, D and E) or
Y27632 (Figure 11, F and G), while the basal DLL4 expression
was marginally affected by the inhibitor in each treatment.
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Figure 7. LPA4 and LPAG are responsible for LPA-induced YAP activation in ECs. (A) LPA4/LPAG siRNAs reduced LPA-induced (LPA 10 uM, Thour) YAP nuclear
localization in serum-starved HUVECs. Representative confocal images (left) and quantification data of YAP cellular localization (right; n = 293-394 cells) are
shown. Scale bars: 50 um. (B) LPA4/LPAG siRNAs reduced LPA-induced (LPA 10 M, 30 minutes) YAP dephosphorylation in serum-starved HUVECs. Immunoblot-
ting was performed with phospho-YAP (Ser127) and total YAP antibodies. YAP phosphorylation was assessed by differential migration on gels containing Phos-tag.
Unprocessed original scans of Western blots are shown in Supplemental Figure 13. (C) Y27632 (10 uM, 10 minutes pretreatment) reduced LPA-induced (LPA 10 uM,
1 hour) YAP nuclear localization in serum-starved HUVECs. Representative confocal images (left) and quantification data of YAP cellular localization (right; n =
409-539 cells) are shown. Scale bars: 50 um. (D) LPA4/LPAG deficiency or Y27632 (10 uM, 10 minutes pretreatment) reduced LPA-induced (LPA 10 uM, 1 hour) YAP
nuclear localization in serum-starved mouse lung ECs. Representative confocal images (left) and quantification data of YAP cellular localization (right; n = 96-139
cells) are shown. Scale bars: 50 um. (E) Representative confocal images of YAP of P5 retinal vessels at the angiogenic front of Lpa4;Lpa6= and control littermates.
Retinas were costained for isolectin B4 (IB4; red), YAP (green), and ERG (for EC nucleus; blue). Dashed boxes in the merged pictures indicate the areas for high-
er-magnification images shown in the far right panels. Yellow arrowheads indicate nuclear YAP. Scale bars: 20 pm. One retina was analyzed per mouse (1 = 4 mice).
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Figure 8. Impairment of EC sprouting by LPA4/LPA6-Ga12/Ga13-YAP/TAZ signaling blockade is ameliorated by a Notch inhibitor. (A-C) LPA4/LPAG,
Ga12/Ga13, or YAP/TAZ siRNAs consistently suppressed the length and number of sprouts from the HUVEC-coated beads. DAPT (1 uM) significantly amelio-
rated the sprouting defects. Representative fluorescence images of sprouting are shown in A. Scale bars: 100 um. Quantitative analyses of total length (B)
and number (C) of sprouts were performed. Data are mean = SEM (n =10 beads). (D-F) Y27632 (10 uM) suppressed the length and number of sprouts from
the HUVEC-coated beads. DAPT (1 uM) significantly ameliorated the sprouting defects. Representative fluorescence images of sprouting are shown in D.
Scale bars: 100 um. Quantitative analyses of length (E) and number (F) of sprouts were performed. Data are mean + SEM (n = 10 beads). (G-1) LPA4/LPAG
deficiency or Y27632 (10 puM) treatment suppressed the length and number of sprouts from mouse lung EC-coated beads. DAPT (10 uM) significantly ame-
liorated the sprouting defects. Representative fluorescence images of sprouting are shown in G. Scale bars: 100 um. Quantitative analyses of total length
(H) and number (1) of sprouts were performed. Data are mean + SEM (n = 8-11 beads). ECs are stained green with calcein. *P < 0.05, **P < 0.01, ***P < 0.001,

1-way ANOVA followed by Tukey’s multiple-comparisons test.

In addition, the mRNA and protein induction of DLL4 by YAP/
TAZ depletion did not occur in the absence of f-catenin (Figure
11, H and I). Consistently, B-catenin depletion greatly attenuat-
ed the mRNA induction of DLL4 and of Notch target genes that
was caused by latrunculin A treatment (Supplemental Figure 11).

Similarly to B-catenin depletion, Notch inhibition by DAPT abol-
ished the upregulation of mRNA and protein expression of DLL4
by YAP/TAZ siRNAs (Figure 11, D and E) and Y27632 (Figure 11,
F and G). These results suggest that endothelial YAP/TAZ atten-
uate B-catenin- and NICD-mediated DLL4 induction.
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Figure 9. A Notch inhibitor ameliorates impaired reti-
nal angiogenesis due to endothelial-specific Lpa4/
Lpaé deletion. (A) Lpa4;Lpa6™t and control litter-
mates were injected with DAPT (50 mg/kg) at P3

and P4, and the retinas were prepared at P5. Vessels
were stained with isolectin B4. (B) Body weight

of DAPT-treated Lpa4;Lpa6™& and control litter-
mates at P5. (C) Representative confocal images

of DAPT-treated Lpa4;Lpa6™& and control retinas.
Yellow dashed circles indicate the front edge of radial
expansion of vehicle-treated control retina. Scale bars:
500 pum. (D) Representative confocal images of retinas
at the edge of the angiogenic growth front. Sprouts
are indicated by yellow arrows. Scale bars: 100 um. (E)
Representative high-magnification confocal images

of retinas at the edge of the angiogenic growth front.
Scale bars: 10 pm. (F-K) Quantitative analyses of retinal
vessel expansion (F), vascular area (G), branch point
number (H), sprout number (1), filopodia number (J), and
filopodia length (K). Each dot represents the value of a
mouse. Horizontal lines represent mean + SEM (n = 10-11
mice). One retina was analyzed per mouse. *P < 0.05,
**P < 0.01, ***P < 0.001, 1-way ANOVA followed by
Tukey’s multiple-comparisons test.
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Discussion

In this study, we identified LPA4 and LPA6 as LPA receptors
responsible for embryonic angiogenesis. All Lpa4;Lpa6-DKO
embryos died by E11.5 due to global vascular deficiencies that
were not seen in mice deficient in either Lpa4 or Lpa6. We
note that the vascular phenotypes of Lpa4;Lpa6-DKO embryos,
such as pericardial effusion, enlarged dorsal aortae, and poor
vascular networks, are very similar to those of Atx-KO, Gnal2;
Gnal3-DKO, and Rockl;Rock2-DKO mice (12-14). These results
strongly indicate that by activating Gal12/Gol3 and ROCKI/II,
both LPA4 and LPA6 mediate LPA-induced embryonic angio-
genesis in a coordinated manner.

Certain anomalies of Lpa4;Lpa6-DKO embryos, such as
pericardial effusion, axial turning defects, and apparent lack of
mesodermal segmentation, have been commonly observed in
embryos with gain-of-function and loss-of-function mutations for
Notch signaling (25, 27, 47). Given that DIl4-overexpressing mice
(as gain-of-function mutants; ref. 27) possessed enlarged aortae
as observed in Lpa4;Lpa6-DKO mice, it is likely that LPA-LPA4/

RESEARCH ARTICLE

Figure 10. Nuclear YAP suppresses DLL4 expression in a TEAD-inde-
pendent manner. (A and B) TEAD1-4 siRNAs had no significant effect
on mRNA (A) or protein (B) expression of DLL4. (C and D) Overexpres-
sion of YAP WT and 5SA and S94A mutants reduced mRNA (C) and pro-
tein (D) expression of DLL4 in sparse HUVECs. (E and F) Overexpression
of the YAP 55A mutant reduced mRNA (E) and protein (F) expression
of DLL4 in overconfluent HUVECs. Data are mean + SEM of triplicates.
***P < 0.001, 1-way ANOVA followed by Dunnett’s multiple-compar-
isons test. Unprocessed original scans of Western blots are shown in
Supplemental Figure 14.

LPA6 signaling suppresses Notch signaling during embryonic
development. This conclusion is supported by the phenotypes of
Notchl;Notch4-DKO and DIl4-Het embryos (as loss-of-function
mutants; refs. 25, 47), both of which exhibited decreased diameter
of the dorsal aortae.

Selective binding of ligand-activated GPCRs to their appro-
priate Gu proteins is critical for signal transduction (48). In this
study, we used HUVECs, which endogenously expressed LPAI,
LPA4,and LPAG6, to reveal the mechanisms behind LPA4/LPA6-
mediated angiogenesis. Luciferase reporter assay showed that
LPA activates the Gol2/Gal3-Rho-ROCK signaling pathway,
which was attenuated by LPA4 and/or LPA6 siRNAs, but not
the LPA1/LPA3 antagonist Kil6425. On the other hand, our
examinations of calcium influx and intracellular cAMP level
changes indicated that LPA did not activate Gaq, Goi, or Gas
protein in HUVECs. We previously reported that heterologously
expressed LPA4 activates all classes of Ga proteins, Gog, Goi,
Gas, and Gal2/Gal3 proteins, in some cells other than HUVECs
(6). Thus, the coupling efficiency of LPA4 to Gaq, Gai, and Gas
proteins might depend on the cell type, the culture conditions,
or the receptor expression levels. With regard to LPAG6, studies
by 3 independent groups, including us, have established a con-
sensus that LPA6 couples to Gal2/Gal3-Rho-ROCK activation
pathways (8, 49, 50). Given that Kil6425 had no effect on the
Gal12/Gal3-Rho-ROCK signaling pathway, LPA1 is unlikely to
couple with Gal2/Gal3 in HUVECs. Instead, LPAl has been
shown to couple to Gai/Gao and activate Rac, which functional-
ly antagonizes Rho (51), in primary culture cells (52, 53). Howev-
er, we detected little or no LPA1 signal in HUVECs, probably as a
result of the same coupling inefficiency as observed with LPA4.
Taken together, our results suggest that endothelial LPA4/LPA6
signaling contributes to angiogenesis mainly by activation of
Ga12/Gal3. This appears to be consistent with previous reports
by Guan and colleagues that LPA and thrombin activate YAP/
TAZ through specific GPCRs that couple to Gal2/Gal3 (30, 54),
as will be discussed later.

The question remains of why 2 LPA receptors are essential
in ECs for proper angiogenesis. Previously, we revealed that
LPA4 and LPAG6 had distinct ligand selectivities for LPA species
(6). For example, LPA6 is more potently activated by LPA with
an acyl chain at the sn-2 position (2-acyl-LPA) rather than the
sn-1 position (1-acyl-LPA), whereas LPA4 shows a ligand prefer-
ence for 1-acyl-LPA over 2-acyl-LPA. Therefore, both LPA spe-
cies appear to be sensed effectively by the coordinated action
of endothelial LPA4 and LPA6, enabling them to contribute to
proper angiogenesis.
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Some endothelial GPCRs, such as thrombin receptor (PAR1) and
sphingosine-1-phosphate receptor (S1P1), thus far have been sug-
gested to control developmental angiogenesis by the phenotypes of
mice deficient in each receptor (55, 56). However, as far as we know,
there have been no reports on GPCRs that mediate developmen-
tal angiogenesis by regulating DLL4/Notch signaling in ECs. Our
in vitro studies using HUVECs demonstrated that LPA4 and LPA6
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suppress DLL4 expression in a coordinated manner. Consistent with
this, we revealed that concomitant loss of LPA4 and LPA6 in retinal
ECs resulted in increased expression of Dll4, suggesting that endo-
thelial LPA4/LPAG6 signaling regulates D14 expression also in vivo.
We also demonstrated that pharmacological and siRNA-
mediated targeting of YAP/TAZ increased the expression of DLL4
and its target genes. Although a recent study reported similar
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Figure 12. A working model showing that LPA regulates sprouting angiogenesis via a mecha-
nism that involves LPA4/LPA6, Ga12/Ga13, Rho, ROCK, actin polymerization, YAP/TAZ, and
DLL4. Endothelial LPA4 and LPAG activate Go12/Ga13-Rho-ROCK signaling, which induces actin
polymerization and nuclear localization of YAP/TAZ. Nuclear YAP/TAZ repress DLL4 expression by

inhibiting the Akt signaling.

results in HUVECs (36), it is noteworthy that the Notch inhibitor
DAPT restored the sprouting defects of YAP/TAZ siRNA-treated
HUVECs in our study. YAP/TAZ-mediated DLL4 suppression is
likely to be involved in LPA4/LPA6-mediated sprouting angio-
genesis, as DAPT again restored sprouting defects in LPA4/LPA6
siRNA-treated HUVECs. More importantly, DAPT ameliorated
impaired retinal angiogenesis in Lpa4;Lpa6“EC mice as seen in
Nrf2-KO, Jagl-KO, and Git1-KO mice (57-59). All of these mice
displayed upregulated DIl4 expression in ECs. YAP nuclear local-
ization was impaired in the angiogenic front of Lpa4;Lpa6™“tC ret-
inas. Several independent studies have revealed that endothelial
YAP/TAZ mediate sprouting angiogenesis (31-36). In this context,
we propose LPA4 and LPAG6 as regulators of sprouting angiogen-
esis that repress DLL4 expression by activating YAP/TAZ in ECs.
Nuclear YAP in ECs plays a substantial role in sprouting angio-
genesis in response to various stimuli (31, 32, 34). In the present
study, a reduction in both nuclear and cytoplasmic YAP by siRNA
resulted in an increase in DLL4 expression in HUVECs. Mean-
while, when HUVECs were cultured under serum-starved or over-
confluent conditions, nuclear localization of YAP was decreased

II» Tip formation

Sprouting angiogenesis

II» EC proliferation
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concomitantly with an increase in DLL4
expression. Similar results were obtained by
blocking of ROCK activity, which led to the
predominant cytoplasmic retention of YAP.
Furthermore, transient expression of the
nuclear-localized YAP-5SA mutant remark-
ably reduced DLL4 expression. Thus, these
results consistently suggest that nuclear YAP/
TAZ suppress endothelial DLL4 expression
(Figure 12). Indeed, Barry et al. previously
showed that transgenic overexpression of a
phospho-deficient YAP mutant, which exhib-
its enhanced nuclear localization, repressed
Dil4 gene expression in mouse intestinal
epithelium (60). The involvement of nucle-
ar YAP/TAZ in LPA4/LPA6-induced angio-
genesis could provide a possible reason for

' the apparently milder phenotypes of Lpa4;

Lpa6“EC retinas compared with those observed
in Yap;Taz“EC retinas (31-33, 36), as cytoplas-
mic YAP/TAZ also exert angiogenic func-
tions in ECs. In particular, YAP/TAZ regulate
CDC42 in the migration of tip ECs (33). A
‘ number of studies demonstrated that TEAD
= transcription factors mediate the nuclear
function of YAP/TAZ (28). Although YAP/TAZ
generally function as transcriptional coactiva-
tors, YAP/TAZ reportedly repress transcrip-
tion of numerous target genes in the nucleus
in association with TEAD (44, 61). Our present
study, however, provides data supporting the
idea that YAP/TAZ suppress DLL4 expression
independently of TEAD.

In addition to the TEAD-independent
function, our data suggested that YAP/TAZ
repress Akt activity, which induces DLL4
expression in a manner dependent on f-caten-
in and NICD in ECs (Figure 12). This proposed molecular mech-
anism is plausible, given that NICD and B-catenin are indispens-
able for the Akt-induced DLL4 transcription in HUVECs (22, 46).
Although Manderfield et al. demonstrated that YAP and NICD
physically interact and modulate gene transcription in mouse aor-
tic smooth muscle cells (62), we observed no obvious binding of
YAP with NICD or with B-catenin in HUVECs under our experi-
mental conditions (our unpublished observations). We therefore
concluded that YAP/TAZ appear to repress DLL4 induction by
inhibiting the Akt signaling pathway rather than by interacting
directly with and inhibiting the function of NICD or B-catenin.
Further studies, however, are warranted to clarify the detailed
molecular mechanism. In this context, it is interesting to note that
the stress-responsive transcription factor NRF2 represses endo-
thelial DLL4 expression by blocking Akt signaling to promote
sprouting angiogenesis (57).

Lipid phosphate phosphatase 3 (LPP3) is an ectoenzyme
expressed on the surface of ECs and seems to contribute predomi-
nantly to the degradation of LPA in blood (63). Yukiura et al. report-
ed that LPP3 is expressed locally in HUVECs, i.e., LPP3 is localized
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to cell-cell contact sites rather than noncontact sites (64). This
report suggested that LPP3 is likely to restrict LPA signaling at the
subcellular level and that endothelial LPA4/LPAG6 signaling may be
dominant in the angiogenic front of the mouse retinal vessels. This
assumption is further in line with our observation that YAP local-
ized preferentially in nuclei of mouse ECs at the angiogenic front
in an LPA4/LPA6-dependent manner. The positional restriction
of LPA4/LPA6 functions in retinal vessels may also account for the
apparently milder phenotypes of Lpa4;Lpa6“E¢ retinas compared
with the phenotypes of Yap;TazEC retinas (31-33, 36), as endothelial
YAP/TAZ are regulated by various extracellular cues other than LPA,
including mechanical stimuli (34, 65) and receptor ligands (32, 54).

In cooperation with VEGF signaling, Notch signaling con-
tributes to specify and balance the tip and stalk cell phenotypes
during the angiogenic sprouting process (66). High expression of
DLL4 in filopodia-rich endothelial tip cells, which lead and guide
new sprouts (67), is thought to activate Notch and to suppress the
tip cell phenotype in adjacent (stalk) ECs by reducing sensitivity
to the angiogenic activity of VEGF-A. Additionally, Notch acti-
vation by DIl4-presenting tip cells has been suggested to act as a
positive regulator of DI/4 transcription in adjacent stalk cells (Fig-
ure 12) (68). Notably, studies using mice deficient in Notch sig-
naling inhibitor molecules, including Jagged1 and GIT1, revealed
that stalk cells possess an intrinsic ability to reciprocally activate
Notch in adjacent tip cells (58, 59). Jaggedl and GIT1 deficiencies
remarkably enhanced DII4 expression in both tip and stalk cells
because of an amplified DI14-Notch-Dll4 positive-feedback loop
at the angiogenic front. Because LPA4/LPA6 signaling inhibits
Notch signaling by repressing DIl4 transcription, the DI14-Notch-
Dll4 positive-feedback loop is probably amplified in ECs at the
angiogenic front of Lpa4;Lpa6“E° retinas. Thus, we interpret
that, as in JagI-KO and GitI-KO ECs, DIl4 upregulation in Lpa4;
Lpa6™E€ ECs inhibits formation and also potentiation of tip cells.
Indeed, we found that tip cells in the Lpa4;Lpa6™EC retina were
less numerous and exhibited reductions in number and length of
sprouting filopodia.

Sprouting angiogenesis is a multistep process including tip cell
formation and stalk cell proliferation (66). In our in vitro assays,
knockdown of LPA4/LPA6, Gal2/Gal3, or YAP/TAZ consistently
led to sprouting defects of HUVECs. Furthermore, knockdown of
LPA4/LPAG6 blocked EC proliferation, suggesting that the LPA4/
LPA6-Gal2/Gal3-YAP/TAZ signaling pathway is involved in
sprouting angiogenesis also by promoting the proliferation of EC.
This is in agreement with previous reports that demonstrated that
YAP and TAZ were required for EC proliferation (31, 33). Similarly,
there is a report indicating that LPA promoted the proliferation of
human corneal ECs via YAP activation (69).

In conclusion, we identified endothelial LPA4 and LPA6 as
crucial receptors of LPA during sprouting angiogenesis. The LPA4/
LPA6-mediated Gol2/Gol3 signaling pathway likely downregu-
lates DLL4 expression via YAP/TAZ activation (Figure 12). Sprouting
angiogenesis is followed by vessel remodeling and pruning to form
vascular networks under both developmental and pathological condi-
tions. Thus, our findings may provide a molecular basis for targeting
vascular development as a potential therapeutic strategy for patho-
logical angiogenesis, particularly associated with cancer, age-related
macular degeneration, rheumatoid arthritis, and psoriasis.

jci.org  Volume129  Number10  October 2019

The Journal of Clinical Investigation

Methods
Further information can be found in Supplemental Methods.

Mice. Lpa4-KO mice were generated as previously described (16).
Lpa4-floxed mice were generated by a modified CRISPR/Cas9 gene
editing system (70). This system enables homologous recombina-
tion-mediated targeted loxP sequence integrations by using left and
right single-guide RNA/Cas9 expression vectors and another vector
with long double-stranded donor DNA spanning both left and right
CRISPR target sequences (Supplemental Figure 2A). Briefly, we used
the pX330 vector, provided by Feng Zhang (Addgene plasmid 42230)
(71), to generate the single-guide RNA/Cas9 expression vectors. The
left guide RNA sequence (5-GAGAAAAGTCGATATTGAGC-3') and
the right guide RNA sequence (5-TGGAGGGTAAAAAAGCCATG-3')
were inserted into the entry site of the pX330 vector, as reported by
Mizuno et al. (72). These vectors were designated as pX330-Lpa4-
left and pX330-Lpa4-right, respectively. The donor vector, named
pflox-Lpa4-dsDonor, was based on the pflox vector backbone, pro-
vided by Fumihiro Sugiyama (Supplemental Table 7) and designed
to flank the exon containing the entire open reading frame of Lpa4
with loxP sites to allow for conditional removal by Cre recombinase.
pflox-Lpa4-dsDonor contained a left homology arm (1249 bp) and
a right homology arm (1755 bp) that flanked the left and right CRIS-
PR target sequences, respectively. For microinjection, these 3 vec-
tors were isolated with a FastGene Gel/PCR Extraction Kit (Nippon
Genetics, Tokyo, Japan) and diluted to 5 ng/uL (pX330-Lpa4-left/
right vectors) or 10 ng/uL (pflox-Lpa4-dsDonor) by deionized dis-
tilled water. After filtration with a 0.22-um filter (Millex-GV; Merck
Millipore, Billerica, Massachusetts, USA), these vectors were micro-
injected into the male pronuclei of fertilized oocytes according to the
standard protocols (73). Surviving 1-cell embryos were transferred
into the oviducts of pseudopregnant ICR females. Lpa5-KO, Lpa6-
KO, and Lpa6-floxed mice (accession no. CDB0977K; http://www2.
clst.riken.jp/arg/mutant%20mice%20list.html) were generated as
previously described (15, 74). Tie2-Cre transgenic mice (75) were pro-
vided by RIKEN BioResource Research Center. Cdh5(PAC)-CreER™
transgenic mice were a gift from Ralf H. Adams (37). All mice were on
a C57BL/6 genetic background.

Analysis of retinal angiogenesis. To induce Cre-mediated recom-
bination, 100 g of tamoxifen (Sigma-Aldrich) dissolved in ethanol/
corn oil (1:9, vol/vol) at 40 mg/mL was administered to pups by
daily oral gavage at P1 through P3. Eyes were retrieved from both
male and female pups at P5 after euthanasia and fixed with 4% para-
formaldehyde in PBS for 2 hours at 4°C. After washing with PBS 4
times, retinas were isolated from the fixed eyes, and 4 radial inci-
sions were performed to obtain 4 evenly sized quadrants. The reti-
nas were then permeabilized and blocked in PBS containing 1% BSA
(Sigma-Aldrich) and 0.3% Triton X-100 at room temperature for 1
hour. Blood vessels were stained with 10 pg/mL Alexa Fluor 594~
conjugated isolectin B4 (Thermo Fisher Scientific) overnight at 4°C
in Pblec buffer (1 mM CaCl,, 1 mM MgCl,, 0.1 mM MnCl,, and 0.3%
Triton X-100 in PBS). After washing with PBS 4 times, flat-mounted
retinas were imaged using a laser scanning confocal microscope
(LSM 780 META; Carl Zeiss). Analyses of radial expansion, vascu-
lar area, branch point number, and sprout number were conducted
using Image] software (NIH). Briefly, radial expansion was measured
as the distance of vessel growth from the optic nerve to the periph-
eral angiogenic front in each quadrant of the retina and averaged.
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The angiogenic front was defined as the line connecting the base of
the sprouting ECs. Vascular area corresponded to the vascularized
area divided by the field of view (200 um x 200 um) in each quad-
rant. The average of each quadrant was calculated. Vascular area was
measured by thresholding isolectin B4 signal. Threshold values were
maintained constant throughout all measurements within each
independent experiment. The number of vessel branch points was
counted manually in a 200 pm x 200 um field located between an
artery and a vein in each quadrant and averaged. The number of
sprouts was counted manually in a 450-pum length of the angio-
genic front edge in each quadrant and averaged. For the analysis of
filopodia, high-resolution confocal images were used. The number
and length of filopodia per single sprout were measured. To inhibit
Notch signaling, newborn pups were injected s.c. at P3 and P4 with
50 mg/kg DAPT (Tokyo Chemical Industry) dissolved in ethanol/
corn oil (1:9, vol/vol) at 5 mg/mL. Control mice were injected with
vehicle only. For staining of DLL4 or YAP, isolectin B4-stained
retinas were washed 3 times for 10 minutes with PBS and then
incubated overnight at 4°C in Pblec buffer with goat anti-DLL4
(diluted 1:40; AF1389; R&D Systems) or rabbit anti-YAP antibody
(diluted 1:100; 14074; Cell Signaling Technology). These primary
antibodies were detected with appropriate Alexa Fluor 488-con-
jugated secondary antibodies by incubation at room temperature
for 2 hours. Endothelial nuclei were stained with Alexa Fluor 647~
conjugated rabbit anti-ERG antibody (diluted 1:100; ab196149;
Abcam). Total DLL4 staining intensities of a 300 pum x 600 pum
field at the angiogenic front and a 100-pm length of the artery
were measured. Each intensity value was normalized to isolectin
B4 area. Investigators were blinded to the genotype and treatment
of animals during data analysis.

Fibrin gel sprouting assay. Fibrin gel sprouting assay was per-
formed as described previously with some modifications (42). Briefly,
HUVECs or mouse lung ECs were trypsinized and mixed with Cyto-
dex 3 microcarrier beads (Sigma-Aldrich) at a ratio of 1 x 10° cells
per 500 beads. The beads were coated with ECs by incubation for 4
hours at 37°C in a 15-mL conical Falcon tube, with gentle shaking by
hand every 20 minutes. The coated beads were then transferred to
3 mL of EGM-2 BulletKit containing 2% FBS in a 35-mm nonadher-
ent dish. After 24 hours, the beads were washed with EGM-2 Bullet-
Kit 3 times and suspended in EGM-2 BulletKit containing 2% FBS,
2 mg/mL fibrinogen (Sigma-Aldrich), 0.15 U/mL aprotinin (Sigma-
Aldrich), and 10 ng/mL VEGF-A (Invitrogen). To inhibit Notch sig-
naling in HUVECs or mouse lung ECs, 1 or 10 uM DAPT (10 mM
stock in DMSO) was further added, respectively. To form fibrin gel,
0.7-mL aliquots of the suspension were added to 4.5 uL of 100 U/
mL thrombin in a 24-well plate. The plate was left for 5 minutes at
room temperature and subsequently for 15 minutes at 37°C. Mouse
mesenchymal C3H10T1/2 cells (CCL-226; ATCC) were suspended
at 2 x 10* cells/mL in EGM-2 BulletKit supplemented with 2% FBS
and 10 ng/mL VEGF-A and overlaid onto the fibrin gel layers at 1 mL/
well. C3H10T1/2 cells are considered to provide essential nutrients
and growth factors to ECs, thus enabling them to mimic the stromal
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cell-EC interaction in vitro (76). Subsequently, the cocultures were
incubated at 37°C in 5% CO, for 96 or 120 hours. After removal of the
adherent C3H10T1/2 cells by trypsinization, EC sprouts were labeled
with 4 pg/mL calcein-AM (Dojindo) for 1 hour and photographed
with a fluorescence microscope (IX 71; Olympus). The number and
total length of sprouts were measured by Image]. The mean number
of sprouts per bead was determined by counting of the sprouts origi-
nating directly from the cells lining the surface of the bead. The mean
total length per bead represented the cumulative length of all sprouts
per bead. For both parameters, 7-15 beads were assessed.

Statistics. All data are presented as the mean * SEM and were
analyzed using GraphPad Prism 6 software (GraphPad Software). To
calculate statistical significance between 2 groups, 2-tailed unpaired
Student’s ¢ test (for parametric analysis) or Mann-Whitney U test (for
nonparametric analysis) was performed. One-way ANOVA followed by
Tukey’s or Dunnett’s multiple-comparisons test was used for compar-
isons among 3 or more groups. Two-way repeated-measures ANOVA
followed by Bonferroni’s multiple-comparisons test was used for the
proliferation assay. Differences were considered statistically significant
at Pless than 0.05. No sample outliers were excluded. Individual in vitro
experiments were performed at least 2 times with similar results. For
in vivo experiments, data were collected from multiple independent
experiments performed on different days with different mice.

Study approval. The animal experimental procedures used in this
study were approved by the Institutional Animal Care and Use Com-
mittee of Akita University, Akita, Japan.
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