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Abstract

Objective—To investigate the novel function of AIP1 in VEGFR-3 signaling, and VEGFR-3-
dependent angiogenesis and lymphangiogenesis.

Approach/Results—AIP1, a signaling scaffold protein, is highly expressed in the vascular
endothelium. We have previously reported that AIP1 functions as an endogenous inhibitor in
pathological angiogenesis by blocking VEGFR-2 activity. Surprisingly, here we observe that mice
with a global deletion of AIP1 (AIP1-KO) exhibit reduced retinal angiogenesis with less sprouting
and fewer branches. Vascular endothelial cell (but not neuronal)-specific deletion of AIP1 causes
similar defects in retinal angiogenesis. The reduced retinal angiogenesis correlates with reduced
expression in VEGFR-3 despite increased VEGFR-2 levels in AIP1-KO retinas. Consistent with
the reduced expression of VEGFR-3, AIP1-KO mice show delayed developmental
lymphangiogenesis in neonatal skin and mesentery, and mount weaker VEGF-C-induced cornea
lymphangiogenesis. In vitro, human lymphatic EC with AIP1 siRNA knockdown, retinal EC and
lymphatic EC isolated from AIP1-KO all show attenuated VEGF-C-induced VEGFR-3 signaling.
Mechanistically, we demonstrate that AIP1 via vegfr-3-specific miR-1236 increases VEGFR-3
protein expression, and by directly binding to VEGFR-3 enhances VEGFR-3 endocytosis and
stability.

Conclusion—Our in vivo and in vitro results provide the first insight into the mechanism by
which AIP1 mediates VEGFR-3-dependent angiogenic and lymphangiogenic signaling.
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Introduction

The vasculature contains blood vessels and lymphatic vessels, two developmentally related
but functionally distinct systems. In ontogeny, the prevalent theory is that lymphatic vessels
originate from a subset of venous endothelial cells in the anterior cardinal vein that express
Sox-18, a member of the Sox family of transcriptional factors critical for cardiovascular
development. Sox-18 can turn on expression of homeobox transcription factor Prox-1
around embryonic (E) 9.5 of mouse development to initiate the lymphatic specification
program 12, In addition, Coup-TFII, an orphan nuclear receptor, assists in turning on and
maintaining the expression of Prox-1 3. After commitment to the lymphatic cell lineage, the
Prox-1 positive cells sprout to form the primary lymph sacs. Studies suggest that vascular
endothelial growth factor receptor-3 (VEGFR-3) is critical for sprouting and migration in
response to its ligand, vascular endothelial growth factor-C (VEGF-C) 4. Peripheral
lymphatic vessels form by centrifugal sprouting from the primary lymph sacs to form a
network, followed by maturation of large collecting lymphatic vessels. Lymphatic vessels
express distinct cellular markers such as Prox-1, podoplanin °, and lymphatic vessel
endothelial hyaluronan receptor-1 (LYVE-1) 6, However, both blood and lymphatic
endothelium express surface receptors VEGFR-2 and VEGFR-3 7. VEGFR-2 plays an
essential role during vascular development. It is also required for lymphatic endothelium
organization into functional capillaries 8-10. On the other hand, VEGFR-3 is expressed in
the blood endothelium during development, and is restricted to the lymphatics in the adult
with the exception of few blood capillaries in some organs 11713, Therefore, VEGFR-3 is
critical for both developmental angiogenesis and lymphangiogenesis. It has been reported
that VEGFR-3 null mice die as early as E10.5 prior to the formation of the lymphatics
system due to a failure in remodeling of the primary vascular plexus 14; VEGFR-3 is
expressed in angiogenic retinal vessels, and blockade of VEGFR-3 signaling blunts retinal
vessel growth /- 15, When deficient in the VEGFR-3 ligand VEGF-C, mouse embryos are
deprived of primitive lymph sacs and all other lymphatic vessels and die after E15.5 4. In
humans, congenital hereditary lymphedema known as Milroy disease has been linked with a
mutation in the tyrosine kinase domain of the VEGFR-3 genel6: 17, Similarly, the Chy
mouse mutant, a model for congenital lymphedema that contains a heterozygous mutation to
deactivate VEGFR-3, has abnormal cutaneous lymphatic vessels and symptoms of
lymphedema 18. Despite the importance of VEGFR-3 in the developing angiogenesis and
lymphangiogenesis, regulation of VEGFR-3 expression and activity during development
remains poorly understood.

The signaling pathways induced by the VEGF family of ligands and their receptors have
been investigated 1% 20, Most of our current understanding of VEGFRSs signaling have been
from VEGFR-2 studies. Specifically, VEGF-A rapidly induces VEGFR-2 dimerization and
autophosphorylation (pY1054/59 and pY1175) followed by the activation of
phosphatidylinositol 3-kinase (P13K)-Akt, phospholipase C-gamma (PLC-y) and MAP
kinase, leading to biological responses such as survival, proliferation, and migration.
Similarly, in response to its ligands (VEGF-C), VEGFR-3 is phosphorylated at its C-
terminal tyrosine residues. While VEGFR-2 activity is positively or negatively regulated at
multiple steps by interacting proteins, intracellular trafficking, phosphatases and
microRNAs 21-25 intracellular signaling mediators for VEGFR-3 are less characterized.

AIP1, a novel signaling scaffolding protein, is highly expressed in the vascular endothelium
during mouse development and in adult. AIP1 is also abundantly expressed in some
neuronal cells 26: 27, Although AIP1 was initially identified as an ASK1-interacting protein,
it contains multiple structural domains including the pleckstrin homology (PH) domain, the
protein kinase C conserved region 2 (C2) and RasGAP at its N-terminus while a proline-rich
sequence (PR), a coiled-coil and leucine-zipper motif (CC/LZ) as well as phospho-serine
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sites for the 14-3-3 and Akt binding can be found at the C-terminus 28, We have shown that
mice with a global AIP1 deletion (AIP1-KO) exhibit dramatically enhanced atherosclerosis
and graft arteriosclerosis in animal models 27-2%: 30, These phenotypes in adult AIP1-KO
mice largely attribute to enhanced inflammatory responses (endothelial activation,
macrophage infiltration and cytokine production). In agreement with this, in vitro data
demonstrate that AIP1 can act as an inhibitor in several pro-inflammatory pathways
including the TNF 31. 32 Toll-like receptor-4 33 and IFN-y signaling pathways 2. AIP1-KO
adult mice also exhibit enhanced ischemia and inflammation-induced angiogenesis by
associating with VEGFR-2 and inhibiting the VEGFR-2-dependent signaling 27. However,
the role of AIP1 in vascular development has not been carefully examined. In the present
study, we were surprised to observe that mice with either a global or an endothelial-specific
deletion of AIP1 displayed delayed vascular development of both retinal angiogenesis and
lymphangiogenesis. These defects are specifically the result of reduced VEGFR-3
expression (but not VEGFR-2) in the vascular endothelium. Our data demonstrate that AIP1
modulates VEGFR-3 protein expression, endocytosis and stability, uncovering that AIP1 is a
novel regulator in VEGFR-3 signaling.

MATERIALS AND METHODS

Results

Materials and Methods are available in the online-only Data Supplement.

AlIP1-KO mice show reduced retinal angiogenic sprouting

We have previously established the AlP1-flox (AIP1/9¥19%) mice using homologous
recombination 27. Global AIP1 knockout (AIP1-KO) mice were subsequently generated by
mating the AIP1!9X/19X mice with the B-actin-Cre deleter mice. These mice were viable with
normal gross growth. However, further examinations indicated that the AIP1-KO mice show
delayed vascular development during embryonic and neonatal stages. Specifically, AIP1-KO
embryos exhibited delayed maturation of vasculature throughout the body including the
head and skin (Supplemental Fig. | for E13.5). Retinal angiogenesis provides a good model
for the analyses of the kinetics of vascular development 34, The superficial retinal
vascularized areas in the ganglion cell layer (GCL) of WT and AIP1-KO mice at various
postnatal days were measured by isolectin staining and quantified as a percentage of the
total retinal surface. As illustrated in a schematic diagram in Supplemental Fig. Ila and
isolectin staining in Supplemental Fig. llb, the vasculature in WT mouse grew from the
optical center towards the periphery of the retina during development. The vasculature front
reached one third of the retina on postnatal days 3 (P3), leaving the rest of the retina
completely avascular. The vasculature front reached two thirds of the retina on P7, and
nearly reached the retina edge by P9. AIP1-KO mice displayed a significant delay in the
radial extension of the vascular plexus from the optic nerve to the periphery from P4 (Fig.
1A with quantification in 1B) to P7 (Supplemental Fig. Ilb with quantification in Fig. llc).
Endothelial tip cells localized at the retinal front during development are characterized by
specialized apical filopodia and are vital for the development of new capillaries 3. AIP1
deletion significantly reduced the number of tip cells as visualized by high power images of
the vascularization regions (Fig. 1C with quantification in 1D). Although coverage of the
retina by the primary vascular layer in AIP1-KO mice was complete and similar to WT mice
at P9 (Fig. 1E), the development of the deeper intraretinal vessels which originates from the
GCL into the inner plexiform layer (IPL) and outer plexiform layer (OPL) were also delayed
in the AIP1-KO mice compared to WT pups (Fig. 1F with quantification in Fig. 1G). These
data suggest that AIP1 deletion delays retinal vascular development. We then examined EC
proliferation which is critical for retinal angiogenesis 34. Proliferative EC were first detected
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by whole mount staining with isolectin and anti-phosphor-histone H3 (pH3), a marker for
mitosis. The pH3* cells were significantly reduced in the AIP1-KO retinas (Fig. 1H with
quantification in 11). EC proliferation was also examined by BrdU incorporation which
visualizes DNA replication. WT and AIP1-KO pups were injected with BrdU for 2 h and
retinas were harvested for whole mount staining with anti-BrdU. Similarly, AIP1-KO retinas
had drastically reduced BrdU™ cells compared to WT retinas (Fig. 1J with quantification in
1K). These data indicate that AIP1 deletion delays retinal angiogenesis by reducing EC
proliferation.

AlIP1 in vascular endothelial cells plays an important role in retinal angiogenesis

Previously we have shown that AIP1 is highly abundant in vascular endothelial cells

(EC) 26: 27 We generated the EC-specific AIP1-knockout mice (AlP1-ecKO) mice by
mating the AIP1!9X/19X mice with Tie2-Cre deleter mice. EC-specific deletion of AIP1 in the
AIP1-ecKO retina were detected by whole mount and cross-sectional immunostaining. In
WT mice, AIP1 protein was primarily detected in the vascular endothelium of retina where
it was co-localized with isolectin staining; WT shows >99.5% co-staining of AIP1 and
isolectin based on the cross-sectional staining. AIP1 staining was absent in AIP1-ecKO
retinas (Fig. 2A-B). AlP1-ecKO mice reproduced the delay in retinal vessel growth (Fig. 2C
with quantification in Fig. 2D) with fewer tip cells (Fig. 2E with quantification in Fig. 2F) as
observed in the AIP1-KO mice. AIP1 deletion appeared to have no significant effect on the
pericyte coverage in retinas (Fig. 2G). GFAP staining for astrocytes indicated no alterations
in astrocyte morphology and astrocyte-EC interactions in AlIP1-ecKO retinas compared to
WT retinas (Supplemental Fig. I11).

Retinal angiogenesis can also be regulated by neuronal cells 34. AIP1 has been reported to
be expressed in subsets of neuronal cells such Purkinje cells in the mouse brain 27. To
determine if AIP1 is expressed in retinal neuronal cells and explore the potential role of
neuronal AIP1 in retinal angiogenesis, we generated the AIP1-nKO by mating the
AlP1lox/1oX mice with Nestin-Cre deleter mice 36 to specifically inactivated AIP1 in neuronal
cells. The specificity of Nestin-Cre for neuronal cells was previously confirmed by breeding
Nestin-Cre deleter mice with mice expressing a genetic Cre reporter (ROSA26YFP) in
which Cre-mediated recombination leads to the expression of yellow fluorescence protein
(YFP) specifically in the retinal astrocytes but not in the retinal endothelium in the whole
mount staining 37. Consistent with the results in Fig. 2, AIP1 was primarily detected in
retinal endothelium but absent in neuronal cells in WT mice, and AIP1 expression was
unchanged in the AIP1-nKO retinas as demonstrated by the staining (Fig. 3A-B).
Importantly, retinal angiogenesis was normal in the AIP1-nKO mice (Fig. 3C with
quantifications in 3D). Taken together, these results suggest that AIP1 is primarily expressed
in retinal endothelial cells where it plays a critical role in the retinal angiogenesis.

VEGFR-3 is specifically reduced in AIP1-KO retinas

The delay in retinal angiogenesis with fewer tip cells have been associated with reduced
VEGFR-2/VEGFR-3 activity or enhanced Notch signaling 7+ 15 38-40, \We first examined the
expression of the Notch receptors and ligands as well as the Notch downstream targets Hes
and Heyl. We did not detected significant changes in the expression of Notch receptors,
Notch ligands or the Notch targets (Fig. 4A). Although the mRNA levels of VEGFR-2 and
VEGFR-3 were not altered, VEGFR-2 and VEGFR-3 proteins were evidently affected by
the AIP1 deletion. While VEGFR-2 expression was increased from P5 to P7 in the AIP1-KO
retinas, VEGFR-3 was significantly reduced by AIP1 deletion at these stages. Expressions
of both VEGFR-2 and VEGFR-3 were at similar levels between WT and AIP1-KO retinas
after P8 (Fig. 4B with quantifications in 4C). These data suggest that the level of VEGFR-3,
but not that of the Notch receptors/ligands or VEGFR-2, correlates with the angiogenic
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phenotype in the AIP1-KO retinas. To determine effects of AIP1 on VEGFR-2 and
VEGFR-3 are EC intrinsic, we examined the VEGFR-3 expression and VEGF-C signaling
in isolated retinal EC. As observed in retinal whole lysates, expression of VEGFR-3 was
reduced in the AIP1-KO retinal EC. VEGF-C-induced phosphorylations of VEGFR-3 and
downstream Akt were also reduced in AIP1-KO retinal EC (Fig. 4D).

AlIP1 deletion delays VEGFR-3-dependent lymphangiogenesis

Besides playing an important role in retinal angiogenesis, lymphatic sprouting and valve
formation are also highly dependent on VEGFR-3. We therefore determined the effects of
AIP1 deletion on lymphangiogenesis in neonatal skin and mesentery. Immunostaining of the
foreskin and mesentery tissues with vascular markers demonstrated that both blood capillary
network and lymphatic vessels had less density and fewer branches in the AIP1-KO mice
(Fig. 5A with quantifications in Fig. 5B—C). Consistent with the published data that
VEGFR-3 is highly expressed in sprouting retinal vessels, VEGFR-3 was strongly expressed
in newly sprouting lymphatics in WT mice, but was significantly reduced in AIP1-KO mice
(Fig. 5D). We also examined development of collecting lymphatic vessel and lymphatic
valve formation in the AIP1-KO mice. The development of mesenteric collecting lymphatic
vessels starts from E15.5, when a mesh-like network of lymphatic vessels is formed by
lymphatic EC surrounding the mesenteric arteries and veins. By E17.5, lymphatic vessel
trunks are formed and exhibit the presence of luminal valves. By E18.5, the luminal valves
further mature to V-shaped valve leaflets which are formed by Prox-1 positive lymphatic
endothelial cells #1. We observed typical mature leaflets of mesentery lymphatics in WT
mice at PO characterized by increased VEGFR-3 expression. AIP1-KO mice at PO displayed
reduced VEGFR-3 expression, dilated lymphatic vessels with incomplete or diffused valve
formation (Fig. 5E). We confirmed that AIP1-KO PO skin/mesentery tissues had reduced
VEGFR-3 protein expression by Western blots (Fig. 5F). To directly determine whether
AIP1-KO mice are specifically defective in VEGFR-3 signaling, we employed cornea
lymphangiogenesis assays induced by a mutant form of VEGF-C (C156Ser; CS) that binds
to and activates VEGFR-3 but not VEGFR-2. The mammalian cornea is one of only a few
avascular tissues in the body. Both angiogenesis and lympangiogenesis could be induced by
implantation of VEGF-containing Hydron pellet into the center of cornea 4244
(Supplemental Fig. IV-A). VEGF-CS induced sprouting of both blood and lymphatic vessels
from the preexisting corneal limbus as visualized by CD31 and LYVE-1 staining, and AlP1-
KO corneas exhibited reduced VEGF-CS responses compared to WT on day 14 post-
implantation when lymphangiogenesis peaked 42-44 (Supplemental Fig. IV-B with
quantifications in C,D). These results support a role for AIP1 in VEGF-C-induced cornea
lymphangiogenesis.

AlIP1 mediates VEGF-C/VEGFR-3 signaling and function in human lymphatic endothelial

cells

To determine the mechanism by which AIP1 regulates VEGFR-3 signaling, we determined
the effect of AIP1 knockdown on VEGFR-3-mediated lymphangiogenesis in cultured
human lymphatic endothelial cells (HLEC). We have previously characterized HLEC for
expression of the lymphatic EC markers (Prox-1, LYVE-1 and podoplanin) and VEGFR-3
signaling 42-44. All experiments were performed in early passages (passages 3-6) and cells
remained Prox-1 positive and VEGF-C responsive. VEGFR-3 has been shown to be
important for migratory signals in HLEC 4°. Therefore, we determined if AIP1 knockdown
affects HLEC migration. A control or AIP1 siRNA was transfected into HLEC, and cell
migration was assessed by a scratch wound assay in response to VEGF-CS. AIP1 siRNA
significantly reduced scratch closure by HLEC in response to VEGF-CS compared to the
control siRNA (Fig. 6A with quantification in 6B). To determine if AIP1 directly regulates
EC proliferation as we observed in retinas, we performed in vitro BrdU incorporation assays

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2015 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhou et al.

Page 6

in AIP1 knockdown HLEC. Under normal culture media with growth factors, AIP1 siRNA-
transfected HLEC showed significantly reduced BrdU™* cells compared to the control siRNA
group (Fig. 6C with quantification in 6D), suggesting that AIP1 deletion reduced EC
proliferation. We then examined the role of AIP1 expression in VEGFR-3 expression and
signaling which is critical for lymphatic EC proliferation and migration. Consistent with
results from AIP1-KO tissues, knockdown of AIP1 drastically reduced the protein level of
VEGFR-3 (by 50-70% for the 125 kDa mature form) with slightly increased VEGFR-2
expression. AIP1 siRNA had no effects on VEGFR-3 mRNA levels in HLEC (data not
shown), suggesting that AIP1 regulates VEGFR-3 at a protein level. AIP1 knockdown also
blunted VEGF-CS-induced phosphorylation of VEGFR-3 and the major downstream
effector Akt (Fig. 6E with quantifications below each blot). We observed similar effects of
AIP1 siRNA on VEGFR-3 signaling induced by wild-type VEGF-C (Fig. 6F). Of note,
VEGF-C, but not VEGF-CS, weakly activated phosphorylation of VEGFR-2 which was
slightly augmented by AIP1 knockdown. Reduced VEGFR-3 expression and signaling were
also observed in the mouse lymphatic EC isolated from AIP1-KO skin compared to WT
(Fig. 6G). Importantly, the defect in VEGFR-3 signaling induced by AIP1 deletion was
rescued by re-expression of AIP1 (Supplemental Fig. V for overexpression of murine AIP1
cDNA in hAIP1 siRNA-transfected HLEC).

AIP1 regulates both VEGFR-3 protein expression and VEGFR-3 activation

AIP1 deletion appears to have a profound effect on the VEGFR-3 protein but not its mMRNA
level. We have recently shown that miR-1236 binds to the 3’ untranslated region (UTR) of
the Vegfr3 mRNA and inhibits its translation 42, We measured miR-1236 levels in HLEC
with control and AIP1 siRNA. AIP1 knockdown in HLEC significantly augmented
miR-1236 expression (Fig. 7A), indicating AIP1 may control the VEGFR-3 protein level via
repressing miR-1236.

While AIP1 deletion reduced the protein level of VEGFR-3 by 50-70%, the effects of AIP1
deletion on phosphorylation of VEGFR-3 and its downstream Akt were greater (Fig. 5&6),
suggesting that AIP1 may also directly regulate VEGFR-3 signaling. To this end, HLEC
were untreated or treated with VEGF-C. The associations of AIP1 with VEGFR-3 were
determined by a co-immunoprecipitation assay. Consistent with previous findings, AIP1
associated with VEGFR-2 only after VEGF treatment. In contrast, AIP1 and VEGFR-3
complex was detected in resting HLEC (Fig. 7B), indicating that AIP1 constitutively
associates with VEGFR-3. To directly determine the effects of AIP1 binding on VEGFR-3
expression and activity, FLAG-tagged expression constructs encoding different AIP1
structural domains (the full length, the N-terminal half and the C-terminal half; Fig. 7C)
were overexpressed in 293T cells, where no endogenous VEGFR-2 or VEGFR-3 was
detected. Phosphorylation of VEGFR-3 was determined by a phosphor-specific antibody
(pY1063/68, phosphorylation sites within the kinase activation loop essential for VEGFR-3
kinase activity 46: 47, As shown in Fig. 7D, expression of AIP1-N strongly, while AIP1-F
weakly, enhanced both total VEGFR-3 and phosphorylation of VEGFR-3. Again, VEGFR-3
mRNA was not affected (data not shown). The effects of AIP1 on VEGFR-3 expression and
activity correlated with the association of AIP1 with VEGFR-3.

It has been shown that VEGFR-3 endocytosis and turnover is high in sprouting EC in the
retina, and the endocytosis of VEGFR-3 is mediated by Dab2, the transmembrane protein
Ephrin B2 and the cell polarity regulator Par-33% 40. 48 Of note, AIP1 is also identified as a
Dab2-interacting protein (Dab2IP). To test if AIP1 facilitates VEGFR-3 endocytosis and
signaling, we determined the surface VEGFR-3 levels in AIP1 knockdown HLEC by FACS
analyses and surface biotinylation assays as we recently described for VEGFR-2 4°. VEGF-
C induced VEGFR-3 endocytosis in HLEC, and the surface VEGFR-3 level was reduced by
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50% at 5 min and 75% at 10 min after VEGF-C stimulation (Supplemental Fig. VI).
However, AIP1 siRNA significantly attenuated VEGF-C-induced VEGFR-3 endocytosis at
both 5 min and 10 min (Fig. 7E for 5 min; Supplemental Fig. VI for other time points).
Similar results were obtained by surface biotinylation assay (Fig. 7F with quantifications in
G).

VEGFR-3 protein level remains at a high level despite its fast endocytosis in the sprouting
retinal EC39: 40 48, The mechanism for the VEGFR-3 stability was unknown. We also
examined if AIP1 regulates VEGFR3 half-life. To this end, VEGFR-3 stability in HLEC
was examined in the presence of protein synthesis inhibitor cycloheximide. Cycloheximide
reduced VEGFR-3 expression to 50% at 4 h, indicating VEGFR3 Ty, = 4h in Ctrl cells.
However, in the AIP1 siRNA-treated HLEC VEGFR-3 level was reduced to 40% at 1h,
indicating VEGFR3 Ty, is < 1h in AlIP1-depleted cells (Fig. 7H). Further kinetic analyses
indicated that VEGFR3 Ty, is = 30 min in AIP1 knockdown HLEC (Supplemental Fig.
VII). As a control, VEGFR-2 stability was slightly increased by AIP1 knockdown,
consistent with our previously observations?’: 37,

Discussion

In the present study, we have examined vascular development in the AlIP1-deficient mice.
We report that a global deletion or a vascular endothelial specific deletion of AIP1 reduces
sprouting of retinal vessels which express both VEGFR-2 and VEGFR-3. In contrast, a
neuronal cell-specific deletion of AIP1 has no adverse effects on retinal angiogenesis. The
reduced VEGFR-3 signaling correlates with the retinal phenotype observed in the AIP1-KO
mice. Consistently, AIP1-KO pups show defects in VEGFR-3-dependent developmental
lymphangiogenesis in the skin and mesentery. Moreover, lymphangiogenesis in vivo (cornea
lymphangiogenesis assay) and in vitro (human lymphatic EC migration) induced by a
VEGFR-3-specific ligand mutant VEGF-C (C156Ser) is reduced by AIP1 deletion. Taken
together, these results support an important role of AIP1 in VEGFR-3-dependent
angiogenesis and lymphangiogenesis.

AIP1 differentially regulates VEGFR-2 and VEGFR-3

Our current finding were a surprise initially as we have previously observed that AIP1-
deficient mice exhibit augmented pathological angiogenesis in several animal models. We
demonstrate that AIP1, by blocking VEGFR-2 signaling, limits pathological angiogenesis.
Mechanistically, AIP1 is recruited to the activated VEGFR-2/PI3K complex, leading to
inactivation of the VEGFR-2 signaling?’. Our current study supports that AIP1 differentially
regulates VEGFR-3 and VEGFR-2 in sprouting vessels and lymphatic vessels. Specifically,
AIP1 in VEGFR-2/3-expressing endothelial cells (e.g., human lymphatic EC) constitutively
binds to VEGFR-3 in both resting and VEGF-C-treated EC; this binding enhances the
VEGFR-3 endocytosis and protein stability in resting EC and the VEGFR-3
phosphorylation/activity in VEGF-C-treated cells. This conclusion is supported by the
following observations: 1) VEGFR-3 total protein, but not its mMRNA, is reduced in AIP1-
KO tissues (the retina, mesentery and skin) and in AIP1-depleted mouse and human EC; 2)
AIP1 knockdown accelerates VEGFR-3 degradation and shorten its half-life in HLEC; 3)
AIP1 knockdown reduces the total VEGFR-3 level by 60-80%, but completely diminishes
VEGF-C (C156Ser)-induced VEGFR-3 phosphorylation and downstream Akt activation,
suggesting that AIP1 also plays a role in regulating VEGFR-3 activation; 4) finally, co-
expression of AIP1 with VEGFR-3 in 293T cells lacking endogenous VEGFR-3 or
VEGFR-2 indicates that AIP1 via its N-terminal half binds to VEGFR-3 and enhances
VEGFR-3 autoactivation.
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Mechanism by which AIP1 regulates VEGFR-3 expression/activity

It is known that VEGFR-3 expression is tightly regulated during vascular development as
well as under pathological settings. VEGFR-3 is maintained in blood endothelial cell
lymphatic precursors but becomes restricted to lymphatic endothelial cells with the
exception of few blood capillaries in some organs 2. VEGFR-3 protein can be regulated at
multiple levels. The transcription factors Prox1, NF-«xB, Ets and the transcription factor T-
box 1 (Thx1) transactivate the Vegfr3 gene expression by directly binding to the Vegfr3 gene
promoter 99 51, Notch can also transactivate the Vegfr3 gene 2, although some reports
suggest negative regulations of VEGFR-3 expression by the Notch signaling 3% 40. 53 Wwe
have recently shown that miR-1236 binds to the 3’ untranslated region (UTR) of the Vegfr3
mRNA and inhibits its translation, representing a post-transcriptional mechanism for
VEGFR-3 expression #2. The VEGFR-3 level is also regulated by protein stability. Dr.
Adams’ groups has reported that a strong increase in the VEGFR-3 but not the VEGFR-2
protein in Notch-defective (Rbpj-deletion and DII4-deletion) angiogenic retinal vessels and
lung vasculatures. However, the levels of VEGFR-3 mRNA were not substantially
increased, suggesting a post-transcriptional regulation of VEGFR-3 by Notch. These results
also suggest that VEGFR-2 and VEGFR-3 are differentially regulated despite their ability to
form heterodimers 4. Our present study has demonstrated that AIP1 modulates VEGFR-3 at
several levels, including VEGFR-3 protein expression, and VEGFR-3 surface expression
and stability. We do not observe increased Notch signaling in AIP1 deletion tissues or cells,
therefore it is unlikely that AIP1 through Notch pathway regulates the VEGFR-3 expression.
Instead, we observe that AIP1 deletion strongly induces expression of miR-1236 in cultured
EC, and likely AIP1 via miR-1236 controls VEGFR-3 protein expression. We have
previously reported that AIP1 deletion increases inflammation and cytokine expression 27 29
and that cytokines induce miR-1236 52, We propose that cytokines induced by the AIP1
deletion increases miR-1236 expression to attenuate VEGFR-3 expression. Our study also
reveals that AIP1 modulates VEGFR-3 surface expression and stability by direct AIP1-
VEGFR-3 interactions. It has been shown that VEGFR-3 endocytosis is mediated by Dab2,
the transmembrane protein Ephrin B2 and the cell polarity regulator Par-33% 40. 48 A
plausible model is that AIP1 (also named as DAB2IP) via Dab2 associates with the
VEGFR-3 complex, facilitating its endocytosis and signaling. Meanwhile, AIP1 may also
facilitate VEGFR-3 recycling or/and delay VEGFR-3 trafficking to lysosomes so that AIP1
maintains the surface and total levels of VEGFR-3. We are currently investigating this
possibility.

Our current study also begs a question — what is biological significance of differential
regulations of VEGFR-2 and VEGFR-3 by AIP1? While VEGF-A via VEGFR-2 primarily
induces angiogenesis, VEGF-C via VEGFR-3 is more active in inducing lymphangiogenesis
in vivo (cornea assay) and in vitro (the HLEC tube formation assay) 4244, For the
downstream signaling, VEGF-C/VEGFR-3 induces a weaker phosphorylation of the PLC-y
axis, but shows a stronger activation of Akt compared to VEGF-A/VEGFR-2. It is now
recognized that crosstalk (and mutual inhibition) between the PLC-y/MAPK axis and the
PI3K/Akt axis play an important role in the fate determination of artery, vein and lymphatic
endothelial cells during development and pathological remodeling 2°: %6, It is possible that
AIP1, by differentially regulating VEGFR-2/PLC-y and VEGFR-3/Akt, controls the fine-
tuning of vascular network formation. It is also recognized that pathological angiogenesis
and lymphangiogenesis are differentially regulated during inflammation. Inflammation-
induced angiogenesis occurs earlier than lymphangiogenesis, and lymphangiogenesis may
play a critical role in inflammation resolution 7. The major phenotype in AIP1 deficient
mice is augmented inflammatory responses in several pathological models including
ischemia and inflammation-induced angiogenesis. The VEGF-A/VEGFR-2 signaling not
only controls angiogenesis, but also contributes to inflammatory responses by regulating
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vascular permeability 8. It is plausible that AIP1 limits inflammation by suppressing
VEGF-A/VEFR-2-mediated vascular leakage at an early phase, and by enhancing VEGF-C/
VEGFR-3-mediated lymphangiogenesis at a resolution phase. Therefore, AIP1 is a linker
between inflammation and lymphangiogenesis, and may provide a novel target for the
treatment of inflammation and lymphatic diseases.
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HLEC human lymphatic EC

LYVE-1 lymphatic vessel endothelial hyaluronan receptor-1

SiRNA small interfering RNA

UTR 3’ untranslated region
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Figure 1. Effect of a global AIP1 deletion in retinal vascular development

Retinas from WT (AIP119¥/10X) and the global AIP1-KO (AIP1!9X/10X:8_actin-Cre) at P3 to
P17 were collected. A-B. The superficial retinal vasculatures were visualized by isolectin
B4 staining. Images from P4 are shown (A). Scale bar: 500 pum. Vascularized areas were
quantified as a percentage of the total retinal surface (B). n=10 retinas from 5 mice for each
strain. C—D. Representative images of retina tips cells (indicated by arrowheads) from WT
and AIP1-KO are shown (C). Scale bar: 50 um. Tip cells were quantified (D). Data are mean
+ SEM from 5 mice for each group. *, p<0.05 comparing AIP1-KO to WT. E-G. The
superficial retinal vasculatures at P9 are shown (E). Scale bar: 500 pm. Intraretinal vessels
from GCL into deeper IPL and OPL layers were examined by isolectin staining of eye cross
sections. Images from P7, P9 and P12 are shown (F). Scale bar: 50 pm. Intraretinal vessel
number/section was quantified (G). Data are mean + SEM from 3 sections of each retina and
10 retinas from 5 mice for each group. *, p<0.05 comparing AIP1-KO to age-match WT. H—
|. P6 retinas were subjected to whole mount staining with isolectin for EC (red) and
phosphor-histone-3 (pH3) for proliferative cells (green). Representative images are shown
(H). Scale bar: 50 um. pH3-positive cells are quantified (I). Data are mean + SEM from 3
pairs of WT and AIP1-KO. *, p<0.05 comparing AIP1-KO to age-match WT. J-K. P6 WT
and AIP1-KO mice were injected with BrdU for 2 h and retinas were subjected to whole-
mount staining with isolectin for EC (red) and anti-BrdU for proliferative cells (green).
Representative images are shown (J). Scale bar: 50 um. BrdU-positive cells are quantified
(K). Data are mean = SEM from 3 pairs of WT and AIP1-KO. *, p<0.05 comparing AIP1-
KO to age-match WT.
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Figure 2. Effect of an endothelial-specific AIP1 deletion in retinal vascular development

P5 retinas from WT (AIP1!9¥/19X) and the AIP1-ecKO (AIP1!o%/10%:Tje2-Cre) were collected.
A-B. AIP1 expression and EC-specific deletion in AIP1-ecKO retinas were detected by
immunostaining of whole mounting (A) and cross sections (B) by anti-AlIP1 together with
isolectin B4 staining. Scale bar: 50 pm. C-D. The superficial retinal vasculatures were
visualized by isolectin staining (C). Vascularized areas were quantified as a percentage of
the total retinal surface (D). n=10 retinas from 5 mice for each strain. *, p<0.05 comparing
AIP1-KO to WT. E—F. P5 retinas were subjected to whole-mount staining with isolectin for
EC (red) and NG2 for pericytes (green). Representative images of retina tips cells (indicated
by arrowheads) are shown (E). Scale bar: 50 pm. Tip cells were quantified (F). Data are
mean £ SEM from 5 mice for each group. *, p<0.05 comparing AIP1-KO to WT. G.
Numbers of pericytes (NG2-positive) and EC (isolectin-positive) were quantified and the
ratios of pericyte:EC are presented.
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Figure 3. Effect of a neuronal-specific AlP1 deletion in retinal vascular development

P6 retinas from WT (AIP1!0¥/10X) the AIP1-nKO (AIP1!9¥/1oX:Nestin-Cre) and the AIP1-
ecKO (AIP1!9X/1oX-Tje2-Cre) were collected. A—B. AIP1 expression was detected by
immunostaining of cross sections by anti-AlP1 together with isolectin staining (for EC) or
nestin staining (for neuronal cells).). Scale bar: 50 pm. C-D. The superficial retinal
vasculatures were visualized by isolectin staining (C). Scale bar: 500 um. Vascularized areas
were quantified as a percentage of the total retinal surface (D). n=10 retinas from 5 mice for
each strain. *, p<0.05 comparing AIP1-ecKO to WT. No significance was detected
comparing AlIP1-nKO to WT group.
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Figure 4. VEGFR-3, but not VEGFR-2 or Notch signaling, is specifically reduced in AIP1-KO
retinas

A. Retinas from WT and AIP1-KO at P5 were collected. Gene expression of VEGFR-2,
VEGFR-3 and Notch signaling molecules were determined by gRT-PCR. Data represent
fold changes by taking WT as 1.0. Data are mean + SEM from 6 retinas for each group. B—
D. Protein expression of VEGFR-2, VEGFR-3 and Notch signaling molecules. Retinas from
WT and AIP1-KO at P4-P10 were harvested. Protein expressions were determined by
immunoblotting with respective antibodies. Representative blots from four independent
experiments are shown in B. Relative levels of VEGFR-2 and VEGFR-3 expression are
represent by taking WT P4 as 1.0. Data are mean + SEM from 6 retinas for each group. *,
p<0.05 comparing AIP1-KO to WT. D. Effects of AIP1 deletion on VEGF-C signaling.
Retinal EC were isolated from P7 retinas and were serum-starved overnight. Cells were
treated with VEGF-C (100 ng/ml) for indicated times. Phosphorylations of VEGFR-2,
VEGFR-3 and Akt were determined by Western blot with phosphor-specific antibodies.
Total protein levels of VEGFR-2, VEGFR-3, Akt and AIP1 were determined by Western
blot with respective antibodies. Relative levels of VEGFR-3 and VEGFR-2 are indicated
below the blot with untreated WT group as 1.0. Similar results were obtained from
additional two experiments.
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Figure 5. AlP1 deletion delays lymphangiogenesisin neonatal skin and mesentery

Dermal skin and mesentery from WT and AIP1-KO at PO were collected. A. Blood and
lymphatic vessels in dermal skin were visualized by whole-mount immunostaining with
anti-CD31 (green), anti-Prox-1 (red) and anti-LYVE-1 (purple). Merged images are shown
on the right. Blood and lymphatic vessels as well as lymphatic vessel branches are indicated.
Scale bar: 50 um. B—C. % of lymphatic vessel areas (B) and lymphatic vessel branches (C)
were quantified. n=3 sections from 3 mice for each strain. *, p<0.05 comparing AIP1-KO to
WT. D. Blood and lymphatic vessels in dermal skin were visualized by whole mount
immunostaining with anti-CD31 (green), anti-VEGFR-3 (red) and anti-LYVE-1 (purple).
Merged images are shown on the right. Scale bar: 50 pm. E. Representative whole-mount
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immunostaining of mesenteric vessels with anti-CD31 (green), anti-Prox-1 (red) and anti-
LYVE-1 (purple). Merged images are shown on the right. A: artery; V: vein; L: lymphatics.
The lymphatic valves are indicated by *. Scale bar: 50 um. F. Protein expression of
VEGFR-3. Skin and mesentary tissues from WT and AIP1-KO at PO were harvested. Protein
expressions were determined by immunoblotting with respective antibodies. Representative
blots from four independent experiments are shown.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2015 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhou et al. Page 20

A I O Ctrl SiRNA
2 0y B AIP1 siRNA
Z 60 -
i ° T
= 2 50
o 9
R < 404 *

AFTE TS Tt X

e AT T = o 30 -
< £
Z ®© 204
B =
= 2 -1
5 % 10
< i T e i L ; 0
C D

[ Ctrl siRNA
2 B AIP1 siRNA
= 60 -
5 § 50 A
%) 40 +
8 30 -

<Z( +:) *
= 3207
é m 10
<< 04
E cuisirnA AIP1 siRNA F  ctisiRnA AIP1 siRNA G wr Y

0 10’ 20 300 0' 10 20 30' VEGF-CS ¢’ 10’ 20 300 0' 10 20 30 VEGFC 0 10' 30° 0' 10° 30' VEGF-C
MEEWE I e *TI TR RE - AIP1

p-VEGFR2 : . p-VEGFR2

[ : e v S BN S e e B P-VEGFR2

........VEGFRz -.....--VEGFRZ ...--_:VEGFRZ

_ : ‘ -VEGFR3
N L RS PVEGFRS | s e 8 8 B8 P-VEGFR3 - e e p
1.0 29 24 1.1 09 05 05 0.2 1.0 2.8 3.5 2.4 0.7 'iAS 12 1.1

...-ﬂﬂHHVEGFRa .Hhhnn"NVEGFRS .....“ VEGFR3

1.0 0808 1.1 04 05 0.6 07 1.0 0.9 0.7 0.4 0.5 0.5 0.4 0.3 1.0 0:7 0:8 0.5 0.6 04
“ae B K B A - e .

D T SR R e SR A W Akt - vy - - - - e W Akt i s m e B ALt

D D P S — — e ey \CtIN D T G w— w— — —— — NClIN — e aun —— gy Actin

Figure 6. AIP1 mediates VEGF-C-induced lymphangiogenic signaling

A-B. HLEC monolayer migration assay. 48 h after transfection with Ctrl or AIP1 siRNA,
confluent monolayers of HLEC were subjected to “wound” injury assay in the presence of
3% serum + VEGF-CS (250 ng/ml) for 24 h. Representative images are shown in A. Scale
bar, 100 pm. Cell migration distances (mm) were measured and % wound closure was
quantified in B. Data are mean+SEM from duplicates (10 different areas in each well) of
three independent experiments. *, P<0.05. C-D. BrdU incorporation assay. 48 h after
transfection with Ctrl or AIP1 siRNA, HLEC were subjected to BrdU labeling for 4 h
followed by immunostaining with anti-BrdU. Representative images are shown in C and
BrdU+ cells were quantified in D. Data are mean+SEM from duplicates (5 different areas in
slide) of three independent experiments. *, P<0.05. E—F. Effects of AIP1 knockdown in
VEGF-CS- and VEGF-C signaling. HLEC were transfected with a human AIP1 siRNA or
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control siRNA (20 nM) for 24 h, subsequently serum-starved overnight. Cells were treated
with VEGF-CS (250 ng/ml) or VEGF-C (100 ng/ml) for indicated times. Knockdown of
AIP1 was determined by Western blot with anti-AIP1. Phosphorylations of VEGFR-2,
VEGFR-3 and Akt were determined by Western blot with phosphor-specific antibodies.
Total levels of VEGFR-2, VEGFR-3 and Akt were determined by Western blot with
respective antibodies. f-actin was used as a loading control, and relative levels of p-
VEGFR-3 and total VEGFR-3 are indicated below the blot with untreated Ctrl group as 1.0.
Similar results were obtained from additional two experiments. G. Effects of AIP1 deletion
on VEGF-C signaling. Mouse dermal lymphatic EC were isolated. Cells were cultured and
treated with VEGF-C as in F for indicated times. Phosphorylations of VEGFR-2, VEGFR-3
and Akt were determined by Western blot with phosphor-specific antibodies. Total protein
levels of VEGFR-2, VEGFR-3, Akt and AIP1 were determined by Western blot with
respective antibodies. Similar results were obtained from additional two experiments.
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Figure 7. AIP1 mediates VEGFR-3 protein expression and activation

A. Effects of AIP1 knockdown on miR-1236 expression in HLEC. HLEC were transfected
with Ctrl or AIP1 siRNA (20 nM) for 48 h. TagMan primers were used to probe miR-1236
expression, which was normalized to RNUGB expression using the comparative Ct method.
Data are mean £ SEM from duplicates in three independent experiments. *, p<0.05. B.
Association of endogenous AIP1 with VEGFR-2 and VEGFR-3. HLEC were serum-starved
and treated with VEGF-C (100 ng/ml for 10 min). Associations of AIP1 with VEGFR-2 and
VEGFR-3 were determined by a co-immunoprecipitation assay with anti-AIP1 followed by
Western blot with anti-VEGFR-2 or anti-VEGFR-3. Proteins in the input were determined

by Western blot with respectively antibodies. Experiments were repeated twice. C.

Schematic diagram for AIP1 structural domains and expression constructs. (AIP1-F: the full
length; AIP1-N: the N-terminal half contains a PH, a C2 and a Ras-GAP domain; AIP1-C:
the C-terminal half containing a period-like domain, a proline-rich motif and a coiled coil/
leucine-zipper domain). PH: plekstrin homolog domain; C2: PKC-conserved region 2; GAP:
Ras GTPase-activating protein domain; PER: period-like domain; PR: proline-rich motif;
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CC/LZ: coiled coil/leucine-zipper domain. D. AlIP1 via its N-terminal half binds to and
stabilizes VEGFR-3. VEGFR-3 expression plasmid was co-transfected with FLAG-tagged
AIP1-F, AIP1-N or AIP1-C into 293T cells. Phospho- and total VEGFR-3 were determined
by Western blot with specific antibodies. Associations of AIP1 proteins with VEGFR-3
were performed by co-immunoprecipitation with anti-FLAG followed by Western blot with
anti-VEGFR-3. (-): vector control. E. Effects of AIP1 knockdown on VEGFR-3 surface
expression. HLEC were transfected with Ctrl or AIP1 siRNA (20 nM) for 48 h. HLEC were
treated with VEGF-C (100 ng/ml) for indicated times. Surface VEGFR-3 was detected by
FACS with anti-VEGFR-3. Representative FACS for VEGF-C 5 min group is shown. F-G.
Cell-surface VEGFR-3 was labeled by cell-surface biotinylation, and analyzed by
streptavidin bead pull-down followed by Western blotting with antibodies indicated.
Relative VEGFR-3 surface (ratio of surface VEGFR-3/total VEGFR-3) was quantified in G.
Data are mean + SEM from three independent experiments. *, p<0.05. H. Effects of AIP1
knockdown on VEGFR-3 half-life. HLEC were transfected with Ctrl or AIP1 siRNA (20
nM), 48 h after transfection, HLEC were treated with cycloheximide (10 pg/ml) for
indicated times. Total levels of VEGFR-3, VEGFR-2, AIP1 and B3-actin were determined by
Western blot with respective antibodies. Relative levels of total VEGFR-3 and VEGFR-2
are indicated below the blot with untreated Ctrl group as 1.0. Similar results were obtained
from additional two experiments.
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