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BIOCHEMISTRY

Pi1(4,5)P,-dependent regulation of endothelial tip cell
specification contributes to angiogenesis

Elizabeth M. Davies't, Rajendra Gurung't, Kai Qin Le’, Katherine T. T. Roan’, Richard P. Harvey*>,
Geraldine M. Mitchell*>, Quenten Schwarz®, Christina A. Mitchell'*

Dynamic positioning of endothelial tip and stalk cells, via the interplay between VEGFR2 and NOTCH signaling,
is essential for angiogenesis. VEGFR2 activates PI3K, which phosphorylates PI(4,5)P, to PI(3,4,5)P3, activating
AKT; however, PI3K/AKT does not direct tip cell specification. We report that PI(4,5)P, hydrolysis by the phos-
phoinositide-5-phosphatase, INPP5K, contributes to angiogenesis. INPP5K ablation disrupted tip cell specifica-
tion and impaired embryonic angiogenesis associated with enhanced DLL4/NOTCH signaling. INPP5K degraded
a pool of PI(4,5)P, generated by PIP5K1C phosphorylation of PI(4)P in endothelial cells. INPP5K ablation in-
creased PI(4,5)P,, thereby releasing B-catenin from the plasma membrane, and concurrently increased
PI(3,4,5)P5-dependent AKT activation, conditions that licensed DLL4/NOTCH transcription. Suppression of
PI(4,5)P, in INPP5K-siRNA cells by PIP5K1C-siRNA, restored B-catenin membrane localization and normalized
AKT signaling. Pharmacological NOTCH or AKT inhibition in vivo or genetic B-catenin attenuation rescued an-
giogenesis defects in INPP5K-null mice. Therefore, PI(4,5)P, is critical for B-catenin/DLL4/NOTCH signaling,
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which governs tip cell specification during angiogenesis.

INTRODUCTION
Regulation of angiogenesis is fundamental to the establishment of a
functional vasculature, which is essential for embryonic develop-
ment, postnatal inflammatory responses, and tissue regeneration
(1). Dysregulated angiogenesis leads to neovascularization, which
can promote or exacerbate diabetic retinopathy, age-related
macular degeneration, and cancer growth. In response to tissue-
derived proangiogenic signals, endothelial cells (ECs) develop a spe-
cialized morphology comprising two distinct cell types, tip or stalk
cells. Tip cells extend multiple filopodia, migrate toward a proan-
giogenic gradient, and establish connections between neighboring
tip cells to develop integrated vessels (2). Nonmigratory stalk cells
proliferate at the base of the sprouting vessel to form the vascular
lumen and establish adherent and tight junctions that increase
vessel stability. Tip/stalk cell specification requires the coordination
of vascular endothelial growth factor receptor 2 (VEGFR2) and
NOTCH signaling. VEGFR2 signaling promotes expression of the
NOTCH ligand delta-like 4 (DLL4) in tip cells, which, in turn, ac-
tivates NOTCH signaling in adjacent stalk cells to laterally suppress
tip cell identity. Tip/stalk cell fates are interchangeable and depen-
dent on VEGFR2/DLL4/NOTCH feedback mechanisms (3).
Many of the biological activities of VEGF in ECs require the ac-
tivation of the phosphoinositide 3-kinase (PI3K)/AKT signaling
cascade. VEGF-A binding to VEGFR2 activates class I PI3K,
which transiently phosphorylates phosphatidylinositol 4,5
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bisphosphate [PI(4,5)P,], generating phosphatidylinositol 3,4,5 tri-
sphosphate [PI(3,4,5)P;], leading to activation of many effectors in-
cluding AKT (4). The tumor suppressor phosphatase and tensin
homolog (PTEN) degrades the 3-position phosphate from
PI(3,4,5)P; to form PI(4,5)P, and terminates PI3K/AKT signaling
in ECs. Reduced PI3K signaling via inactivation of the PI3K class 1A
p110a catalytic subunit (5) or enhanced PI3K/AKT signaling via de-
pletion of Pten (6) impairs angiogenesis and causes embryonic le-
thality in mice. However, unanswered questions in the field
converge on the role this pathway plays in tip cell specification, as
inactivation of p110a, Pten, or AktI neither alters tip cell identity
nor modifies DLL4/NOTCH signaling during developmental an-
giogenesis (5, 7, 8).

Little attention has been directed at the role PI(4,5)P, plays in
angiogenesis despite its function as an essential substrate and pre-
cursor for PI3K signaling output and also as a phosphatidylinositol
signal that regulates the actin cytoskeleton and adherens junctions
(9). PI(4,5)P, is generated by phosphorylation of PI(4)P by the type
I phosphatidylinositol phosphate 5-kinase (PIP5K1) (10) and is de-
graded by inositol polyphosphate 5-phosphatases to PI(4)P (11).
Genetic targeting of various PI(4,5)P,-regulatory enzymes has re-
vealed that increased PI(4,5)P, signaling contributes to vascular de-
velopment (12-16); however, a direct role for PI(4,5)P, signaling in
tip cell specification during angiogenesis remains unknown.

Inositol polyphosphate 5-phosphatases (5-ptases) comprise 10
mammalian enzymes that degrade the 5-position phosphate from
PI(4,5)P, and/or PI(3,4,5)P;, generating PI(4)P and PI(3,4)P, re-
spectively (11), and thus have the potential to influence multiple
signaling pathways. Mutations in the 5-ptases INPP5E, OCRL,
and INPP5K [skeletal muscle and kidney enriched inositol poly-
phosphate 5-phosphatase (SKIP)] cause diverse human develop-
mental syndromes with little functional redundancy (17-21).
INPP5K removes the 5-position phosphate from the inositol
group of PI(4,5)P, generating PI(4)P (22). In addition, in some
studies, INPP5K is proposed to degrade PI(3,4,5)P; to form
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PI(3,4)P,, but with lower affinity and enzyme kinetics than for
PI1(4,5)P, (22-24). Targeted deletion of murine Inpp5k is embryonic
lethal for unknown reasons (25).

Here, using in vivo and cellular models, we identify an unantic-
ipated role for a PI(4,5)P,/B-catenin/NOTCH signaling nexus in
ECs and propose that the interconversion of PI(4,5)P, to PI(4)P
by INPP5K functions as a gateway that facilitates tip cell specifica-
tion during developmental and postnatal angiogenesis.

RESULTS

INPP5K plays an essential EC-autonomous role in
embryonic angiogenesis

To investigate the cause of embryonic lethality of Inpp5k-null mice
(25), Inpp5k™'~ mice were generated using Cre/loxP-mediated re-
combination. Inpp5k exon 8 was flanked by loxP sequences
(InppSkﬂ/ fly (fig. S1A). Crossing with a germline Cre-deleter strain
(CMVCre) introduced a frameshift and premature stop codon
before catalytic Inpp5k residues (26). Southern blotting revealed re-
combination at the Inpp5k locus (fig. S1B), and polymerase chain
reaction (PCR) demonstrated the absence of the wild-type Inpp5k
allele in Inpp5k ™'~ embryos (fig. S1C). Loss of Inpp5k mRNA tran-
scripts was observed in embryonic day 9.5 (E9.5) Inpp5k™'~
embryos (fig. S1D). Inpp5k heterozygous (Inpp5k*'~) mice were
viable and fertile; however, intercrosses produced no live
Inpp5k™' offspring (fig. S1E), confirming that homozygous dele-
tion of Inpp5k induces embryonic lethality as previously reported
(25). However, as the cause of embryonic lethality was never estab-
lished, we investigated this here. Inpp5k~~ embryos were growth
retarded at E9.5, with variable impacts on forebrain development
(Fig. 1A), and no viable embryos were generated beyond E10.5
(fig. SIE). Inpp5k ™~ E9.5 embryo cell proliferation was equivalent
to wild type, as shown by phospho-histone H3 staining (fig. SIF).
Many E9.5 and E10.5 Inpp5k ™'~ embryos exhibited cranial hemor-
rhaging (Fig. 1A, arrows), indicative of defective vasculature. The
major vessels including the dorsal aorta and cardinal veins
formed normally (fig. S1G); however, the head and trunk vascula-
ture was primitive, disorganized, and dilated, and intersomitic
trunk vessel development was disrupted (Fig. 1B and fig. SIH). Im-
paired vascular smooth muscle cell recruitment to Inpp5k ™~ vascu-
lar endothelium was detected (fig. S1I, left), but no defects in
cardiomyocyte endocardium recruitment were observed (fig. S1I,
right). Inpp5k™~ E10.5 hearts showed no obvious abnormalities
(fig. S11, right), and hemangioblast development and blood flow ap-
peared normal. Inpp5k~'~ yolk sacs (E10.5) formed large vitelline
vessels, but smaller capillary vessel formation was reduced and
showed defects in complex vessel branching (fig. S1J). These data
suggest that the cause of Inpp5k™'~ embryonic lethality, which
has not been previously reported, is due to defective angiogenesis.
However, INPP5K is not required for angioblast differentiation or
formation of the initial vascular plexus via vasculogenesis.

To investigate for an EC-autonomous role for INPP5K in
angiogenesis, Inpp5k™™ mice were intercrossed with Tie2Cre
transgenic mice (27), allowing conditional deletion of Inpp5k in
ECs. Inpp5k™";Tie2Cre embryos were not viable beyond E10.5
(fig. S1K), reminiscent of global Inpp5k ™~ embryos. Only one EC-
specific-Inpp5k knockout mouse was born to term of 77, with 17
predicted by Mendelian inheritance (fig. S1K). Inpp5k™™; Tie2Cre
embryos displayed growth retardation (Fig. 1C) and hemorrhaging

Davies et al., Sci. Adv. 9, eadd6911 (2023) 31 March 2023

at E10.5 (Fig. 1C, arrows), with dilated head and trunk vessels, and
reduced capillary networks (Fig. 1D), recapitulating the Inpp5k ™'~
global deletion phenotype. Abnormal angiogenesis was also ob-
served in
Inpp5k™™; Tie2Cre yolk sacs (fig. S1L). These data demonstrate
that INPP5K plays a nonredundant EC-autonomous role that is
essential for embryonic angiogenesis. See also fig. S1.

INPP5K regulates postnatal and pathological angiogenesis
We next examined the role that INPP5K plays in postnatal and
pathological angiogenesis using in vivo subcutaneous Matrigel
plug assays and syngeneic tumor angiogenesis models, respectively.
To circumvent the embryonic lethality of Inpp5k~'~ or
Inpp5k™™; Tie2Cre mice, tamoxifen-inducible EC-specific Inpp5k
knockout mice (Inpp5k™E°) were generated, which express tamox-
ifen-activated Cre recombinase via the Cdh5 promoter
[Cdh5(PAC)-CreERT2] (28). Tamoxifen was administered to 6-
week-old Inpp5k™™ or Inpp5k™™,Cdh5(PAC)-CreERT2 mice daily
for five consecutive days to generate control or endothelial-specific
Inpp5k knockout (Inpp5k“EC) mice, respectively. Deletion of
Inpp5k in Inpp5k**F< mice was confirmed by quantitative reverse
transcription PCR (qRT-PCR) of highly vascularized lung tissue
(fig. S2A). Vascular infiltration into Matrigel plugs implanted into
either Inpp5k™* or control mice did not occur in the absence of
proangiogenic factors but was observed in response to basic fibro-
blast growth factor (bFGF; Fig. 2A) or VEGF-A stimulation
(Fig. 2B) and was significantly reduced in Inpp5k'**“ mice com-
pared with controls (Fig. 2, A and B), indicating that INPP5K reg-
ulates postnatal angiogenesis downstream of bFGF or VEGF-A
signaling.

INPP5K has been reported to play a role in highly vascularized
glioblastoma, and high INPP5K expression predicts for improved
long-term survival (29). We therefore evaluated INPP5K contribu-
tion to tumor angiogenesis as a model of pathological angiogenesis.
Growth of Lewis lung carcinoma (LLC; Fig. 2C) or BI6F10 melano-
ma (Fig. 2D) syngeneic tumors in Inpp5k'**© mice was reduced
compared with tumor growth in control mice. The vascular
density of LLC tumors was significantly decreased in Inpp5k'*=©
mice (Fig. 2E), associated with reduced tumor cell proliferation
(Fig. 2E) and increased tumor cell hypoxia (Fig. 2F). No differences
were observed in collagen IV (fig. S2B) or smooth muscle actin
(SMA) recruitment (fig. S2C) to tumor vasculature or tumor cell
apoptosis (fig. S2D). We conclude that INPP5K is necessary for
tumor xenograft neovascularization, and in its absence, tumor
hypoxia, impaired cell proliferation, and reduced tumor growth
are observed.

INPP5K promotes tip cell specification

The INPP5K-null embryonic phenotype of impaired angiogenesis
is highly reminiscent of defective tip cell identity (2). Accordingly,
murine models of endothelial tip cell specification and migration
were characterized to investigate a possible role for INPP5K in tip
cell selection. At E9.5 to E10.5, tip cells from embryonic bilateral
segmental trunk vessels extend filopodia and migrate from the
dorsal surface, connecting with neighboring vessel tip cells, to
form the paired dorsal longitudinal trunk vessels (30). Dorsal vas-
cular plexus tip cell numbers were reduced in Inpp5k™'~ embryos
from E9.5, associated with decreased tip cell migration and vessel
anastomoses (Fig. 3A).
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Fig. 1. INPP5K plays an essential EC-autonomous role in embryonic angiogenesis. (A) Bright-field microscopy images of whole-mount Inpp5 or Inpp5k='=
embryos at E9.5 (left) or E10.5 (right) showing growth retardation and hemorrhage (arrows) in the head of Inpp5k™~ embryos. Scale bars, 1 mm. (B) Confocal microscopy
images of endomucin-stained whole-mount E9.5 or E10.5 Inpp5k*'* or Inpp5k~'~ embryos, depicting the vascular plexus of the head (left) or trunk (right). Arrows indicate
primitive, disorganized, dilated vessels in Inpp5k~~ embryos. Scale bars, 500 um. (C) Bright-field microscopy images of whole-mount Inpp5k™" or Inpp5k™":Tie2Cre
embryos at E10.5 showing growth retardation and vascular hemorrhage (arrows) of Inpp5k™M:Tie2Cre embryos. Scale bars, T mm. (D) Confocal microscopy images of
endomucin-stained whole-mount Inpp5k™™ or Inpp5k™"; Tie2Cre embryos, showing the vascular plexus of the head (left) or trunk (right). Arrows show dilated vessels and
reduced capillary networks in Inpp5k™f:Tie2Cre embryos. Scale bars, 500 um. See also fig. S1.
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Fig. 2. INPP5K regulates postnatal and pathological
angiogenesis. (A) Confocal images of Matrigel (500 ng of
bFGF) vascular infiltration of mice 14 days after injection.
Endomucin, red; DAPI, blue. Scale bars, 100 um. Graph:
Endomucin area/relative to control mice. Inpp5k™", n = 5;
Inpp5k™ES, n = 4 mice. Means were compared by Student's t
test, unpaired data. *P < 0.05. Vascularization is decreased
in Inpp5k'“E< mice. (B) Confocal images showing Matrigel
(250 ng of VEGF-A) vascular infiltration from mice, 14 days
after injection. Scale bars, 100 um. Graph: Endomucin area
relative to control mice + SEM: Inpp5k™®, n = 5; Inpp5k'2ES,
n =4 mice. Means were compared by Student's t test, un-
paired data. *P < 0.05. Vascularization is decreased in
Inpp5k™EC mice. (C) Bright-field images of LLC syngeneic
tumors, 25 days after transplantation of Inpp5k™" or
Inpp5k“E¢ mice. Scale bar, 5 mm. Graph: Mean tumor
volumes (mm?) + SEM; four mice per genotype. Means were
compared by Student's t test, unpaired data. *P < 0.05 and
*P < 0.01. Tumor volumes were reduced in Inpp5kiAE<
mice. (D) Bright-field images of B16F10 melanoma synge-
neic tumors from Inpp5k™™ or Inpp5k'2E€ mice 12 days after
transplantation. Scale bar, 5 mm. Graph: Mean tumor
volumes (mm?) + SEM; four mice per genotype. Means were
compared by Student’s t test, unpaired data. *P < 0.05.
Tumor volumes are decreased in lnpp5kiAEC mice. (E) Con-
focal images of LLC tumor sections at 25 days, stained for
endomucin (red), Ki67 (green), and DAPI (blue). Scale bars,
50 um. Graphs: Percent tumor vascularization area; Ki67-
positive cells + SEM; Inpp5k™", n = 3; Inpp5k'2ES, n = 4 mice.
Means were compared by Student's t test, unpaired data.
*P < 0.05 and **P < 0.01. Inpp5k™E< tumors show reduced
vascularization and proliferation. (F) Mice given pimonida-
zole hydrochloride (60 mg/kg) intraperitoneally 90 min
before euthanasia. Confocal images of pimonidazole-
stained (green) tumor sections at 25 days. Endomucin, red;
DAPI, blue. Scale bars, 100 um. Graph: Percent hypoxic area
+ SEM: Inpp5k™7, n = 3; Inpp5k'2ES, n = 4 mice. Means were
compared by Student’s t test, unpaired data. **P < 0.01.
Tumor hypoxia increased in Inpp5k“E< mice. See also

fig. S2.

We next used models of murine retinal vascular development
(31) to further define the role that INPP5K plays in endothelial
tip cell specification. Endothelial tip cells were defined in the
retinal vessels as ECs located at the outermost expanding vascular
front with filopodial extensions as extensively described (32-37).
Two-dimensional (2D) retinal vascular patterning defects were
evident in Inpp5k'**© mice from postnatal day 5 (P5) to P7,
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associated with suppressed vascular expansion (Fig. 3B and fig.
S3A), decreased capillary branching (Fig. 3C and fig. S3B),
reduced tip cell sprouting, and diminished filopodia extension
(Fig. 3D). Vascular smooth muscle cell recruitment was not im-
paired (fig. S3C), indicating no contribution of mural cell signaling
to vascular sprouting in this model. Capillary width (Fig. 3C) and
EC proliferation (fig. S3D) were unaffected. Vasculature extension
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Fig. 3. INPP5K promotes tip cell specifi-
cation. (A) Endomucin-labeled, whole-
mount embryos (E9.5, E10.0, and E10.5)
showing trunk dorsal longitudinal anasto-
motic vessels. Tip cells, arrows; vessel anas-
tomosis, open arrowhead. Scale bars, 100
um. Graphs: Tip cells/vessel length + SEM:
Inpp5k*’*, n = 5 and Inpp5k~'~, n = 8 (E9.5);
Inpp5k*™*, n =5 and Inpp5k~'~, n = 8 (E10.0)
mice. Inpp5k™*, n =13 and Inpp5k~~,n =7
(E10.5) mice; anastomoses/vessel

length + SEM: Inpp5k™*, n = 13 and
Inpp5k_/_, n =7 (E10.5) mice. Comparison
of means, Student's t test, unpaired data.
*P < 0.05 and **P < 0.01. Tip cells and vessel
anastomosis are reduced in Inpp5k™'~
embryos. (B) Endomucin-stained flat-mount
P6 retina, expansion limits (outlined). Scale
bars, 1 mm. Graph: Vascular expansion; n = 4
mice per genotype. Comparison of means,
Student's t test, unpaired data. **P < 0.01.
Vascular expansion decreased in Inpp5k'At¢ ©
retina. (C) Confocal images of endomucin-
stained flat-mount P6 retina. Scale bars, 200
um. Graphs: Capillary-branch points, width,
vessel area = SEM, n = 4 mice per genotype.
Comparison of means, Student's t test, un-
paired data. ****P < 0.0001; ns, not signifi-
cant. Capillary branching and vessel area
decreased in Inpp5k™EC retina. (D) Endo-
mucin-stained flat-mount P6 retinal vascu-
lature. Scale bars, 100 pm. Arrows, tip cells.
Graphs: Tip cells and filopodia/relative to
vessel length + SEM, n = 4 mice per geno-
type. Comparison of means, Student's t test,
unpaired data. *P < 0.05. Tip cells and
filopodia decreased in Inpp5k™“EC retina. (E)
mRNA expression + SEM of n = 9 mice per
genotype. Comparison of means, Student's t
test, unpaired data. *P < 0.05, **P < 0.01, and
***¥¥P < 0.0001. INPP5K suppresses NOTCH
effectors. (F) Confocal images of flat-mount
P6 retinas stained for IB4 (green) and DLL4
(gray). Scale bars, 100 um. DLL4 is increased
in Inpp5k™EC retinal front. (G) NOTCH
effectors in HUVECs on Matrigel [VEGF-A
(50 ng/ml) for 16 hours], GAPDH control.
Graph: mRNA + SEM of four independent
experiments. Comparison of means, Stu-
dent'’s t test, unpaired data. *P < 0.05,

**P <0.01,and ***P < 0.001. NOTCH pathway
activation increased by INPP5K loss. (H)
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Schematic: INPP5K suppresses NOTCH effectors and regulates tip cells. See also fig. S3.

into the deep retinal layers was also impaired in Inpp5k'*F“ mice at
P9 (fig. S3E) and in the intermediate retinal layers at P15 (fig. S3F).
Collectively, these data indicate that INPP5K is indispensable for
endothelial tip cell specification both during embryonic develop-
ment and in the postnatal retina.

To further investigate the molecular mechanisms causative of
Inpp5k™~ embryonic angiogenesis defects, effectors that are
known to contribute to tip cell specification were analyzed.
Transcription of the VEGFR2 ligand, Vegfa, was increased in
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Inpp5k™~ embryos, as were transcripts of the EC-restricted recep-
tor Notch4 and its associated tip cell-enriched ligand DII4 (Fig. 3E).
Notably, Notchl transcripts were not changed (Fig. 3E). Transcrip-
tion of the direct NOTCH target gene, Hesl, was significantly in-
creased in Inpp5k~'~ embryos, indicating amplified NOTCH
signaling (Fig. 3E). Transcription of HeyL and Hes5 were decreased
in Inpp5k~'~ embryos (Fig. 3E). Transcription of TgfBI and Pdgfb,
which enhance vessel maturation, were also increased (Fig. 3E).
Platelet derived growth factor subunit B (PDGEFB) is also a tip cell
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marker (2). No change was observed in Jagged!I (Fig. 3E), which is
strongly expressed in stalk cells and is an antagonist of DLL4 (38).
DLLA4 protein was also more prominent at the retinal vascular front
of Inpp5k™FS mice compared with controls (Fig. 3F). Consistent
with these data, INPP5K-siRNA (small interfering RNA) human
umbilical vein ECs (HUVECs; fig. S3, G to I) showed increased
DLL4, NOTCH4, and HESI transcription during capillary tube for-
mation (Fig. 3G). Collectively, these data demonstrate that INPP5K
suppresses the transcriptional profile of effectors within the
VEGFR2/DLL4/NOTCH signaling nexus, consistent with our ob-
servation that loss of INPP5K reduces tip cell specifica-
tion (Fig. 3H).

INPP5K regulates angiogenesis by suppressing NOTCH
pathway activation

In proof-of-concept studies, we used in vitro and in vivo models of
INPP5K deletion to confirm that the INPP5K-null angiogenesis
defects result from increased DLL4/NOTCH pathway activation.
First, endothelial tube formation assays were used as an in vitro
model of angiogenesis in INPP5K-siRNA HUVECs to complement
our in vivo data, as this assay allows rapid assessment of pathway
effectors through either genetic manipulation of ECs or the addition
of pharmacological inhibitors or enhancers to the overlaid medium
(39-42). INPP5K-siRNA reduced the complexity of endothelial
tube formation compared with controls, with decreased average
tubule length, tubule area, and interconnected tubule enclosures
(fig. S4A). No change in the ratio of live to dead cells was observed
in cells stained with Hoechst 33342 and propidium iodide (fig. S4B),
which suggested the absence of an EC viability defect in response to
ablation of INPP5K. However, upon closer examination, we ob-
served a proportionate decrease in both Hoechst 33342 and propi-
dium iodide staining in INPP5K-siRNA HUVECs compared with
control cells (fig. S4B), suggesting that loss of INPP5K reduced
EC viability on Matrigel. To confirm these data, we examined cell
viability in HUVECs plated onto Matrigel using an alternative cell
viability assay that measures adenosine triphosphate (ATP) levels as
an indicator of metabolically active cells. Intracellular ATP levels
were significantly decreased in INPP5K-siRNA cells when grown
on Matrigel compared with control cells (fig. S4B), demonstrating
that an EC viability defect contributes to altered tube formation.
Reduced cell migration may also affect tube formation; therefore,
we examined the effects of INPP5K depletion on cell migration
using Transwell migration assays. INPP5K-siRNA HUVECs
showed a 64% decrease in cell migration toward VEGF-A in Trans-
well migration assays (fig. S4C). Therefore, defective EC viability
combined with impaired cell migration influences endothelial
tube formation of INPP5K-siRNA HUVECs.

NOTCH or DLL4 signals were inhibited in INPP5K-siRNA
HUVECs by pharmacological inhibition with the NOTCH
y-secretase inhibitor DAPT {N-[N-(3,5-difluorophenacetyl)-L-
alanyl]-S-phenylglycine t-butyl ester} or the neutralizing antibody
DLL4-Fc, respectively, and their effects were tested using endothe-
lial tube formation assays or Transwell migration assays. Treatment
of INPP5K-siRNA HUVECs with DAPT or DLL4-Fc fully restored
defective endothelial tube formation (Fig. 4A) and rescued cell mi-
gration defects in INPP5K-siRNA HUVECs (Fig. 4B), suggesting
that increased NOTCH signaling may contribute to defective angio-
genesis as a consequence of INPP5K loss.
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To validate these in vitro data, DAPT was intravenously admin-
istered to pregnant heterozygous Inpp5k*’~ dams over 3 days (E7.5
to E9.5) and embryos extracted at E10.5 (day of expected embryonic
death) and at E11.5 (1 day after expected embryonic death).
Notably, four of six DAPT-treated Inpp5k~'~ embryos survived
beyond the expected day of embryonic death (E10.5) to E11.5,
with no surviving vehicle-treated Inpp5k~'~ embryos observed at
this developmental stage (Fig. 4C). DAPT treatment restored em-
bryonic growth (Fig. 4D) and normalized vascular patterning and
capillary branching in E10.5 and E11.5 Inpp5k™~ embryos
(Fig. 4D). In addition, restoration of E11.5 Inpp5k ™'~ yolk sac vas-
culature was also evident following DAPT treatment (Fig. 4E).

The contribution of increased NOTCH signaling to impaired tip
cell specification in Inpp5k™" retinal vasculature was also assessed.
Tamoxifen was administered daily to Inpp5k™™%Cdh5(PAC)-
CreERT2 neonates from P1 to P3 to generate Inpp5k™* mice, fol-
lowed by daily subcutaneous administration of DAPT from P4 to
P5. Notably, DAPT treatment normalized retinal vascular expan-
sion, vascular branching, and tip cell numbers of P7 Inpp5k'**¢
retinal endothelium to that observed in vehicle-treated wild-type
mice (Fig. 4F). Collectively, these data show that INPP5K maintains
tip cell specification, which is required for effective embryonic and
postnatal angiogenesis via regulation of NOTCH signaling.

INPP5K regulates phosphoinositide conversion in ECs

To investigate the mechanisms by which INPP5K suppresses DLL4/
NOTCH signaling, we began by evaluating the status of phosphoi-
nositides that are dephosphorylated by INPP5K in the endothelium.
PI(4,5)P, and PI(3,4,5)P; are the principal substrates of INPP5K,
which are hydrolyzed to PI(4)P and PI(3,4)P,, respectively (22—
24). These studies reported that both PI(4,5)P, and PI(3,4,5)P;
phosphoinositides accumulate in cells when INPP5K is depleted,
but INPP5K shows a preference for PI(4,5)P, over PI(3,4,5)P;
based on enzyme kinetics using purified recombinant enzyme
(22-24). However, these techniques cannot visualize changes in
the generation or localization of specific phosphoinositide pools
in subcellular regions or within a population of polarized cells. To
the best of our knowledge to date, PI(4,5)P, and PI(3,4,5)P; distri-
bution has not been examined in ECs during angiogenesis. To this
end, phosphoinositide species were examined in P6 Inpp5k™*E©
retinal vasculature by phosphoinositide antibody staining using
well characterized antibodies (43—46). Notably, PI(4,5)P, staining
was increased, and PI(4)P decreased in Inpp5k'*F“ retinal vascula-
ture (Fig. 5A). PI(3,4,5)P; staining was also increased in P6
Inpp5kiAEC retinal vasculature (Fig. 5A), and PI(3,4)P, was
reduced (Fig. 5A), consistent with previous reports that INPP5K
directs PI(4,5)P, to PI(4)P and PI(3,4,5)P; conversion to
PI(3,4)P, (22-24). Similar analysis was undertaken in INPP5K-
siRNA HUVECs using either phosphoinositide antibody staining
(43—46) or recruitment of the PI1(3,4,5)P3 phosphoinositide biosen-
sor green fluorescent protein (GFP)-Pleckstrin homology domain
(PH)/Bruton's tyrosine kinase (Btk) or the PI(3,4)P, biosensor
yellow fluorescent protein (YFP)-PH/(Tandem PH domain-con-
taining protein (TAPP1) (47, 48). INPP5K-siRNA HUVECs
showed increased plasma membrane PI(4,5)P, in unstimulated
and VEGF-stimulated cells relative to controls (fig. S5A). PI(4)P
signals at the plasma membrane were decreased in INPP5K-
siRNA HUVECs compared with controls (fig. S5B). No difference
in plasma membrane PI(3,4,5)P; or PI(3,4)P, signals was observed
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in control or INPP5K-siRNA HUVECs that were serum-starved
(fig. S5, C and D). In response to VEGF-A stimulation, INPP5K-
siRNA HUVECs showed significantly increased plasma membrane
PI(3,4,5)P; compared with controls, associated with decreased
PI(3,4)P, (fig. S5, C and D). In validation studies, no change in
PI(3)P recruitment was detected in INPP5K-siRNA HUVECs com-
pared to controls (fig. S5E). Therefore, INPP5K is essential for
maintaining PI(4,5)P, and PI(3,4,5)P; and their conversion to

Davies et al., Sci. Adv. 9, eadd6911 (2023) 31 March 2023

PI(4)P and PI(3,4)P,, respectively, in ECs during angiogene-
sis (Fig. 5B).

INPP5K and PIP5K1C play opposing roles in PI(4,5)P,
regulation during endothelial tube formation

To further investigate the role that PI(4,5)P, plays in angiogenesis,
we examined both its respective synthesis and hydrolysis in ECs by
the PI(4)P 5-kinase PIP5K1 and PI(4,5)P, 5-phosphatase INPP5K.
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PIP5K1 isoforms (PIP5K1A, PIP5K1B, and PIP5K1C) generate
PI(4,5)P, by phosphorylation of PI(4)P (10). The relative expression
of each PIP5KI isoform in parental HUVECs was assessed by
droplet digital PCR analysis of mRNA, revealing that PIP5KI1A
and PIP5KIC are the predominant isoforms in ECs, with
PIP5K1B transcripts below the limit of detection (fig. S6A). Capil-
lary tube formation assays were used here as an in vitro model (39—
42) to assess the contribution of PIP5K1A and PIP5K1C isoforms to
angiogenesis. PIP5KIA or PIP5K1C were depleted by siRNA in
HUVECs with ~70 to 80% knockdown efficiency (fig. S6B).
Notably, PIP5K1C-siRNA HUVECs displayed reduced average
tubule length, tubule area and interconnected tubule formation
compared with controls. However, PIP5K1A depletion did not
impair tubule formation (fig. S6C), indicating that PIP5K1C-medi-
ated and not PIP5K1A-mediated generation of PI(4,5)P, contrib-
utes to EC tube formation.

The relative roles of INPP5K and PIP5K1C in EC tube formation
were further investigated by transfecting HUVECs with nontarget-
ing control, INPP5K or PIP5K1C siRNA, or with combined INPP5K
and PIP5K1C siRNA oligonucleotides. Greater than 80% knock-
down of INPP5K or PIP5KIC was achieved with either single or
concomitant transfection of siRNAs (fig. S6, D and E). PI(4,5)P,
staining was increased in INPP5K-siRNA HUVECs grown in
serum, consistent with reduced PI(4,5)P, hydrolysis and, in

Davies et al., Sci. Adv. 9, eadd6911 (2023) 31 March 2023

contrast, was decreased in PIP5KI1C-siRNA cells, consistent with
its reduced synthesis (Fig. 6A). HUVECs with concomitant deple-
tion of INPP5K and PIP5K1C exhibited PI(4,5)P, staining similar to
controls (Fig. 6A). PI(4)P was decreased in INPP5K-siRNA
HUVECs and increased in PIP5KI1C-siRNA cells, with correction
following concurrent knockdown of INPP5K and PIP5KIC
(Fig. 6A). Thus, INPP5K can access and degrade the pool of
PI(4,5)P, generated by PIP5K1C phosphorylation of PI(4)P in ECs.

The capacity of HUVEC:s to form capillary-like tubules was un-
dertaken to assess the contribution of INPP5K and PIP5KIC to
PI(4,5)P,-dependent angiogenesis. Both INPP5K-siRNA, which in-
creased PI(4,5)P,, and PIP5K1C-siRNA, which decreased PI1(4,5)P,,
reduced the complexity of endothelial tube formation compared
with controls, with decreased average tubule length, tubule area,
and interconnected tubule enclosures (Fig. 6B). Concurrent
INPP5K and PIP5KIC silencing significantly improved but did
not completely restore EC tubule defects observed with either
INPP5K or PIP5KIC knockdown (Fig. 6B). Therefore, regulation
of PI(4,5)P, by both the PI(4)P 5-kinase PIP5KIC and the
PI(4,5)P, 5-phosphatase INPP5K is required during EC tube
formation.
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PI(4,5)P, contributes to maximal PI3K/AKT signaling in ECs

Inpp5k™EC retinal vasculature exhibited evidence of AKT pathway
activation with increased phosphorylation of the ribosomal protein
S6 (S6) (Fig. 5A), consistent with the observed increased
PI(3,4,5)P;, and despite reduced PI(3,4)P,, which is required for
full activation of AKT (49). AKT phosphorylation at Thr**® and
Ser”? was also increased in INPP5K-siRNA HUVECs after 10
min of VEGF-A stimulation (Fig. 7A), which was dependent on
class IA PI3K, as shown by use of the p110a inhibitor BYL719,
which suppressed the increased AKT activation in INPP5K-
siRNA HUVEC: (fig. S7A). No change in extracellular signal-reg-
ulated kinase 1/2 (ERK1/2) activation was observed (Fig. 5A). The
downstream target of AKT, glycogen synthase kinase 3p (GSK3p),
also showed increased phosphorylation in INPP5K-siRNA
HUVEC:s (Fig. 7A). Increased forkhead box protein O1 (FOXO1)
phosphorylation was observed even in unstimulated INPP5K-

Davies et al., Sci. Adv. 9, eadd6911 (2023) 31 March 2023

siRNA cells (Fig. 7A) and consistent with this, FOXOI protein
was significantly reduced to 30 to 50% of control levels (Fig. 7A),
indicative of posttranscriptional FOXO1 hyperphosphorylation
and its ubiquitin-mediated degradation (50).

Constitutive or endothelial deletion of murine Foxol is embry-
onic lethal because of impaired angiogenesis (51-53); however, het-
erozygous deletion of Foxol has no consequence on vascular
development or embryonic viability (51, 52). Foxol deletion in
the postnatal retina inhibits vascular expansion (54); however, this
is associated with conflicting effects on tip cell specification (54-56)
despite evidence in cell culture models that FOXO1 suppresses
DLL4 transcription (55). Notably, FoxolI deletion increases EC pro-
liferation and vascular hyperplasia (54, 56) caused by unrestrained
endothelial metabolic activity (54). Here, deletion of Inpp5k caused
vascular hypoplasia and did not alter EC proliferation in murine
models of embryonic or postnatal vascular development. In
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Fig. 7. PI(4,5)P, contributes to maximal PI3K/AKT signaling in ECs. (A) Control or INPP5K-siRNA HUVECs were serum-starved for 5 hours and then stimulated with
VEGF-A (100 ng/ml) for 10 or 20 min. Soluble fractions were immunoblotted with the indicated antibodies. Graphs depict quantification of AKT pathway activation by
densitometry of phosphorylated protein relative to total protein, as means + SEM, relative to siRNA control cells at 20 min of VEGF-A. Comparison between the means was
assessed using Student's t test for unpaired data. *P < 0.05, **P < 0.01, and ***P < 0.001. AKT pathway activation is enhanced in INPP5K-siRNA HUVECs. (B) PI(3,4,5)P3
accumulation at the plasma membrane assessed by indirect immunofluorescence of GFP-PH/Btk. Cells were serum-starved for 5 hours and stimulated with VEGF-A (100
ng/ml) for 10 min. Fluorescence intensity of GFP-PH/Btk at the plasma membrane relative to the cytosol in single z-plane images is expressed as mean + SEM. More than
100 cells were analyzed per treatment for three independent transfections. Statistical analysis by ANOVA, followed by Tukey's post hoc test. *P < 0.05 and **P < 0.01.
Increased PI(3,4,5)P5 in INPP5K-siRNA HUVECs is rescued with concomitant knockdown of INPP5K and PIP5K1C. (C) INPP5K-siRNA and PIP5K1C-siRNA HUVECs were serum-
starved for 5 hours and then stimulated with VEGF-A (100 ng/ml) for 10 min. Soluble fractions were subjected to immunoblot analysis with the indicated antibodies.
Graphs depict quantification of AKT pathway activation determined by densitometry of phosphorylated AKT, relative to total AKT protein, expressed as means + SEM of six
independent experiments and standardized to siRNA control cells at 10 min of VEGF-A stimulation. Statistical analysis by ANOVA followed by Tukey's post hoc test.
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Concurrent knockdown of both INPP5K and PIP5K1C partially restores enhanced AKT phosphorylation of
INPP5K HUVECs. See also fig. S7.

addition, as we show here, INPP5K-siRNA HUVECs showed The class I PI3K substrate PI(4,5)P, is present in excess com-

reduced cell viability (fig. S4, B and C). Whether the observed de-
crease in FOXO1 protein in INPP5K-siRNA HUVECs is sufficient
to influence the murine Inpp5k knockout phenotype or whether de-
pletion of INPP5K leads to metabolic uncoupling remains a subject
of further investigation. Here, given the inconsistencies between the
phenotype of Inpp5k versus Foxol knockout mice, we explored al-
ternative mechanisms to FOXO1 by which INPP5K may contribute
to angiogenesis.

Davies et al., Sci. Adv. 9, eadd6911 (2023) 31 March 2023

pared with PI(3,4,5)P; on the inner leaflet of the plasma membrane
(9); however, recent studies indicate that PI(3,4,5)P; generation may
require localized de novo synthesis of PI(4,5)P, via the cooperation
of multiple phosphoinositide kinases (57, 58), and thereby,
PI(4,5)P, as a substrate may be limiting for PI(3,4,5)P; synthesis.
This is facilitated by the scaffold protein IQ motif-containing gua-
nosine triphosphatase—activating protein 1 that regulates the spatio-
temporal assembly of a multi-enzyme complex in response to
receptor activation, which encompasses the entire enzymatic

10 of 23



SCIENCE ADVANCES | RESEARCH ARTICLE

complement of the PI3K/AKT signaling pathway, including
PI4KIIIa, PIP5KIa, class I PI3K, PDK1, and AKT (57). This
complex sequentially generates PI(4)P, PI(4,5)P, and PI(3,4,5)P;
from phosphatidylinositol, which then activates the P1(3,4,5)P; ef-
fector proteins PDK1 and AKT. Thus, PI(4,5)P, synthesis may be
tightly coupled to PI(3,4,5)P; generation and AKT activation in
some cell types. Here, we explored the interconversion of
PI(4,5)P, and PI(4)P by INPP5K and PIP5K1C and its impact on
PI3K/AKT signaling in ECs. VEGF-stimulated PI(3,4,5)P; was as-
sessed by GFP-PH/Btk recruitment to the plasma membrane in
INPP5K- and PIP5KI1C-siRNA HUVECs. Plasma membrane
PI(3,4,5)P; was increased in INPP5K-siRNA HUVECs compared
with controls, while PIP5K1C knockdown decreased PI(3,4,5)P5
(Fig. 7B and fig. S7B). Concomitant knockdown of the 5-kinase
and 5-phosphatase restored PI(3,4,5)P; to control levels (Fig. 7B
and fig. S7B). In accordance with these data, phosphorylation of
AKT was increased in INPP5K-siRNA HUVECs and decreased in
PIP5K1C-siRNA HUVECs (Fig. 7C). Concurrent knockdown of
INPP5K and PIP5KIC partially restored AKT phosphorylation to
control levels (Fig. 7C). These studies suggest that INPP5K gates
the pool of PI(4,5)P, that fluxes into PI3K/AKT signaling in ECs.

We also investigated whether INPP5K regulation of capillary
tubule formation is dependent on PI3K/AKT signaling. Pan-PI3K
inhibition (LY294002) abrogated interconnected tube formation in
control cells and caused further degradation of tubules in INPP5K-
siRNA cells (Fig. 8A). Inhibition of class IA PI3K with the p110a
inhibitor BYL719 also reduced tube formation in both control
and INPP5K-siRNA HUVEC: (fig. S8), indicating that p110a acti-
vation is necessary for effective endothelial tube formation and is
consistent with the unconditional requirement of p110a-generated
PI(3,4,5)P; for angiogenesis (5). AKT inhibition (MK2206 or AKT
inhibitor X) prevented tube formation in control cells and fully
rescued defective tube formation in INPP5K-siRNA ECs
(Fig. 8A). AKT inhibition also restored the increased DLL4 and
HES]I expression in INPP5K-siRNA HUVECs to control levels
(Fig. 8B). These data are in accordance with a model whereby
INPP5K functions downstream of PI3K to hydrolyse PI(3,4,5)P;
but acts upstream of AKT activation, which it regulates through hy-
drolysis of both PI(3,4,5)P; and PI(4,5)P, signals. Our interpreta-
tion of these data is that in the context of endothelial INPP5K
ablation and high PI(4,5)P, signals, AKT activation is increased
and may contribute to NOTCH effector transcription. This is
likely a consequence of increased PI(4,5)P, availability for PI3K
generation of PI(3,4,5)P;, plus reduced PI(3,4,5)P; hydrolysis
(Fig. 8C). These data are notable considering that inactivation of
Akt1 alone does not regulate DLL4/NOTCH signaling during devel-
opmental angiogenesis (8).

We also explored whether AKT regulation by INPP5K plays a
key role in tip cell specification in Inpp5k'**C retinal vasculature.
To this end, the pharmacological AKT inhibitor MK2206 was ad-
ministered daily to Inpp5k'*“ and wild-type neonatal mice at P4
and P5 and the retinal vasculature examined by immunofluores-
cence analysis at P7. MK2206 treatment decreased retinal vascular
expansion in wild-type mice but had no effect on retinal vascular
expansion in Inpp5k™"C neonates (Fig. 8D), a likely consequence
of the known growth suppressive effects of AKT inhibition (59).
Notably, AKT inhibition significantly increased the numbers of
tip cells in Inpp5k**EC retinal vessels compared with vehicle-
treated Inpp5k'*"C neonates, although not to the levels observed
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in vehicle-treated wild-type mice (Fig. 8E). AKT inhibition had
no effect on tip cell numbers at the retinal vascular front of
control mice (Fig. 8E). These data provide evidence to support a
model whereby increased AKT activation contributes to the im-
paired angiogenesis phenotype of INPP5K-null mice.

INPP5K regulates B-catenin transcriptional activity

DLL4 expression in ECs is intimately associated with angiogenic
sprouting via tip cell specification; however, the precise mecha-
nism(s) governing its transcriptional regulation are still emerging.
Several transcription factors, including the Wnt signaling effector
B-catenin, SRY-box transcription factor F (SOXF), E26 transforma-
tion-specific (ETS), FOXO1, and forkhead box protein C (FOXC),
contribute to DLL4 expression in ECs (55, 60-63). The FOXC1/2
transcription factors predominantly govern arteriovenous identity
during angiogenesis via direct transcription of DLL4 (61);
however, arteriovenous malformations are not a feature of
Inpp5k™~ mice. SOXF transcription factors also directly regulate
DLL4 transcription, but they primarily direct arterial specification
rather than tip cell selection (62). A VEGF/mitogen-activated
protein kinase (MAPK)/ERK/ETS-related gene (ERG)/p300 tran-
scriptional pathway is also required for induction of DLL4 in ECs
during angiogenesis (63); however, activation of MAPK/ERK sig-
naling was not affected here by INPP5K.

B-Catenin has a known role in DLL4 transcription and is a com-
ponent of endothelial adherens junctions, which directly interacts
with vascular endothelial cadherin (VE-cadherin) (64). Once free
from adherens junctions, B-catenin can translocate to the nucleus
to promote gene transcription via engagement with DNA-bound
T cell factor/lymphoid enhancer factor (TCF/LEF) transcription
factors. PIP5K1C interacts directly with B-catenin, and ectopic ex-
pression of kinase-active PIP5K1C in epithelial cells enhances p-
catenin nuclear localization and transcriptional activity (65), indi-
cating that PI(4,5)P, generation via PIP5K1C may contribute to p-
catenin—mediated transcriptional activation. PI3K/AKT signaling
induces formation of B-catenin/NOTCH intracellular domain
(NICD) transcriptional complexes in cell-based experimental
models, which enhance endothelial NOTCH pathway activation
(66-68), yet the mechanisms governing this pathway are still emerg-
ing. In contrast, evidence from in vivo PI3K/AKT loss-of-function
murine models suggests that this signaling pathway does not di-
rectly regulate DLL4 expression or tip cell identity during develop-
mental angiogenesis (5, 8).

Here, we explored whether PI(4,5)P, and/or PI3K/AKT inde-
pendently or cooperatively regulate B-catenin transcriptional activ-
ity, which, in turn, contributes to increased DII4 expression in
Inpp5k™~ ECs. Notably, deletion of B-catenin is embryonic lethal
because of defective angiogenesis (69), and impaired endothelial -
catenin signaling reduces postnatal retinal and brain angiogenesis,
sprouting, and tip cell formation (70). Conversely, endothelial -
catenin gain-of-function mutants are also embryonic lethal, result-
ing from impaired angiogenesis, associated with enhanced DIl4
transcription through TCF transcriptional activation (60). We
took several approaches to determine whether INPP5K regulates
DLL4 expression via f-catenin. First, we examined p-catenin tran-
scriptional activation in cells expressing the p-catenin TCF/LEF lu-
ciferase reporter plasmid pTOPFlash-Luc. Using multiple methods,
transfection of pTOPFlash-Luc in INPP5K-siRNA HUVECs was
unsuccessful in our hands; however, we effectively transfected the
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Fig. 8. AKT inhibition rescues enhanced NOTCH pathway activation and restores tip cells. (A) Bright-field images of INPP5K-siRNA HUVEC tube formation on Matrigel
for 16 hours in medium with VEGF-A (50 ng/ml) £ 2.5 uM LY294002 or + 5 uM pan AKT inhibitor. Scale bars, 125 um. Graphs: Interconnected tubule enclosures, tubule
length, and area, as means + SEM of three independent experiments. Statistics by ANOVA followed by Tukey's post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, and
*#%¥P < 0.0001. AKT inhibition rescues INPP5K-siRNA HUVECs tube defects. (B) NOTCH pathway effectors analyzed by qRT-PCR of mRNA from INPP5K-siRNA HUVECs grown
on Matrigel for 16 hours with VEGF-A (50 ng/ml) + 5 uM pan AKT inhibitor. GAPDH is endogenous control. Graph: Mean relative mRNA expression + SEM of three in-
dependent experiments. Statistics by ANOVA followed by Tukey's post hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001. Enhanced NOTCH pathway activation in INPP5K-
siRNA HUVECs rescued with AKT inhibition. (C) INPP5K limits PI(4,5)P, availability for PI3K-mediated PI(3,4,5)P5 generation and AKT activation influencing NOTCH pathway
activation and EC tube formation. (D) Confocal images of endomucin-stained flat-mount Inpp5k™" and Inpp5k'*E© P7 retina from mice treated with 100 ug of MK2206 or
DMSO vehicle, showing radial vascular expansion. Scale bars, 500 um. Graph: Radial vascular expansion + SEM of five retinas per genotype. Statistics by ANOVA, followed
by Tukey's post hoc test. **P < 0.01 and ****P < 0.0001. AKT inhibition does not restore vascular expansion in Inpp5k™E€ retina. (E) Confocal images of endomucin-stained
flat-mount Inpp5k™™ and Inpp5k'*E€ P7 retina from mice treated with 100 ug of MK2206 or DMSO-vehicle. Scale bars, 50 um. Graph: Tip cell number + SEM. Statistics by
ANOVA, followed by Tukey's post hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001. AKT inhibition rescues impaired tip cell numbers in Inpp5k'“E retinal vasculature. See
also fig. S8.
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Fig. 9. INPP5K regulates p-catenin
transcriptional activity. (A) COS1
cells transfected with pTOPFlash
firefly luciferase reporter plasmid,
thymidine kinase Renilla luciferase
control plasmid, and indicated HA-
INPP5K or HA-vector plasmids. Rel-
ative activity is the ratio of TOPFlash
firefly luciferase/Renilla luciferase +
SEM of four independent experi-
ments. Comparison of means by
Student's t test for unpaired data.
**P < 0.01. INPP5K suppresses
PTOPFlash-Luc transcriptional acti-
vation. (B) mRNA from confluent
INPP5K-siRNA HUVECs or controls
analyzed by qRT-PCR with GAPDH
as endogenous control. Graph:
mRNA transcription + SEM, four in-
dependent experiments. Compari-
son of means by Student's t test for
unpaired data. *P < 0.05, **P < 0.01,
and ***P < 0.001. INPP5K depletion
increases B-catenin—TCF/LEF tran-
scriptional activation. (C) Confocal
images of HUVECs stained with -
catenin antibodies, DAPI, and phal-
loidin. Images of confluent cell
monolayers at similar confluency.
Scale bars, 50 um. White boxes
shown at increased magpnification in
lower left quadrants for p-catenin at
cell membrane. INPP5K depletion
reduces B-catenin membrane local-
ization, restored with knockdown of
PIP5K1C. (D) Confocal images of
HUVECs stained with antibodies to
VE-cadherin and counterstained
with DAPI and phalloidin. Images
representative of confluent cell
monolayers with similar cell confl-
uency. Scale bars, 50 um. White
boxes shown at increased magnifi-
cation in lower left quadrants
display VE-cadherin at membrane.
INPP5K depletion decreases VE-
cadherin membrane association,
restored with PIP5K1C knockdown.
(E) Confocal images of flat-mount
P6 Inpp5k™™ or Inpp5kIAEC retina
stained with antibodies to VE-cad-
herin. Scale bars, 100 um. INPP5K
deletion alters cell morphology at
vascular front. (F) Confocal images
of endomucin-stained whole-
mount E11.5 WT, Inpp5k™f:Tie2Cre,
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plasmids into CV1 SV40 (COS1) cells with concomitant ectopic ex-
pression of HA-INPP5K to examine the effect of increased INPP5K
expression on P-catenin transcriptional activation. Ectopic expres-
sion of HA-INPP5K in COS1 cells suppressed transcriptional acti-
vation of pTOPFlash-Luc (Fig. 9A). Conversely, transcription of -
catenin (CTNNBI) and its responsive TCF/LEF target genes
CYCLIN D1, MYC, and DKKI were increased in INPP5K-siRNA
HUVECs (Fig. 9B). Thus, altered expression of INPP5K influences
TCF/LEF transcriptional activation.

A major pathway for induction of B-catenin—mediated transcrip-
tional activation is through Wnt ligand binding to the Frizzled re-
ceptor and its co-receptors Low-density lipoprotein receptor-
related protein (LRP5/6) (71). Wnt ligand engagement with FZD/
LRP5/6 decreases GSK3B-mediated phosphorylation of B-catenin at
Thr*'/Ser*’/Ser”’, leading to stabilization and accumulation of -
catenin (72). AKT can also stabilize B-catenin independent of
Wnt through inhibition of GSK3p, preventing 3-catenin phosphor-
ylation at Ser***”/Thr*! within the B-catenin destruction complex
and thereby suppressing its proteasomal degradation (73). There-
fore, we examined the phosphorylation status and stability of -
catenin by immunoblot analysis using antibodies against total -
catenin  and  non—phospho-(Thr*'/Ser’*/Ser’”)—B-catenin.
INPP5K-siRNA HUVECs showed a decrease in total p-catenin, in-
dependent of VEGF stimulation, with a similar decrease in dephos-
phorylated B-catenin (fig. S9A). While we cannot exclude the
contribution of Wnt signaling to our phenotype, these data are in-
consistent with Wnt activation through FZD/LRP5/6 and argue
against a prominent role for Wnt ligand activation of p-catenin in
the context of INPP5K loss. Equally, although we observe increased
phosphorylation of AKT and GSK3 (Fig. 7A), this did not alter p-
catenin phosphorylation or result in increased -catenin stabiliza-
tion (fig. SOA). We interpret these data to indicate that in the
context of INPP5K loss, PI3K/AKT signaling does not affect phos-
phorylation of GSK3p within the B-catenin destruction complex to
regulate B-catenin stability and transcriptional activation and is
consistent with studies that show that B-catenin transcriptional ac-
tivity is not directly regulated by PI3K/AKT-mediated effects on the
B-catenin destruction complex (74). In addition, Wnt-mediated in-
hibition of GSK3 and f-catenin stabilization is reported to be inde-
pendent of AKT-mediated phosphorylation of GSK3p at Ser® (75,
76). We therefore examined the involvement of alternative mecha-
nisms of P-catenin activation in the context of INPP5K loss of
function.

Endothelial-dependent angiogenesis requires the closely coordi-
nated interactions of adherens junctions, which are contingent on
the dynamics of VE-cadherin (Cdh5), linked through its cytoplas-
mic domain to pl20-catenin, B-catenin, or plakoglobin (64).
Murine inactivation of Cdh5 or truncation of the P-catenin
binding domain of Cdh5 is embryonic lethal because of impaired
angiogenesis, vascular regression, and endocardial defects (77,
78), and inducible deletion of Cdh5 in the murine retina enhances
angiogenic sprouting (79). Decreased junctional stability leads to
release of B-catenin from adherens junctions, which promotes -
catenin nuclear translocation and increases transcriptional activa-
tion independent of Wnt ligand (64). Evolving evidence suggests
a level of interconnectivity between VEGFR2/NOTCH pathway ac-
tivation and junctional remodeling in the endothelium (80-82),
which prompted us to question whether INPP5K affected B-
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catenin transcriptional activity by regulating the subcellular locali-
zation of B-catenin.

Epithelial cell-cell junctions formed by apical adherens junctions
are composed of cadherin adhesion molecules that interact dynam-
ically with the cortical actin cytoskeleton (83). To examine junction-
al remodeling, we first examined cell morphology by phalloidin
staining of filamentous actin in INPP5K-siRNA HUVEC:s (Fig. 9,
C and D, and fig. S9B). Filamentous actin bundling appeared in-
creased and disrupted in INPP5K-siRNA HUVECs, and cells
showed EC retraction and disruption of cell-cell contacts; the
latter was highlighted by VE-cadherin staining. These morpholog-
ical changes in INPP5K-siRNA HUVECs were corrected following
concomitant transfection of PIP5KI1C-siRNA, which reduces
PI(4,5)P, but not with p110a or AKT inhibition (Fig. 9, C and D,
and fig. S9B). The complex morphology of INPP5K-siRNA
HUVECs increased the difficulty of interpreting junctional localiza-
tion of B-catenin, and therefore, any assessment of B-catenin local-
ization at the cell periphery was limited to the plasma membrane,
identified by phalloidin staining of submembranous actin. Exami-
nation of endothelial junctions by staining with the tight junction
marker zonula occludens—1 (ZO-1) showed evidence of disordered
endothelial junctions in INPP5K-siRNA HUVEC:s (fig. S9B). Con-
tinuous f-catenin staining at the cell periphery was demonstrated in
control cells, together with a highly concentrated localization in the
perinuclear region (Fig. 9C). INPP5K depletion in HUVECs
reduced {-catenin localization at the cell periphery, concomitant
with an expanded perinuclear distribution (Fig. 9C), indicating
that with INPP5K reduction, B-catenin is released from the cell
membrane and recruited to the perinuclear endocytic recycling
compartment, a subcellular site where -catenin localizes before
its nuclear entry, increasing its availability for nuclear import
(84). To determine the contribution of phosphoinositide regulation
by INPP5K, B-catenin localization was reexamined in HUVECs
with concomitant depletion of INPP5K and PIP5KIC or in
INPP5K-siRNA HUVECs treated with p110a or AKT inhibitors.
PIP5K1C depletion alone reduced B-catenin localization at the
cell periphery but retained its highly concentrated perinuclear local-
ization (Fig. 9C). Notably, p-catenin membrane localization was re-
stored with concomitant knockdown of both PIP5K1C and INPP5K
(Fig. 9C) but not in INPP5K-siRNA cells treated with the p110a in-
hibitor BYL719 or the AKT inhibitor MK2206 (fig. S9C), indicating
a requirement for PI(4,5)P, but not PI3K/AKT regulation by
INPP5K in maintaining B-catenin membrane localization.

PIP5K1C directly associates with the classical cadherin complex-
es E-cadherin, N-cadherin, and VE-cadherin, and PI(4,5)P, gener-
ated by PIP5K1C at cadherin contact sites enhances adherens
junction assembly and maturation (85). Control siRNA HUVECs
showed robust membranous VE-cadherin localization (Fig. 9D);
however, recruitment of VE-cadherin to the cell membrane in
INPP5K-siRNA HUVECs was markedly reduced, with discontinu-
ous VE-cadherin staining (Fig. 9D), associated with reduced VE-
cadherin protein as assessed by immunoblot analysis (fig. S9D),
which is consistent with increased VE-cadherin internalization,
which has been reported to be stimulated for other cadherins by in-
creased PI(4,5)P, and subsequent proteasome-mediated degrada-
tion (85, 86). Here, association of VE-cadherin to the cell
membrane was also disrupted in PIP5KIC-siRNA HUVECs
(Fig. 9D). Notably, robust VE-cadherin staining at the membrane
and VE-cadherin degradation was restored with concurrent
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silencing of both the PI(4,5)P, 5-phosphatase INPP5K and the
PI(4)P 5-kinase PIP5K1C (Fig. 9D and fig. S9E) but not with inhi-
bition of p110a or AKT (fig. S9, Fand G). Collectively, these data are
indicative of a PI(4,5)P,-dependent defect in VE-cadherin mem-
brane association in INPP5K-siRNA ECs, which results in
reduced B-catenin at the cell membrane. We speculate that this is
a consequence of increased PI(4,5)P,, which stimulates increased
VE-cadherin internalization as has been reported for E-cadher-
in (85).

VE-cadherin localization was also examined in vivo at the ad-
vancing vascular front of P6 Inpp5k'**“ murine retina. A serrated
VE-cadherin staining pattern was observed at the EC membrane at
the advancing retinal vascular front of control mice as previously
reported (3, 80, 87). However, ECs at the vascular front in
Inpp5k™EC retina exhibited continuous VE-cadherin staining
(Fig. 9E). Because the morphology of ECs at the vascular front of
control retina was complex with multiple tip cells and filopodial
protrusions while, in Inpp5k'“FC retina, this complex pattern of
staining was lost, associated with loss of tip cells (Fig. 9E), we
cannot exclude the possibility that these changes in morphology
alter the apparent distribution of VE-cadherin.

As endothelial-specific gain-of-function P-catenin mutants
exhibit a vascular phenotype reminiscent of Inpp5k™~ embryos,
with embryonic lethality midgestation due to impaired angiogenesis
accompanied by increased DII4 transcription (60), we further
validated a role for B-catenin in the Inpp5k-null vascular }:I)henotype
by crossing Inpp5k™™Tie2Cre mice with Ctnnb1™" lines to
generate concurrent endothelial-specific deletion of INPP5K and
B-catenin. Embryos were examined at E11.5, 1 day after expected
Inpp5k™ ™ Tie2Cre  embryonic ~ death.  Sixty-four percent
Inpp5k™ ™ Tie2Cre embryos were growth retarded and displayed
impaired angiogenesis (Fig. 9F). Heterozygous deletion of
Ctnnbl combined with homozygous deletion of Inpp5k resulted
in normal vasculature and embryonic growth of 78%
Inpp5k™"Ctnnb1"" Tie2Cre embryos, with only 22% growth
retarded (Fig. 9F). However, homozygous deletion of both Inpp5k
and Ctnnbl caused extensive vascular defects and severe growth re-
tardation in 100% Inpp5k™%;Ctnnb1™™; Tie2Cre embryos (Fig. 9F).
These findings demonstrate a dose-dependent genetic interaction
between INPP5K and B-catenin during embryonic angiogenesis.

Collectively, these data are consistent with a model in which reg-
ulation of PI(4,5)P, by INPP5K affects B-catenin—dependent
NOTCH effector transcription. INPP5K cooperates with PIP5K1C
to maintain PI(4,5)P,-dependent VE-cadherin/B-catenin mem-
brane localization, which constrains B-catenin availability for
nuclear import. In parallel, INPP5K limits PI(4,5)P, substrate avail-
ability to regulate PI(3,4,5)P;-dependent AKT activation. We
propose that any influence of AKT on B-catenin transcriptional ac-
tivation to promote NOTCH effector transcription can only occur
in the context of high PI(4,5)P,, which facilitates p-catenin release
from the cell membrane, thereby allowing hyperactive AKT to con-
tribute to enhanced DLL4 transcription. Thus, INPP5K turnover of
PI(4,5)P, in the endothelial membrane acts as a gateway licensing p-
catenin—mediated transcription of NOTCH effectors that affect tip
cell specification.
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DISCUSSION

Here, we demonstrate that the PI(4,5)P, 5-phosphatase, INPP5K,
plays an EC-autonomous role that is essential for effective embry-
onic and postnatal angiogenesis. We propose a model whereby
INPP5K regulation of PI(4,5)P, facilitates cross-talk between VE-
cadherin/p-catenin and AKT in ECs to license a B-catenin/DLL4/
NOTCH signaling nexus necessary for tip cell specifica-
tion (Fig. 10).

Regulation of PI3K/AKT signaling has emerged as a critical
component for effective angiogenesis (5, 7, 8). We show here that
loss of INPP5K increased PI(3,4,5)P; and thereby AKT and
FOXO1 phosphorylation; however, our phenotype is not consistent
with murine models of altered PI3K signaling as a consequence of
either inactivation of p110a, FOXO1, or PTEN (5, 7, 54, 88). PI3K/
AKT signaling increases NOTCH pathway activation in ECs (61,
67), and conversely, ectopic expression of activated NOTCH in-
creases AKT phosphorylation (89), suggesting a reciprocal regula-
tory relationship between PI3K/AKT and NOTCH signaling.
However, in vivo studies suggest a considerable level of complexity
within PI3K/AKT signaling and NOTCH pathway activation that
remains to be defined. DLL4 transcription is only repressed follow-
ing combined pharmacological inhibition of both p110a and p1106
in syngeneic tumor models (88) but not during developmental an-
giogenesis, where EC-specific inactivation of p110a has no effect on
endothelial tip cell specification (5). Endothelial depletion of AktI
does not alter tip/stalk cell identity or DLL4 expression in retinal
vasculature (8). PTEN, which inactivates PI3K/AKT signaling,
plays no regulatory role in NOTCH pathway activation or endothe-
lial tip cell specification but restricts vessel density selectively at the
vascular front through suppression of EC proliferation via both
phosphatase-dependent and nuclear phosphatase-independent
mechanisms (7). Thus, regulation of PI3K-generated PI(3,4,5)P5/
AKT signaling alone does not appear to be sufficient to regulate
NOTCH pathway activation or direct tip cell specification during
developmental angiogenesis. It is notable that although INPP5K
and PTEN both degrade PI(3,4,5)P; signals and thereby both sup-
press AKT signaling, INPP5K has an additional key substrate,
PI(4,5)P,, which is not hydrolyzed by PTEN. We show here in mul-
tiple experimental models that reduced expression or ablation of
INPP5K significantly increased PI(4,5)P, and thereby contributed
to B-catenin localization. We propose that AKT contributes to p-
catenin—mediated transcription of NOTCH effectors but only in
the context of high PI(4,5)P, signaling, which facilitates p-catenin
release from VE-cadherin at the cell membrane. The lack of func-
tional redundancy between PTEN and INPP5K suggests that hydro-
lysis of PI(4,5)P, by INPP5K and degradation of PI(3,4,5)P; by
PTEN are both essential for effective angiogenesis, facilitating tip
and stalk cell specification, respectively.

We show that endothelial regulation of PI(4,5)P, by INPP5K
contributes to B-catenin—dependent NOTCH effector transcription.
Here, PI1(4,5)P, accumulation as a consequence of INPP5K ablation,
decreased VE-cadherin association with the membrane, associated
with B-catenin membrane dissociation and NOTCH effector tran-
scription. VE-cadherin membrane localization was not regulated by
PI(3,4,5)P; or activation of AKT, as its reduced plasma membrane
localization in INPP5K-siRNA cells was not rescued by PI3K or
AKT inhibition. However, AKT hyperactivation does contribute
to INPP5K-null angiogenesis defects, as AKT inhibition fully
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Fig. 10. Endothelial cell signaling regulated by INPP5K. Model depicting INPP5K regulation of PI(4,5)P, licenses a 8-catenin/DLL4/NOTCH signaling nexus to facilitate

endothelial tip cell selection.

restored tube formation defects, attenuated NOTCH effector tran-
scription in INPP5K-siRNA ECs, and rescued tip cell defects in
Inpp5k'**¢ murine retinal vasculature. Therefore, our interpreta-
tion of these data is that AKT contributes to B-catenin—mediated
transcription of NOTCH effectors but only under conditions of
high PI(4,5)P,, which facilitates VE-cadherin/B-catenin release
from the plasma membrane with INPP5K ablation. Our model is
consistent with studies showing that PI3K/AKT signaling can
induce formation of B-catenin/NICD transcriptional complexes
that enhance DLL4/NOTCH pathway activation (66—68). In addi-
tion, INPP5K-null angiogenesis defects are reminiscent of endothe-
lial-specific gain-of-function B-catenin mutants, which exhibit
embryonic lethal defective angiogenesis, associated with increased
DLL4 transcription and up-regulation of endothelial NOTCH sig-
naling (60). In support of this argument, deletion of a single allele of
Ctnnbl in the endothelium restored angiogenesis in EC-specific
INPP5K-null embryos, indicating a dose-dependent genetic inter-
action between Inpp5k and Ctnnbl.
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Our evidence suggests that INPP5K hydrolysis of PI(4,5)P, in
ECs plays a principal role in the regulation of tip cell specification.
PI(4,5)P, metabolism is central to numerous biological processes,
and emerging studies indicate that PI(4,5)P, may play a role in vas-
cular development. For example, phospholipase C (PLC), which hy-
drolyzes PI(4,5)P, to generate inositol trisphosphate and
diacylglycerol, contributes to vasculogenesis, hematopoiesis, arteri-
al differentiation, and vascular regression, but not angiogenesis
(13). ORP2 (oxysterol-binding protein-related protein 2; Osbpi2),
a cholesterol-PI(4,5)P, exchange transporter, suppresses endotheli-
al tip cell density via regulation of VEGFR2 proteolytic cleavage and
VE-cadherin expression (12); however, the role of ORP2 in devel-
opmental angiogenesis remains to be defined, as Osbpl2 knockout
mice and zebrafish are viable and exhibit normal vascular develop-
ment (12, 90). Similarly, paladin, a PI(4,5)P, phosphatase, suppress-
es endothelial retinal tip cell sprouting through VEGFR2
internalization and ERK1/2 signaling (14), yet despite expression
of paladin in embryonic vasculature, PaldI-null mice are viable
and show normal embryonic angiogenesis (91). Cytidine
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diphosphate diacylglycerol (CDP-DAG) synthase 2 catalyzes CDP-
DAG formation, the rate limiting step in de novo phosphatidylino-
sitol biosynthesis, thereby controlling phosphoinositide recycling.
Angiogenesis is impaired in Cds2 zebrafish mutants and mor-
phants, and neovascularization is impeded in xenograft tumor
models (15, 16). Tip cell density is reduced in Cds2-null retinal
vessels; however, inhibition of NOTCH did not restore angiogenesis
defects of Cds2 zebrafish mutants (16). Instead, ablation of Cds2
prevented VEGF-A-induced phosphoinositide recycling, reducing
PI(4,5)P, availability, to limit PI(3,4,5)P; generation, thus permit-
ting FOXO1-mediated vascular regression (16).

Here, we provide compelling evidence from murine and cell
culture models supporting a role for INPP5K regulation of
PI(4,5)P, signaling in NOTCH pathway activation. Ablation of
INPP5K in embryos or ECs increased expression of the NOTCH
ligand DLL4, the NOTCH receptor NOTCH4, and the downstream
transcriptional effector HESI. Endothelial-specific DIl4, Notchl,
and Notch4 gain-of-function models show vascular defects highly
reminiscent of Inpp5k™'~ embryos (92-94). However, DIl4 and
Notchl gain-of-function mutants also display arteriovenous malfor-
mations (92, 93), which are not a feature of Inpp5k™~ embryos,
while arteriovenous specification is normal in Notch4 gain-of-func-
tion embryos (94). Here, Inpp5k ablation enhanced DIl4 and Notch4
transcripts, but Notchl transcription was unaffected. Whether the
Inpp5k™'~ vascular phenotype is the result of specific activation of
NOTCH4 signaling in response to DLL4 ligation remains a subject
of future investigation. In proof-of-principle experiments, inhibi-
tion of NOTCH or DLL4 restored impaired EC tube formation in
INPP5K-siRNA ECs. Crucially, NOTCH inhibition rescued defec-
tive angiogenesis and extended embryonic viability of Inpp5k™'~
embryos and restored tip cell specification in Inpp5k™"© neonatal
retinal vessels. These data provide powerful evidence that NOTCH
pathway activation contributes to impaired tip cell specification and
angiogenesis in Inpp5k knockout embryos and neonates.

Recessive mutations in INPP5K have been identified in consan-
guineous families that cause congenital muscular dystrophy, cogni-
tive impairment, and early-onset cataracts, associated with
decreased PI(4,5)P, 5-phosphatase activity (19, 20). Impaired an-
giogenesis was not described; however, the homozygous missense
and compound heterozygous INPP5K mutations associated with
disease only partially impair INPP5K PI(4,5)P, 5-phosphatase ac-
tivity, suggesting that they represent hypomorphic alleles. We
propose that INPP5K is an essential gene and that complete loss
is incompatible with life. Here, Inpp5k ™'~ mice die from angiogenic
defects from E10.5, a period before the successive waves of myogen-
ic differentiation that occur during embryonic limb bud myogenesis
from E10.5 to E16 (95). Evidence is also emerging that impaired an-
giogenesis may contribute to muscle diseases (96); therefore, it will
be of interest to examine an association between angiogenesis and
the muscular dystrophy phenotype in these affected individuals. We
present our model as an original viewpoint that identifies an unap-
preciated role for PI(4,5)P, in the endothelium, which contributes
to a P-catenin/NOTCH/DLL4 signaling nexus to define tip cell
specification, critical for both embryonic and postnatal
angiogenesis.
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MATERIALS AND METHODS

Reagents

HUVECs and EGM-2 medium were obtained from Lonza. COS1
cells were purchased from the American Type Culture Collection.
VEGF-A and bFGF were from Sigma-Aldrich and Thermo Fisher
Scientific, respectively. Rat anti-endomucin antibody (14-5851-
85) was from eBioscience. Cy3-conjugated anti-SMA (A2547) anti-
body and fluorescein isothiocyanate—conjugated isolectin B4 (IB4;
L2895) were from Sigma-Aldrich. Antibodies to human INPP5K
have been previously described (97). Antibodies to AKT (4685),
pSer*”?-AKT (4058), pThr’®*-AKT (2965), pSer***”/Thr*'-p-
catenin (9561), pSer235/236—S6 (4858), pSerZSS—FOXOI (9461),
FOXO1 (2880), pSer’-GSK3b (9323), GSK3b (9315), pThr*??/
Tyr***-ERK1/2 (9106), ERK1/2 (4695), VE-cadherin (2500),
cleaved caspase-3 (9664), and pSerlO—histone H3 (3377) were
from Cell Signaling Technology. ZO-1 (40-2200), ZO-1 (ZO1-
1A12), B-tubulin (322600), glyceraldehyde-3-phosphate dehydro-
genase (GAPDH; am4300), glutathione S-transferase (GST; 71-
7500), Alexa Fluor 488-conjugated phalloidin (A12379), Ki67
(RM-9106-S0), 4',6-diamidino-2-phenylindole (DAPI), and Alexa
Fluor—conjugated secondary antibodies were from Thermo Fisher
Scientific. PI(3,4,5)P; (Z-P345B), PI(3,4)P, (Z-P034), PI(4,5)P,
(Z-PO45), and PI(4)P (Z-P004) antibodies were from Echelon Bio-
sciences. Goat anti-DLL4 antibody (AF1389) was from R&D
Systems. Collagen IV (21501470) was from Bio-Rad. Pan-actin
(MS-1295-P) was from Neomarkers. Tamoxifen was from Sigma-
Aldrich. GFR-Matrigel (354230) and antibodies to CD31
(550274), mouse CD144 (555289), human CD144 (555661), and
B-catenin (610153) were from BD Biosciences. DLL4-Fc (ALX-
201-386) was obtained from Enzo Life Sciences. NG2 (AB5320) an-
tibodies and AKT inhibitor X (CAS 925681-41-0) were from Merck
Millipore. y-Secretase inhibitor DAPT was purchased from Sigma-
Aldrich. Pimonidazole hydrochloride plus antibody (HP1-200Kkit)
was obtained from Hypoxyprobe Inc. PI3K inhibitor LY294002
was from Sigma-Aldrich. PI3Ka inhibitor BYL719 and AKT inhib-
itor MK2206 were obtained from Selleckchem. RNA isolation kit
and gene-specific qRT-PCR primers were obtained from
QIAGEN. Inpp5k-specific qRT-PCR and other genotyping
primers were synthesized at Geneworks. Oligofectamine and LTX
Plus transfection reagents were purchased from Thermo Fisher Sci-
entific. GFP-PH/Btk construct was provided by T. Balla [National
Institutes of Health (NIH)]. YFP-PH-TAPP1 construct was provid-
ed by D. Alessi (University of Dundee). GST-Fablp, YOTB, Vaclp,
EEA1 (FYVE)/Hepatocyte growth factor-regulated tyrosine kinase
substrate (Hrs) construct was provided by T. Takenawa (Kobe
University).

Generation of Inpp5k knockout mice

Exon 8 of Inpp5k was flanked with LoxP sites by homologous re-
combination in C57BL/6-derived murine embryonic stem cells
(Ozgene Pty Ltd., Australia). Recombination at the correct locus
was confirmed by Southern hybridization of Bam HI-digested em-
bryonic stem cells with 5" and 3' probes. Cre-mediated deletion of
exon 8 results in frameshift and truncation of INPP5K at amino acid
277, resulting in a polypeptide that lacks several critical residues
(D287, R288, D329, H330, P332, and V333), essential for 5-phos-
phatase enzyme activity. Neomycin cassette of the targeted allele
was removed by mating with the Flippase recombinase (FLPe)
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transgenic line to obtain the Inpp5k™™ line, confirmed with South-
ern hybridization and PCR genotyping of genomic DNA isolated
from tail biopsies. Inpp5k™* mice were bred with mice expressing
Cre under control of the CMV promoter to obtain Inpp5k
heterozygotes, which were intercrossed to generate global Inpp5k
knockout mice. Inpp5k™T mice were bred with mice
expressing Cre under control of the endothelial Tie2 promoter to
generate  endothelial-specific ~ Inpp5k  knockout  mice
(Inpp5k™9; Tie2Cre). Inpp5k™™; Tie2Cre mice were intercrossed with
Ctnnb1™ (98) mice to generate mice with concurrent endothelial-
specific deletion of INPP5K and p-catenin. Inpp5k™™ mice were
crossed with mice expressing tamoxifen-activated Cre under the
control of the endothelial Cdh5 promoter [Cdh5(PAC)-CreERT2]
to generate tamoxifen-inducible EC-specific Inpp5k knockout
mice (Inpp5k™FC). All mice were on a C57BL/6 background.
Pups were generated by natural mating, and embryos were generat-
ed by timed mating. For timed mating, the morning of vaginal plug
observation was assigned E0.5. No specific gender was selected for
analysis. Mice were housed at Monash Animal Research Platform
laboratories on a 12-hour light/12-hour dark cycle with food and
water provided ad libitum. Mice were euthanized by CO, asphyxi-
ation and cervical dislocation. All animal work was carried out fol-
lowing the National Health and Medical Research Council Australia
Code for Care and Use of Animals for Scientific Purposes (eighth
edition, 2013) and was approved by the Monash University Animal
Ethics Committee.

Genotyping

Targeted embryonic stem cells were genotyped by Southern hybrid-
ization. Mice and embryos were genotyped by PCR of genomic
DNA isolated from tail biopsies or yolk sacs. PCR of Inpp5k wild-
type and knockout alleles was carried out with forward primer 5'-
cagcttcattcataaactcctggge and reverse primer 5'-cagtaggtaataagcat-
gatggaactc with 35 cycles of 94°C for 30 s, 62°C for 30 s, and
72°C for 30 s. The Tie2-Cre transgene was identified with primers
5'-cgcataaccagtgaaacagcattge and 5'-ccctgtgctcagacagaaatgaga, with
35 PCR cycles of 94°C for 30 s, 66°C for 60 s, and 72°C for 30s, and
included internal control primers 5'-ctaggccacagaattgaaagatct and
5'-gtaggtggaaattctagcatcatcc. PCR of Inpp5k floxed alleles was per-
formed with forward primer 5'-caagtctgagtctctacaacttcag and
reverse primer 5'-caacctccacaggatgeggtcag with 5 cycles of 94°C
for 30 s, 65°C for 60 s, and 72°C for 30 s, followed by 30 cycles of
94°C for 30s, 62°C for 60 s, and 72°C for 30 s. PCR of Ctnnbl floxed
alleles was  performed with forward primer 5'-
actgcctttgttctcttcecttetg and reverse primer 5'-cagccaaggagagcaggt
gagg with 30 cycles of 94°C for 30 s, 70°C for 30 s, and 72°C for
30 s.

Whole-mount embryo immunofluorescence

Isolated embryos were fixed in 4% paraformaldehyde for 30 min,
washed in phosphate-buffered saline (PBS), and dehydrated
through increasing methanol concentrations [25, 50, 75, and
100% methanol (+PBS) series]. Embryos were then incubated in
Dent's buffer [methanol:dimethyl sulfoxide (DMSO):hydrogen
peroxide; 4:1:1] for 2 hours, followed by rehydration in decreasing
methanol concentrations [100, 75, 50, and 25% (+PBS) series]. Fol-
lowing transfer to PBS, embryos were incubated in blocking buffer
[100 mM maleic acid, 1% DMSO, and 10% horse serum in PBS (pH
7.6)] for 1 hour and then incubated overnight at 4°C with primary
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antibodies diluted in blocking buffer. After extensive washing with
PBTX (PBS with 0.05% Triton X-100), embryos were incubated
with fluorescent-tagged secondary antibodies in PBTX overnight
at 4°C. Multiple z-plane stacked images were obtained by confocal
laser scanning microscopy (Nikon C1) with 4x Plan Fluor NA 0.13,
10x Plan Fluor NA 0.30, 20x Plan Fluor NA 0.75 multi-immersion,
or 40x Plan Fluor NA 1.30 oil immersion objective lenses. Embry-
onic hindbrain and dorsal longitudinal anastomotic vessel vascula-
tures were stained as described above and were mounted onto
microscopy slides.

Matrigel plug assay

Six-week-old Inpp5k™™ or Inpp5k™™;Cdh5(PAC)-CreERT2 mice
were administered 500 pg of tamoxifen dissolved in corn oil and
ethanol (9:1) daily for five consecutive days to generate control
and endothelial-specific Inpp5k knockout (Inpp5k'**) mice, re-
spectively. Mice were subcutaneously injected with 500 pl of
growth factor-reduced Matrigel supplemented with 500 ng of
bFGF or 250 ng of VEGF. Matrigel containing PBS was used as a
negative control. Plugs were removed after 2 weeks, fixed in forma-
lin, and paraffin-embedded. Sections (5 um) were deparaffinized
and subjected to antigen retrieval in citrate buffer [10 mM
sodium citrate (pH 6.0)]. Sections were incubated in blocking
medium [5% (v/v) goat serum in PBS] for 1 hour followed by incu-
bation with endomucin antibodies in blocking medium overnight.
After PBS wash, the sections were incubated with Alexa Fluor 555—
conjugated secondary antibodies and counterstained with DAPI.
Sections were imaged at multiple random positions with a confocal
laser scanning microscope (Nikon C1) using 40x Plan Fluor NA
1.30 oil immersion objective. The proportion of endomucin-posi-
tive area was calculated in de-identified samples using Image] soft-
ware (NIH).

Tumor angiogenesis

Six-week-old Inpp5k™™ or Inpp5k™;Cdh5(PAC)-CreERT2 mice
were administered 500 pg of tamoxifen dissolved in corn oil and
ethanol (9:1) daily for five consecutive days to generate control
and endothelial-specific Inpp5k knockout (Inpp5k'**) mice, re-
spectively. Mice were injected subcutaneously with 2 x 10° LLC
or B16F10 melanoma cells in 100 pl of PBS into the right abdominal
flank. Once palpable, tumors were measured using digital calipers,
and tumor volumes were calculated using the formula: (length x
width x width)/2. Tumors were fixed overnight in formalin and
processed for paraffin-embedding. Thin tumor sections (5 um)
were deparaffinized and subjected to antigen-retrieval in citrate
buffer [10 mM sodium citrate (pH 6.0)], EDTA buffer [1 mM
EDTA (pH 8.0)], or commercial epitope retrieval buffer (Leica,
6074383). Sections were incubated in blocking medium [5% (v/v)
goat serum in PBS] for 1 hour followed by incubation with endo-
mucin, Ki67, Cy3-SMA, collagen IV, or cleaved caspase-3 primary
antibodies in blocking medium overnight. After PBS wash, the sec-
tions were incubated with Alexa Fluor 488— or Alexa Fluor 555—
conjugated secondary antibodies and counterstained with DAPI.
Each tumor section was imaged at multiple random positions
with a confocal laser scanning microscope (Nikon C1) using 40x
Plan Fluor NA 1.30 oil immersion objective. Calculations were per-
formed on de-identified samples using Image] software (NIH).
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Hypoxia assay

Tumor-bearing mice were administered pimonidazole hydrochlo-
ride (60 mg/kg) intraperitoneally 90 min before euthanasia. Paraffin
tumor sections were prepared and subjected to antigen retrieval as
described above. Tumor areas with hypoxia were detected with anti-
pimonidazole antibody and visualized with Alexa Fluor 488—conju-
gated secondary antibodies. Each tumor section was imaged at mul-
tiple random positions with a confocal laser scanning microscope
(Nikon C1) using 40x Plan Fluor NA 1.30 oil immersion objective.
The proportion of hypoxic area in de-identified samples was calcu-
lated using Image] software (NTH).

Postnatal retinal angiogenesis

Inpp5k™%,Cdh5(PAC)-CreERT2 pups were intragastrically admin-
istered 50 pg of tamoxifen dissolved in corn oil and ethanol (9:1)
on P1, P2, and P3, and retinas were collected on P5, P6, or P7.
Retinas were isolated and fixed in 2% paraformaldehyde or ice-
cold methanol for 2 hours. Retinas were permeabilized and
blocked with 1% bovine serum albumin (BSA) and 0.3% Triton
X-100 in PBS. Retinas were washed with Pblec buffer [1 mM
CaCl,, 1 mM MgCl,, 0.1 mM MnCl,, and 1% Triton X-100 in
PBS (pH 6.8)] and incubated overnight at 4°C in primary antibodies
diluted in Pblec. Following PBTX wash, retinas were incubated
overnight at 4°C with appropriate Alexa Fluor-conjugated second-
ary antibodies diluted in Pblec and flat-mounted onto microscopy
slides. Multiple z-plane stacked retinal images were obtained by
confocal laser scanning microscopy (Nikon C1) with 4x Plan
Fluor NA 0.13, 10x Plan Fluor NA 0.30, 20x Plan Fluor NA 0.75
multi-immersion, or 40x Plan Fluor NA 1.30 oil immersion objec-
tive lenses, and de-identified samples were analyzed using Image]J
software (NIH).

Quantitative RT-PCR

mRNA was isolated from E9.5 embryo lysates, neonatal lungs, or
HUVECs. For examination of NOTCH pathway effectors in
HUVECs, mRNA was isolated from cells that were plated on GFR
Matrigel for 16 hours. mRNA was reverse-transcribed, and cDNA
was amplified using commercially available specific primers, with
GAPDH as an endogenous control. Inpp5k-specific primers were
designed in-house (forward, 5'-ccagctgctcecgegagttce and reverse,
5'-acggctgecgettcaaccte). Cycling was performed with SYBR
Green on a Rotor-Gene 3000 (Corbett Research), and differential
expression was determined using comparative AAC,.

Cell culture and transient siRNA transfection

HUVECs were maintained in EGM-2 medium (Lonza). Early-
passage (P4) HUVECs were transiently transfected with siRNA
oligonucleotides or scrambled control oligonucleotides using
Oligofectamine transfection reagent according to the manufactur-
er's instructions (INPP5K siRNA#1 sense sequence, 5'-GCCAAGU
GUCGUCCACAUATT-3'; INPP5K siRNA#2 sense sequence, 5'-
GGAAUUAGCCGCUUAAAUATT-3'; PIP5K1A siRNA#1 sense
sequence, 5-GCCUCUUGAUGUCAAUCCATT-3"; PIP5K1A
siRNA#2 sense sequence, 5-CUGCCUUGAUAAUAUGUU
ATT-3'; PIP5K1C siRNA#1 sense sequence, 5'-GCGUCGGU
GGUCAUGAACAATT-3"; and PIP5KIC siRNA#2 sense se-
quence, 5-CGCCCGCCACCGACAUUATT-3'). Experiments
were performed 48 hours after transfection.
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Transwell migration assays

HUVECs were dissociated with Versene solution (Thermo Fisher
Scientific). Cells (0.5 x 10°) resuspended in 100 ul of low-serum
(0.5%) medium were seeded into the upper chamber of a 6.5-
mm-diameter, 8-pm pore Transwell plate (Corning Inc.) and
allowed to migrate toward the lower chamber of the Transwell
plate containing 600 ul of complete growth media and VEGF-A
(50 ng/ml) + 5 uM DAPT or 5 pg/ml DLL4-Fc for 5 hours. Non-
migrating cells on the upper surface of the Transwell membrane
were removed with a cotton swab, and migrating cells on the
lower surface of the Transwell membrane were fixed, stained
(Diff-Quik kit; Lab Aids P/L), and visualized using light microscopy
(Olympus IX71) with a 10x Cplan FL NA 0.3 RC1 dry objective
lens. The number of migrating cells across 12 fields per condition
was quantified in de-identified samples using Image] soft-
ware (NTH).

In vitro endothelial tube formation assay

Twelve-well plates were coated with GFR Matrigel (300 pl) before
incubation at 37°C for 30 min. HUVECs were dissociated with
Versene solution, and 7.5 x 10* cells were plated onto the polymer-
ized Matrigel and overlaid with endothelial growth medium con-
taining VEGF-A (50 ng/ml). Sixteen hours after seeding,
representative bright-field images (>12 per condition) were collect-
ed (AF6000LX; Leica) using a 10x NA 0.30 PH1 dry objective lens.
Quantification of branch point number, tubule number, average
tubule length, tubule area, and the number of interconnected
tubule enclosures was assessed in de-identified samples with
Image] software. For inhibitor studies, the overlaid medium con-
tained 2.5 pM LY294002, 5 uM DAPT, DLL4-Fc (5 pg/ml), or 5
puM AKT inhibitor or vehicle controls. To determine live-to-dead
cell ratios during tube formation, cells were stained with Hoechst
33342 (Sigma-Aldrich), a live cell marker, and propidium iodide
(Sigma-Aldrich), a dead cell marker.

Cell viability assay

Cell viability was assessed using CellTiter-Glo 3D Cell Viability
Assay (Promega, catalog no. G9681). Matrigel (75 pl) was aliquoted
intro a 48-well plate and incubated at 37°C for 30 min. HUVECs
were suspended using 1 mM EDTA in PBS. HUVECs (2.0 x 10%)
were seeded onto Matrigel and overlaid with 100 ul of EGM-2 en-
dothelial growth media plus VEGF-A (50 ng/ml) and incubated at
37°C for 16 hours. The medium was removed and replaced with 100
ul of endothelial growth medium plus 100 pl of CellTiter reagent at
room temperature. The plate was shaken for 5 min to induce cell
lysis and incubated for 30 min to stabilize the luminescent signal.
The integrated luminescent signal was detected using a BMG
Labtech CLARIOSstar Plus plate reader with CLARIOstar version
5.20 R5 and MARS 3.10 R6 software.

Inhibitor treatment of embryos and retina

Plug-mated dams were administered DAPT (50 pg/g body weight)
at E7.5, E8.5, and E9.5 via tail vein injection. Embryos were collected
at E10.5 or E11.5, and vasculature was visualized by whole-mount
immunostaining with anti-endomucin as described above. E11.5
embryos were also examined for the presence of heartbeats during
dissection. Inpp5k'FC pups were injected subcutaneously with
DAPT (200 pg) or MK2206 (100 pg) or DMSO at P4 and P5.
Retinas were collected at P7, and vasculature was visualized by
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immunostaining with anti-endomucin and flat-mounted as de-
scribed above. Multiple z-plane stacked images were obtained by
confocal laser scanning microscopy (Nikon C1) with 4x Plan
Fluor NA 0.13, 10x Plan Fluor NA 0.30, 20x Plan Fluor NA 0.75
multi-immersion, or 40x Plan Fluor NA 1.30 oil immersion objec-
tive lenses, and de-identified samples were analyzed using Image]
software (NIH).

Immunoblot analysis

HUVECs were serum-starved for 5 hours before stimulation with
VEGE-A (100 ng/ml). Nonidet P-40 (NP-40)—soluble cell fractions
or whole-cell lysates were resolved by SDS—polyacrylamide gel elec-
trophoresis. For inhibitor studies, cells were exposed to 1 uM
BYL719 or 1 uM MK2206 for 24 hours. Relative protein was
assessed by densitometry (ImageQuant TL software; GE Health-
Care) of nonsaturated exposures of immunoblot films and stan-
dardized against appropriate loading controls.

Indirect immunofluorescence

HUVECSs grown in a confluent monolayer on glass coverslips were
fixed with 4% electron microscopy (EM) grade paraformaldehyde
for 10 min at 37°C, permeabilized for 15 min in PBS containing
0.1% Triton X-100, and then blocked in PBS containing 2% BSA.
Cells were counterstained with DAPI and Alexa Fluor—conjugated
phalloidin. Cells were incubated with primary antibodies in PBS
containing 0.1% BSA for 3 hours at room temperature. Single z-
plane images or z-plane stacked images were obtained by confocal
laser scanning microscopy (TCS-NT SP5, Leica) with 40x HCX
Plan-Apochromat NA 1.25 ABL or 100x HCX Plan-Apochromat
NA 1.4 CS oil immersion objective lenses. Plasma membrane phos-
phoinositide accumulation was assessed as previously described
(44). Single z-plane images were obtained by confocal laser scan-
ning microscopy (TCS-NT SP5, Leica) with 40x HCX Plan-Apo-
chromat NA 1.25 ABL or 100x HCX Plan-Apochromat NA 1.4
CS oil immersion objective lenses. Quantification of phosphoinosi-
tide accumulation was performed in de-identified samples using
Image] software, determined by measuring the average pixel fluo-
rescence intensity within an area of defined size drawn over three
distinct areas of the plasma membrane (5 x 10 pixels) or the
average of three boxes (10 x 10 pixels) in the cytosol, and expressed
as ratios of plasma membrane to cytosolic pixel fluorescence inten-
sity (29).

Biosensor recruitment to the plasma membrane

HUVECs grown in a confluent monolayer on glass coverslips were
transfected with GFP-PH/Btk (48) or YFP-PH/TAPP1 (47) using
Lipofectamine LTX Plus according to the manufacturer’s protocol.
Twenty-four hours after transfection, cells were serum-starved for 5
hours, treated with VEGF-A (100 ng/ml), and fixed with 4% para-
formaldehyde for 20 min. Single z-plane images were obtained by
confocal laser scanning microscopy (TCS-NT SP5, Leica) with 40x
HCX Plan-Apochromat NA 1.25 ABL or 100x HCX Plan-Apochro-
mat NA 1.4 CS oil immersion objective lenses, and de-identified
samples were analyzed using Image] software. Quantification of
plasma membrane biosensor recruitment was determined by mea-
suring the average pixel fluorescence intensity within an area of
defined size drawn over three distinct areas of the plasma mem-
brane (5 x 10 pixels) or the average of three boxes (10 x 10
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pixels) in the cytosol and expressed as ratios of plasma membrane
to cytosolic pixel fluorescence intensity (29).

GST-FYVE overlay assay

The method was adapted from the work of Hammond et al. (44).
HUVECs grown in a confluent monolayer were fixed in 2% parafor-
maldehyde for 15 min and washed in PBS containing 50 mM
NH,CI. Cells were washed in buffer A [20 mM Pipes, 137 mM
NaCl, and 2.7 mM KCL (pH 6.8)], permeabilized with digitonin,
and then blocked in blocking buffer (buffer A, 5% goat serum,
and 50 mM NH,CI). Cells were incubated with GST-FYVE Hrs re-
combinant protein (2 ug/ml in buffer A containing 5% goat serum)
for 1 hour at room temperature, washed with buffer A, and then
incubated with GST antibodies for 1 hour at room temperature.
After washing, cells were incubated with appropriate secondary an-
tibodies for 45 min at room temperature, postfixed in 2% parafor-
maldehyde, and washed with PBS containing 50 mM NH,CI. Single
z-plane images were obtained by confocal laser scanning microsco-
py (TCS-NT SP5, Leica) with 40x HCX Plan-Apochromat NA 1.25
ABL oil immersion objective lens.

Droplet digital PCR

mRNA (50 ng) was reverse-transcribed into cDNA using iScript
gDNA Clear cDNA Synthesis Kit (Bio-Rad) according to the man-
ufacturer’s protocol. Droplet digital PCR was performed using the
Bio-Rad QX200 Droplet Digital PCR system (Bio-Rad Laboratories,
Hercules, CA). Reactions (20 pl) containing 1x ddPCR EvaGreen
Supermix (Bio-Rad), 1x primers, and cDNA (8.3 ng/ul) were
loaded into the middle wells of a droplet generator cartridge, and
70 pl of Droplet Generation Oil for EvaGreen was loaded into the
lower wells. Thermal cycling was performed on generated droplets,
with detection identified with a QX200 droplet reader. Data were
analyzed using QuantaSoft software (Bio-Rad) with detection
thresholds set manually according to no template controls.

Luciferase reporter assay

The pTOPFlash-Luc reporter gene vector (reporter plasmid con-
taining multiple copies of wild-type TCF binding sites upstream
of the Thymidine Kinase minimal promoter and Luciferase open
reading frame) and pFOPFlash-Luc vector control (reporter
plasmid containing mutant TCF-binding sites) were provided by
H. Clevers (Hubrecht Institute, Utrecht, The Netherlands). COS1
cells were maintained in Dulbecco’'s modified Eagle's medium
(DMEM) supplemented with 10% (v/v) fetal bovine calf serum, 2
mM L-glutamine, penicillin (100 U/ml), and 0.1% (v/v) streptomy-
cin. COS1 cells were cotransfected with pTOPFlash-Luc or pFOP-
Flash-Luc vector control and phRL-Tk (Renilla) and either
hemagglutinin (HA)-tagged full-length human INPP5K or vector
alone using Lipofectamine LTX Plus according to the manufactur-
er's protocol. Cells were lysed 24 hours after transfection, and lucif-
erase activities of cell lysates were determined using the Dual-
Luciferase Reporter (DLR) Assay System (Promega). Transfection
efficiency of each sample was normalized to Renilla activity.

Statistical analysis

Statistical significance of comparison between the means of two
groups was assessed using the two-tailed Student's ¢ test for un-
paired data. Significance of multiple comparisons of sample
means was performed with one-way analysis of variance
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(ANOVA) followed by Tukey's post hoc test. (GraphPad Prism
version 8.4.2). Comparison of independent groups was examined
using two-tailed Fisher's exact test. P values less than 0.05 were con-
sidered statistically significant.

Supplementary Materials
This PDF file includes:
Figs. S1 to S9

View/request a protocol for this paper from Bio-protocol.
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