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Abstract

Background: In sprouting angiogenesis, VEGFR2 level is regulated via a fine-tuned process involving various signal-
ing pathways. Other than VEGF/VEGFR?2 signaling pathway, Wnt/ 3-catenin signaling is also important in vascular
development. However, the crosstalk between these two signaling pathways is still unknown to date. In this study, we
aimed to investigate the role of DIX domain containing 1 (DIXDCT1) in vasculature, facilitating the crosstalk between
VEGF/VEGFR2 and Wnt/ 3-catenin signaling pathways.

Results: In mice, DIXDC1 deficiency delayed angiogenesis at the embryonic stage and suppressed neovasculariza-
tion at the neonatal stage. DIXDC1 knockdown inhibited VEGF-induced angiogenesis in endothelial cells in vitro by
downregulating VEGFR2 expression. DIXDC1 bound Dishevelled Segment Polarity Protein 2 (DvI2) and polymerized
DvI2 stabilizing VEGFR2 protein via its direct interaction. The complex formation and stability of VEGFR2 was potenti-
ated by Wnt signaling. Moreover, hypoxia elevated DIXDC1 expression and likely modulated both canonical Wnt/f3-
catenin signaling and VEGFR2 stability in vasculatures. Pathological angiogenesis in DIXDC1 knockout mice was
decreased significantly in oxygen-induced retinopathy (OIR) and in wound healing models. These results suggest that
DIXDC1 is an important factor in developmental and pathological angiogenesis.

Conclusion: We have identified DIXDC1 as an important factor in early vascular development. These results suggest
that DIXDC1 represents a novel regulator of sprouting angiogenesis that links Wnt signaling and VEGFR2 stability and
may have a potential role in pathological neovascularization.
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Background

Angiogenesis, the formation of new blood vessels
from an existing vasculature, plays an essential role in
embryogenesis and is associated with the pathogenesis
of various human disorders [1-3]. This is a complex
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process involving endothelial cells (ECs), soluble fac-
tors, and extracellular matrix (ECM) [4, 5]. Multiple
vascular endothelial growth factors (VEGFs), includ-
ing VEGF-A, VEGF-B, VEGF-C, and VEGF-D, interact
with VEGF receptors such as VEGFR1, VEGFR2, and
VEGER3 [6, 7]. In particular, the binding of VEGEF-A to
its receptor VEGFR2 plays a major role in pathophysi-
ological neovascularization and its activation mediates
diverse angiogenic signaling pathways leading to EC
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proliferation, migration, lumen formation, and perme-
ability [8, 9].

The role of VEGF-A/VEGFR2 signaling in tip and
stalk cell determination of developing vascular trees is
well recognized. Endothelial VEGFR2 on the sprouting
front receives VEGF-A secreted from avascular areas
and regulates the characteristics of tip cells, which
show filopodial extension. Increased VEGFR2 signaling
in tip cells induces DIl4 expression, and after the bind-
ing of DII4 with Notch positive cells, governs the for-
mation of ‘stalk cells’ that are less motile but support
sprouting and vascular extension [6, 10]. Meanwhile,
Dll4/Notch signaling suppresses tip cell formation to
regulate tip and stalk cell ratio, while Notch gain-of-
function results in reduced filopodia and branching
[11]. Moreover, DIl4-Notch signaling leads to downreg-
ulation of VEGFR2 [12]. Thus, spatial and timely cross-
talk between VEGFR2 and Notch pathways is essential
for vascular pattern formation [13].

Wnt signaling plays an important role in vascular
development and organ-specific EC differentiation [14].
In canonical Wnt signaling, which has been widely stud-
ied, the extracellular Wnt ligand Wnt3a regulates the
expression of specific target genes by modulating the
[-catenin level [14—17]. During angiogenesis, [B-catenin
binds VE- and N-cadherins in ECs at cell-to-cell adhe-
rens junctions and stabilizes their interaction with the
cytoskeleton [16] to reinforce cell-to-cell adhesion and
tissue integrity [14]. It has recently been reported that
endothelial B-catenin signaling fosters angiogenesis in
the central nervous system by promoting VEGF/VEGFR2
signaling [18]. Although both VEGF and Wnt signaling
are involved in the development of vascular trees, their
precise role in sprouting angiogenesis and determining
vascular pattern remains elusive.

Three proteins that contain DIX domain- Dvl,
DIXDCI1, and Axin form the main framework of canoni-
cal Wnt signaling [19]. Stimulation by Wnt ligands trig-
ger polymerization of Dvl by DIXDC], resulting in the
activation of downstream signaling [20]. DIXDC1 regu-
lates Wnt signaling via its association with Dvl through
the head of DvI-DIX and the tail of DIXDC1-DIX, result-
ing in the biologically active state of Dvl2 [19]. DIXDC1
is ubiquitously expressed and extensively studied in vari-
ous types of cancer and uncontrolled DIXDC1 expres-
sion increases tumor size and metastasis and leads to a
poor prognosis [21-25]. In addition, previous studies
have suggested that DIXDCI is a positive regulator of
neuronal developments [26, 27] and has been involved in
recovery of nerve injuries [28, 29]. However, the biologi-
cal functions of DIXDC1 in the vascular system have not
been elucidated. Through gene targeting of DIXDCI in
mice, we showed that DIXDCI is a regulator of sprouting
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angiogenesis and that it modulates VEGFR?2 stability in
vasculature.

Results

DIXDC1 knockout (KO) in mice resulted in retardation

of angiogenesis

To examine the role of DIXDCI1 in vascular develop-
ment, we analyzed the vascular phenotypes of DIXDC1-
KO mice embryo and postnatal retinae. As observed on
embryonic day 10.5, internal carotid artery development
was delayed in the DIXDC1-KO embryo and the lengths
of intersomatic vessels were significantly decreased
(Fig. 1A-C). Furthermore, on embryonic day 12.5,
lengths of the blood vessels in the midbrain were signifi-
cantly decreased in DIXDC1-KO embryos compared to
those in wild type (WT) embryos (Fig. 1D, E).

We further investigated the role of DIXDC1 expression
in developing retinae. Development of superficial plexus
of retina was observed using the WT and DIXDC1-KO
mice. Immunostaining of the WT and DIXDC1-KO mice
retinae on postnatal day 6.5 with anti-CD31 antibod-
ies revealed significant decrease in radial length, blood
vessel density, and number of filopodia in the DIXDCI-
KO mice (Fig. 1F-I). Since vascular development in the
DIXDC1-KO mice is markedly retarded, we examined
the fertility and body weights of the DIXDC1-KO mice.
DIXDC1-KO mice genotypes were confirmed with the
conventional PCR method (Additional File 1: Fig S 1. A,
B). The DIXDC1-KO mice were born at the expected
Mendelian ratio (Additional File 1: Fig S 1. C) and fer-
tility of the DIXDC1-KO mice did not differ from that
of the WT mice (Additional File 1: Fig S 1. D). In con-
trast, the body weights and sizes of the DIXDC1-KO
mice were smaller than those of the WT mice by up to 4
weeks (Additional File 1: Fig S 1. E, F), suggesting delayed
embryonic development in the DIXDC1-KO mice. These
results suggest that DIXDCI is an important factor in
developmental angiogenesis, both at the embryonic and
early postnatal stages.

DIXDC1-KO mice have reduced angiogenic ability

To further determine the angiogenic ability of the
DIXDC1-KO mice, 8-week-old WT and DIXDC1-
KO male mice were subjected to Matrigel plug assay.
The infiltration of hemoglobin (Fig. 2A, B) and ECs
(Fig. 2C, D) were significantly decreased in a VEGF-A-
dependent manner in the DIXDC1-KO mice compared
to those in the WT mice. Interestingly, infiltration of
hemoglobin and ECs did not occur in the groups with-
out VEGF-A treatment. Aortic ring assay showed that
the sprouting ability of the aorta was decreased in the
DIXDC1-KO mice compared to that in the WT mice
regardless of VEGF-A treatment (Fig. 2E—H). These
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Fig. 1 DIXDC1-KO mice showed delayed angiogenesis in embryonic and postnatal stage. A Whole-mount preparation of E10.5 embryo from WT
and DIXDC1-KO mice immunostained for CD31. Blood vessel density and intersomitic vessel length decreased in DIXDC1-KO embryo compared
to the WT. n = 5 per group. ICA, internal carotid artery; ISV, intersomitic vessels. Scale bars 500 um. B, C Quantification of A (percentage of control).
D Lateral view of unfixed E12.5 WT and DIXDC1 knockout embryo. n = 5 per group. E Quantification of D (percentage of control). F Whole-mount
preparation of P6.5 retinae from WT and DIXDC1-KO pups immunostained for CD31. Radial length, vascular density, and number of filopodia
decreased in DIXDC1-KO mice compared to the WT (individual white dots represent filopodia). n = 5 per group. Scale bars 500 um and 50 ym. G,
H, and I Quantification of radial length, number of tip cells per field, number of branches per field (percentage of control). All experiments were
repeated on at least 3 different sets of WT and KO littermates. *p < 0.05, **p < 0.005, and ***p < 0.0001, by paired, 2-tailed Student’s t test. Error bars
represent the mean =+ SD. Individual values can be found in Additional file 6: Fig. 1
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Fig. 2 DIXDC1-KO mice had attenuated angiogenic potential. A Matrigel plug implanted into 8-week-old male WT and DIXDC1-KO mice for 7
days (murine VEGF-A 50 ng). n = 5 per group. B Quantification of hemoglobin(mg/ml) extracted from Matrigel plugs from WT and DIXDC1-KO
mice. n =5 per group. C CD31 immunostaining of Matrigel plugs implanted into 8-week-old WT and DIXDC1-KO mice for 7 days. Scale bars 50 pm.
D Quantification of CD31 immunostaining of Matrigel plugs. E Murine aortic ring assay of 8-week-old WT and DIXDC1-KO mice (murine VEGF-A

50 ng). n =5 per group. F, G, and H Quantification of number of sprouts, cumulative sprout length (in pixel), and sprouting area (percentage of
control). All experiments were repeated on at least 3 different sets of WT and KO littermates. *p < 0.05, **p < 0.005, and ***p < 0.0001, by paired,
2-tailed Student’s t test and one-way ANOVA. Error bars represent the mean = SD. Individual values can be found in Additional file 6: Fig 2

results suggested that DIXDC1 might be involved in
VEGF-induced sprouting of EC. Reduced EC infiltra-
tion and sprouting ability in the DIXDC1-KO mice sug-
gest that DIXDCI is an important factor in sprouting
angiogenesis.

DIXDC1 regulates angiogenic ability of ECs

Since the DIXDC1-KO mice exhibited reduced angio-
genic ability, we analyzed the angiogenic ability of
ECs. Affymetrix gene chip analysis [30] revealed that
DIXDC1 expression in ECs was higher in the outgrowth
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endothelial (OEC) stage than in the human umbilical
cord blood-derived mononuclear cell (UCB-MNC) stage
(Additional File 2: Fig. S 2 A), and this was confirmed
with RT-qPCR (Additional File 2: Fig. S 2 B). It has been
previously reported that murine Dixdcl promotes G1-S
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phase transition [28]. Therefore, 5-bromo-2’-deoxyu-
ridine (BrdU) assay was used to measure cell cycle pro-
gression. To perform in vitro experiments, the optimal
DIXDC1 siRNA treatment condition was determined
(Additional File 2: Fig. S 2 C-I). DIXDC1 knockdown
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Fig. 3 DIXDC1 knockdown in EC result in reduced angiogenic potential. A BrdU immunostaining of EC treated with either control siRNA or DIXDC1
SiRNA (60 nM). Scale bars 50 um. B MTT assay of EC treated with control siRNA or DIXDC1 siRNA in basal and VEGF-A-treated condition (percentage
of control). C Transwell migration assay of EC after silencing of DIXDC in EC. Migration of EC was significantly decreased when DIXDC1 is silenced in
both basal and VEGF-A-treated condition (40 ng/ml). D Quantification of transwell migration assay. E Ability of tube-like structure formation of EC
decreased when expression of DIXDC1 was suppressed in EC in both basal and presence of VEGF-A. F, G, and H Quantification of tube formation
assay (Percentage of control). I Sprouting of EC was decreased when DIXDC1 expression was knocked down in EC. J, K Quantification of sprouting
assay. All experiments were repeated at least 5 different sets of ECs treated with siRNA or DIXDC1 siRNA. *p < 0.05, **p < 0.005, and ***p < 0.0001, by
one-way ANOVA and 2-tailed Student's t test. Error bars represent the mean + SD. Individual values can be found in Additional file 6: Fig. 3
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in ECs decreased the incorporation of BrdU into DNA,
indicating that DIXDCI regulates cell cycle in these cells
(Fig. 3A). Since delayed cell cycle in ECs may decrease
cell proliferation, we performed MTT assay of basal
and VEGF-A-treated cells. Proliferation was decreased
in DIXDC1 knockdown ECs compared to that in the
control cells in the VEGF-A treated group (Fig. 3B).
Migration assay of basal and VEGF-A-treated cells in a
transwell chamber revealed that the chemotactic mobil-
ity of DIXDC1 knockdown ECs was decreased in the
presence of VEGF-A (Fig. 3C, D).

Further, tube formation assay showed that tube-like
structure formation was decreased in the VEGF-A
treated DIXDC1 knockdown ECs (Fig. 3E-H). Moreover,
in vitro sprouting assay that was used to recapitulate the
key stages of angiogenesis revealed significant decrease
in sprouting of DIXDC1 knockdown ECs (Fig. 31, ], and
K). These results indicate that DIXDCI is a significant
factor in VEGF-induced angiogenesis in ECs.

DIXDC1 regulates the basal VEGFR2 level

Reduction of VEGF-A-induced angiogenesis in DIXDC1
knockdown ECs suggests that DIXDC1 may affect the
level of VEGFR2. DIXDC1 knockdown in ECs decreased
VEGEFR?2 expression at the protein level but did not affect
the mRNA level (Fig. 4A, C). DIXDC1 overexpression in
ECs influenced the basal level of VEGFR2 in these cells;
DIXDCI1 overexpression in ECs increased the basal level
of VEGFR2 but did not affect the mRNA level (Fig. 4B,
D). These results suggest that DIXDC1 may elevate post-
translational VEGFR?2 level.

Dixdcl knockdown in mice resulted in the retardation
of developmental angiogenesis, suggesting that Dixdcl
regulates Vegfr2 level in vivo. Embryos of the WT and
DIXDC1-KO mice on embryonic day 10.5 were co-
immunostained with antibodies against VEGFR2 and
CD31. Decreased Vegfr2 expression in the DIXDC1-KO
embryos might have delayed the development of the
DIXDC1-KO embryos (Fig. 4E, F). Co-immunostaining
of retinae from the WT and DIXDC1-KO mice with anti-
bodies against CD31 and VEGFR2 revealed that Vegfr2
level in retinae was significantly decreased, especially at
the filopodia (Fig. 4G, H, Additional File 3: Fig.S3). To
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further assess the VEGFR?2 level in ECs in the DIXDC1-
KO mice, mouse lung ECs (MLECs) were isolated [31] at
postnatal day 6.5. This isolated mouse pulmonary ECs
had decreased basal VEGFR?2 level and impaired VEGF-
induced downstream signaling (Fig. 41-L). These results
suggest that DIXDC1 is a novel regulator of VEGFR2
that stimulates sprouting angiogenesis by upregulating
VEGEFR?2 level in tip cells.

DIXDC1 upregulates VEGFR2 via binding with DvI2

The mechanism by which DIXDCI regulates VEGFR2
was examined in detail. Co-transfection and immuno-
precipitation of DIXDC1 and VEGFR2 in HEK293T
showed no binding between them (Fig. 5A), suggest-
ing that DIXDC1 does not regulate VEGFR2 by direct
binding. Previous studies have suggested that DIXDC1
and Dvl2 interact directly to increase Wnt signaling
[19] and that DvI2 has a PDZ domain [32], which inter-
acts with VEGFR2 [33, 34]. Therefore, we hypothesized
that DIXDC1 regulates DvI2 level by direct binding, and
Dvl2 binds with VEGFR2 via PDZ domain. Immunopre-
cipitation showed that DIXDC1 and DvI2 bind directly
(Fig. 5B) and that DvI2 binds with VEGFR2 (Additional
File 4: Fig S 4. A). We confirmed this result by endoge-
nous immunoprecipitation with ECs (Fig. 5C). DIXDC1
knockdown in ECs resulted in decreased interaction
between Dvl2 and VEGFR2, which might have resulted
from decreased levels of both proteins (Fig. 5D—H).

Our results showed direct binding between DIXDC1
and Dvl2, confirming that DIXDC1 regulated Dvl2.
DIXDC1 expression levels varied in transfected
HEK293T cells and DvI2 level directly correlated with
the DIXDC1 level (Fig. 51, J), suggesting that DIXDC1
may upregulate Dvl2, and this increased Dv12 level might
further increase VEGFR2 level via direct binding. To
observe the changes in VEGFR2 level due to DIXDC1
and Dvl2, VEGFR2, Dvl2, and DIXDC1 were overex-
pressed in HEK293T. When VEGFR2 was co-transfected
with DvI2, VEGFR2 expression was increased. VEGFR2
expression was further stimulated when DIXDCI1 and
Dvl2 were co-overexpressed (Fig. 5K, L). These results
suggest that DIXDCI indirectly increases VEGFR2 level
by upregulating Dvl2.

(See figure on next page.)

Fig. 4 DIXDC1 regulates VEGFR2 level in vitro and in vivo. A VEGFR2 protein expression level was reduced when DIXDC1 was suppressed in EC

by using DIXDC1 siRNA (60 nM). B Significantly increased VEGFR2 protein expression was observed when DIXDC1 was overexpressed in EC. C, D
Relative mRNA level of VEGFR2 and DIXDC1. E Whole-mount staining of E10.5 WT and DIXDC1 KO embryos with CD31 and VEGFR2, demonstrating
overall decrease in VEGFR2. n = 5 per group. Scale bars 500 um. F Quantification of E (percentage of control). G Whole-mount staining of retinae
of P8.5 retinae from WT and DIXDC1-KO pups showing decreased VEGFR2 expression. n = 6 per group. Scale bars 500 um. H Quantification of G
(percentage of control). I MLEC from WT and Dixdc1 KO mice at p9.5 displaying reduced VEGFR2 level leading to decreased downstream VEGFR2
signaling. J, K, and L Quantification of relative intensity of p-VEGFR2, p-AKT, and p-ERK1/2 of MLEC western blot. All experiments were repeated

at least 5 different sets of ECs treated with siRNA or DIXDC1 siRNA. All experiments were repeated at least 3 different sets of WT and DIXDC1-KO
littermates. *p < 0.05, **p < 0.005, and ***p < 0.0001, by paired, 2-tailed Student’s t test and one-way ANOVA. Error bars represent the mean = SD.
Individual values can be found in Additional file 6: Fig 4
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Fig. 5 DIXDC1 upregulates VEGFR2 via DvI2. A DIXDC1 or control vector, and VEGFR2 was co-transfected in HEK293T. Immunoprecipitation with
antibody against DIXDC1 and VEGFR2 result revealed that no direct interaction between DIXDC1 and VEGFR2. B DIXDC1 or control vector, and DvI2
was co-transfected in HEK293T. Immunoprecipitation with antibody against DIXDC1 and DvI2 result revealed that there is an interaction between
DIXDC1 and DvI2. C Endogenous immunoprecipitation with antibodies against DvI2 and VEGFR2 and there is an interaction between the two
proteins in HUVEC. D Control siRNA or siDIX1 is transfected to HUVEC and subjected to immunoprecipitation antibody against DvI2. E, F, G, and H
Quantification of relative intensity of immunoprecipitated VEGFR2, DvI2, and input VEGFR2 and DvI2 of D. I DIXDC1 was overexpressed and there
was a positive correlation between the expression level of DIXDC1 and Dvl2. J Quantification of relative intensity of DvI2 in I. K DIXDC1, DvI2, and
VEGFR2 were co-overexpressed in HEK293T and the expression level of VEGFR2 and DvI2 was observed. L Quantification of relative intensity of
VEGFR2 in K. All Experiments were repeated at least 4 different sets. *p < 0.05, **p < 0.005, and ***p < 0.0001, by paired, 2-tailed Student’s t test and
one-way ANOVA. Error bars represent the mean = SD. Individual values can be found in Additional file 6: Fig 5
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DIXDC1 stimulates Wnt//B-catenin signaling and increases
VEGFR2 stability

After demonstrating that DIXDCI increased VEGFR2
level, we investigated the downstream signaling that
ensues VEGFR2, Dvl2, and DIXDC1 overexpression
in HEK293T cells. VEGFR2 expression increased with
increase in DvI2 expression and further increased from
the combined effects of DIXDC1 and Dvl2. Moreover,
downstream signaling (p-AKT and p-ERK) increased as
VEGFR2 expression increased (Additional File 4: Fig S
4. B-E). DIXDC1 was knocked down in ECs and VEGF-
induced downstream signaling was observed. There was
a significant decrease in VEGF/VEGFR2 downstream
signaling pathway (Fig. 6A-D). These results indicated
that DIXDC1 upregulates Dvl2 and further increases
basal VEGFR?2 level, stimulating the downstream sign-
aling pathway. Therefore, the effects of the Wnt/p-
catenin signaling ligand Wnt3a on VEGFR2, Dvl2, and
[-catenin levels were examined in DIXDC1 knockdown
ECs. B-catenin accumulation was significantly decreased
by reduction in DIXDC1 level and Wnt3a stimulated
VEGEFR2 expression (Fig. 6E-I). Furthermore, combi-
nation of Wnt3a and VEGF-A stimulation increases
VEGEFR?2 further (Additional File 5: Fig S 5 A-E). VEGFR2
level is depended on DIXDCI1 level but did not increase
VEGEFR2 level with suppressed DvI2 level (Additional
File 5: Fig S 5 F G). Increased VEGFR2 expression due
to Wnt3a stimulation suggested that the interaction
between VEGFR2 and DvI2 might have resulted from
increased binding between the two proteins. Immuno-
precipitation of DIXDC1 knockdown ECs stimulated
with Wnt3a revealed increased Dvl2 and VEGFR2 inter-
action (Fig. 6]-L). A previous study has indicated that
oxygen deprivation increases both Wnt/B-catenin [35]
and VEGF-A/VEGEFR2 [36] signaling pathways, and our
result demonstrated that DIXDCI1 regulates both sign-
aling pathways. DIXDC1 knockdown ECs were inves-
tigated under oxygen and glucose deprivation (OGD)
condition, and the results indicated significant upregu-
lation of DIXDCI1. Consequently, VEGFR2 and Dvl2
expression were also upregulated (Fig. 6M-S). Thus, the
upregulation of DvI2 by DIXDC1 stimulated Wnt and
VEGER2 levels.

DIXDC1 knockdown in ECs resulted in reduced
VEGEFR?2 level in a post-translational manner, likely due
to the reduced DvI2 level that might have affected the
stability of VEGFR2. A proteasome inhibitor, MG132,
was administered to HEK293T cells transfected with
VEGFR2, Dvl2, and DIXDC1l. VEGFR2 level was
increased by Dvl2 and DIXDC1 overexpression, and
VEGFR2 level increased when MGI132 was treated
(Fig. 6T, U). Thus, DIXDC1 may upregulate Wnt signal-
ing and increase the stability of VEGFR2 via DvI2.
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DIXDC1-KO mice exhibited decreased neovascularization
Decrease in DIXDCI1 level reduced the key signaling
pathways that are essential to angiogenesis, and this
likely affected neovascularization under pathological
conditions. We used an oxygen-induced retinopathy
(OIR) model to investigate pathological angiogenesis in
the DIXDC1-KO mice. Unfixed retinae showed severe
hemorrhage in the WT mice but not in the DIXDC1 KO
mice (Fig. 7A). Whole-mount immunostaining of CD31
showed a significant increase in the avascular region,
and neovascularization did not occur in the retinae of
the DIXDC1 KO mice (Fig. 7B-D). To further confirm
reduced neovascularization in the DIXDC1-KO mice,
in vivo wound healing assay was used. Wound closure in
the DIXDC1-KO mice was significantly reduced (Fig. 7E
F), and hematoxylin and eosin (H&E) staining confirmed
this (Fig. 7G). Wounded skins in the WT and DIXDC1
KO mice were immunostained with antibodies against
CD31 and VEGFR2. CD31 coverage and VEGFR2 expres-
sion around the wounded area decreased in the DIXDC1
KO mice compared to that in the WT mice (Fig. 7H-]).
Both the OIR model and in vivo wound healing assay
indicated that the DIXDC1-KO mice had reduced
neovascularization.

Discussion

We identified DIXDC1 as a novel regulator of sprout-
ing angiogenesis and pathological neovascularization.
The DIXDC1-KO mice showed delayed developmental
angiogenesis in both embryonic and postnatal stages and
showed reduced neovascularization. DIXDC1 knock-
down in ECs decreased the angiogenic potential, which
was correlated with the phenotypes of the DIXDC1
knockout mice. These phenotypes result from the sig-
nificant decrease in VEGFR2 level due to its reduced
stability. DIXDCI1 binds Dvl2, and the polymerized DvI2
in turn stabilizes VEGFR2 via direct interaction. These
findings strongly suggest that DIXDCI is an important
regulator of angiogenesis that modulates Wnt signaling,
which increases the stability of VEGFR2 in sprouting tip
cells.

Our findings suggest that DIXDC1 is a significant
factor in regulating VEGFR2 level in tip cell filopodia.
Phenotypes of the DIXDC1-KO mice and DIXDC1 KO
ECs were correlated in terms of angiogenic potential.
DIXDC1 deficiency significantly decreased sprout-
ing angiogenesis by reducing the number of tip cells
in the DIXDC1-KO mice and sprouting of ECs due to
decreased level of VEGFR2. VEGF-A/VEGFR2 signal-
ing, which guides filopodial extension from specialized
endothelial cells, is essential for the development of
postnatal retina [10]. VEGFR2 is prominently expressed
on tip cell filopodia in developing retina and detects
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Fig. 6 DIXDC1 increases wnt/ 3-catenin signaling and VEGFR2 stability via DvI2. A knockdown of DIXDC1 affects the VEGF-induced signaling
pathways (40 ng/ml) in HUVEC. B, C, and D Quantification of relative intensity of p-VEGFR2(Y1175), P-ERK1/2, and p-FAK of A. E Knockdown of
DIXDC1 affects the wnt/B-catenin signaling pathways (200 ng/ml wnt3a) in HUVEC. F, G, H, and | Quantification of relative intensity of VEGFR2,
non-p-B-catenin, 3-catenin, and DvI2 of E. J Interaction between DvI2 and VEGFR2 is affected by DIXDC1 and wnt3a (200 ng/ml) in HUVEC. K,

L Quantification of relative intensity of immunoprecipitated VEGFR2 and DvI2. M Suppression of DIXDC1 affects the level of HIF1a in oxygen
glucose-deprived condition in HUVEC. N, O, P, Q, R, and S Quantification of relative intensity of VEGFR2, HIF 1a, non-p-f3-catenin, 3-catenin, Dvl2,
and DIXDC1 of M. T VEGFR2, DvI2, and DIXDC1 transfected to HEK293T and treated with MG132. Accumulation of VEGFR2 level was observed with
MG132. U Quantification of relative intensity of VEGFR2 of T. All Experiments were repeated at least 4 different sets. *p < 0.05, **p < 0.005, and ***p <
0.0001, by one-way ANOVA. Error bars represent the mean = SD. Individual values can be found in Additional file 6: Fig. 6
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extracellular VEGF-A gradients [4, 7, 10]. Administra-
tion of VEGF-A or VEGFR2-blocking antibodies from
postnatal day 4 to 7 effectively reduced EC sprouting
and vessel density in the retina [37]. The vasculature of
the DIXDC1-KO mice is similar to the phenotype of
mice with VEGFR2 blockage in the retina—resulting in
significant reduction in EC sprouting and vessel density.
Further, we found that DIXDCI1 expression in develop-
ing retina peaked on postnatal days 5 to 8, which is the
period when sprouting angiogenesis occurs rapidly at the
superficial plexus. Delay in superficial vascular plexus
extension and decreased neovascularization are likely
caused by decreased VEGFR2 level in the DIXDC1-
KO mice. Phenotypes of the DIXDC1-KO mice and the
reduced angiogenic ability of DIXDC1 knockdown ECs
suggest a novel VEGFR2 regulatory axis of DIXDCI.
Therefore, we hypothesized that DIXDC1 upregulated
VEGEFR?2 in vasculature, which likely increased the sensi-
tivity to VEGEF-A and increased sprouting angiogenesis in
postnatal retina.

We have shown that the knockdown of DIXDC1 in ECs
decreased the accumulation of PB-catenin after stimula-
tion by the Wnt ligand Wnt3a. DIXDCI1 is a positive
regulator of Wnt/B-catenin signaling that upregulates
Wnt/B-catenin signaling by converting DvI2 into its bio-
logically active state [19]. Biologically active DvI2 forms
signalsomes with the Wnt co-receptors LRP 5/6 and Friz-
zled [38]. Previous studies have suggested that Wnt/p-
catenin signaling is an important factor in sprouting
angiogenesis. Impaired p-catenin accumulation in ECs
resulted in reduced postnatal retinal and brain angiogen-
esis, with decreased endothelial tip cell formation and
sprouting [18]. Furthermore, p-catenin-deficient ECs
are less likely to be in a tip cell position while ECs with
upregulated -catenin are likely to be so. Other studies
have demonstrated that the blockage of Wnt signaling
in ECs reduced the VEGFR2 level [39], which resulted
in phenotypes that are similar to those observed in
DIXDC1 knockdown ECs. Mutation study on Ctnnb!*F¢
showed diminished EC sprouting [40], suggesting that
DIXDC1 may regulate the accumulation of -catenin and
affect the sprouting of ECs. Interestingly, we found that
the role of DIXDC1 in sprouting angiogenesis was Wnt/
[-catenin independent. Stimulation with the Wnt ligand
Wnt3a increases VEGFR2 and DvI2 binding, resulting
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in increased level of the receptor. Increased VEGFR2
level may stimulate the tip cells with its ligand VEGEF-A,
and a previous study demonstrated that Wnt/ 3-catenin
signaling increases VEGF-A level [41]. Thus, DIXDC1
may strengthen the autocrine loop of VEGF-A/VEGFR2
signaling by upregulating VEGF-A via enhanced Wnt/f3-
catenin signaling and increased stability of VEGFR2 at
the tip cells.

Our results demonstrated that DIXDC1 may mediate
a crosstalk between two signaling molecules in sprout-
ing angiogenesis by regulating VEGFR2 level and Wnt/
B-catenin signaling. We hypothesize that DIXDCI is
an important factor in sprouting ECs that regulates the
crosstalk between the two signaling pathways by modu-
lating Wnt/B-catenin signaling, ultimately regulating the
level of VEGFR2.

We have suggested the possibility of DIXDC1-medi-
ated regulation of VEGFR?2 stability via Dvl2. We found
that the interaction between Dvl2 and VEGFR2 and
the absence of DIXDC1 and DvI2 resulted in increased
ubiquitination of VEGFR2. DvI2 is recruited and forms
signalsomes with Frizzed and LRP5/6 and prevents the
destruction of B-catenin [42, 43]. DvI2 has three domains,
including a central PDZ domain [32], and several studies
have indicated the importance of PDZ domain in the sta-
bility of VEGFR2. Neuropilin-1 is a VEGFR2 co-receptor
with a PDZ domain, and deletion of PDZ domain results
in decreased VEGFR2 level [33]. Another protein with a
PDZ domain, Syntenin, acts as a scaffold protein to stabi-
lize VEGFR2, and its knockdown reduces VEGFR2 level
and shows similar phenotypes as DIXDC1 knockdown
ECs [34]. Absence of DIXDC1 and DvI2 may result in
increased proteasomal degradation of VEGFR?2, reducing
its availability. A previous study on the E1 ubiquitin-acti-
vating enzyme UBA1 in ECs provided insight into VEGE-
A-independent constitutive degradation of VEGFR2 [44].
Ubiquitin-linked pathway regulates the balance between
receptor recycling and degradation, affecting VEGE-
A stimulated signal transduction and the endothelial
response. Consistent with previous studies, our study
suggests that DIXDC1 could be a factor that increases
the stability of VEGFR2 by upregulating Dvl2. We intend
to investigate the detailed mechanism of VEGFR2 regu-
lation by DvI2 in the future. Although we demonstrated
the role of DvI2 as a factor that increases the stability of

(See figure on next page.)

Fig. 7 DIXDC1-KO mice displayed decreased neovascularization. A Hemorrhage in WT and Dixdc1 knockout mice retinae after exposure to high
oxygen level (75% O,) for 5 days. (OIR model) n = 6 per group. B Whole-mount CD31 immunostaining of retinae from A. Scale bars 500 um. C, D
Quantification of relative avascular region and neovascularization. E In vivo wound healing assay of 8-week-old WT and DIXDC1-KO mice. n = 6 per
group. F Quantification of wound healing assay. G H&E staining of horizontal section of wound area of WT and DIXDC1-KO mice. Scale bar 50 um.
H CD31 and VEGFR2 immunostaining of horizontal section of wounded skin of WT and Dixdc1 KO mice. I, J Quantification of relative CD31 and
VEGFR2 level. All Experiments were repeated at least 3 different sets of WT and DIXDC1-KO littermates. *p < 0.05, **p < 0.005, and ***p < 0.0001, by
paired, 2-tailed Student's t test. Error bars represent the mean = SD. Individual values can be found in Additional file 6: Fig. 7
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VEGEFR?2, it is unclear whether it exhibits dimeric inter-
action with DvI2 and VEGFR2 or a trimeric interaction
involving other proteins. This is an area that will be inves-
tigated further in our future study.

We demonstrated that the Wnt/B-catenin signaling
ligand Wnt3a increases binding between VEGFR2 and
Dvl2, resulting in decreased proteasomal degradation
of the receptor. Therefore, we hypothesize that DIXDC1
is likely to be a factor that increases the availability of
VEGFR2 and impacts VEGF-A-induced response, affect-
ing its ability to sprout angiogenesis.

This study showed that DIXDC1 is upregulated in
hypoxic conditions, resulting in increased Wnt signaling
that further increases VEGFR2 level. HIFla is a major
factor in age-related macular degeneration (AMD) [45],
diabetic retinopathy [46], and retinoblastoma [47]. Pre-
vious studies on OIR have shown upregulation of HIF1«
[48], which results in increased neovascularization.
Therefore, to better understand the role of DIXDC1 in
retina degenerative conditions in humans and support
the in vitro finding of our study, we used an OIR model.
We demonstrated a reduction of neovascularization and
increased avascular region in the DIXDC1-KO mice,
which resembles the phenotypes of HIF1a-KO mice. OIR
model using conditional HIFla KO mice demonstrated
attenuated level of VEGEF, reduced vascular leakage, and
alleviated neovascularization in the retina [46]. Consist-
ent with the OIR model, in vivo wound healing in the
DIXDC1-KO mice displayed decreased wound closure
and recruitment of ECs and VEGFR2. The result of our
study suggests that DIXDC1 enhances neovasculariza-
tion in pathological conditions.

This study also suggests that DIXDC1 is likely to be an
inducer of vascular permeability. Previous studies have
suggested that VEGFR2 induces vascular permeability via
c-Src signaling [49]. VEGF promotes phosphorylation of
c-Src at Y418 and modulates adherens junction. It would
be an interesting future study to investigate the possi-
ble role of DIXDC1 in vascular permeability and related
pathological conditions.

Further, this study showed that OGD condition in EC
increased B-catenin, VEGFR2, and DIXDC1 levels. This
finding is supported by the findings of previous studies
on DIXDCI1 under hypoxic conditions. Elevated DIXDC1
level was observed after neuronal injury induced by oxy-
gen-glucose deprivation and reoxygenation (OGD/R)
[50], and DIXDC1 level was influenced by astrocyte pro-
liferation after a traumatic brain injury [51]. Hypoxia
upregulates both Wnt/B-catenin [35, 52] and VEGEF/
VEGER2 [36, 53] signaling. In parallel with previous
studies, we suggest that HIF1a enhances DIXDC1 level
and modulates key signaling pathways under hypoxic
conditions.
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Conclusion

In summary, this study demonstrated the importance
of DIXDCI1 in developmental angiogenesis and neovas-
cularization owing to its role in modulating canonical
Wnt/B-catenin signaling, which ultimately regulates
the stability of VEGFR2. Our results indicated that
DIXDCI1 increased DvI2 via direct interaction, increas-
ing VEGFR2 stability by directly binding with Dvl2.
Therefore, we suggest DIXDC1 as a novel regulator
of VEGFR2 in vasculature, affecting the ability of ECs
in sprouting angiogenesis. Regulation of DIXDCI1 is
important in both developmental and pathological
angiogenesis and targeting DIXDCI1 could be a promis-
ing approach to the treatment of angiogenesis-related
disorders.

Methods

DIXDC1 knockout mouse and animal experiments

The DIXDC1 knockout mice (B6.129-Dixdc1t™!Bnre/y,
Stock No: 029504) were purchased from The Jackson
Laboratory. All mice were maintained on a C57BL/6
background and used between postnatal days 5 to
9 or at 8 weeks of age. Animal experiments were
approved by the Yonsei Laboratory Animal Research
Center (YLARC) at Yonsei University in Seoul, South
Korea. A laminar airflow cabinet was used to main-
tain all animals under specific pathogen-free condi-
tions. All facilities used for the animal experiments
were approved by the Association of Assessment and
Accreditation of Laboratory Animal Care, and all
the experiments were carried out under the institu-
tional guidelines established for the YLARC at Yonsei
University.

Cell culture

HUVECs were isolated using 250 U/ml Type II Col-
lagenase (Worthington Biochem, Catalog LS004176)
in phosphate-buffered saline (PBS) for 10 min at
37 °C, as described previously [54], and cultured
on gelatin-coated plates in Medium 199 (HyClone,
GE Lifesciences, Catalog SH30253.01) supple-
mented with 20% fetal bovine serum (FBS), 3 ng/
ml basic fibroblast growth factor (bFGF) (R&D Sys-
tems), 100 U/ml penicillin-streptomycin (Invitrogen,
Thermo Fisher Scientific, Catalog 15140-122), and
5 U/ml heparin. Cells were collected using Trypsin-
EDTA (Invitrogen, Thermo Fisher Scientific, Cata-
log R-001-100) and used for assays up to passage 7.
HEK293T was cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (HyClone, GE Lifesciences, Catalog
SH30243.01) supplemented with 10% FBS and 100 U/
ml penicillin-Streptomycin.
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Antibodies and reagents

The following primary antibodies were used: CD31(BD
Pharmingen, Catalog 550274); DIXDC1 (Santa Cruz
Biotechnology, Catalog sc-377160); VEGFR2 (Cell
Signaling Technology, Catalog 9572); DvI2 (Cell Sign-
aling Technology, Catalog 3216); BrdU (Santa Cruz
Biotechnology, Catalog sc-32323); p-catenin (Santa
Cruz Biotechnology, Catalog sc-59737); Non-phos-
pho- p-catenin (Cell Signaling Technology, Catalog
19807); DAPI (Sigma-Aldrich, Catalog D9542); B-actin
(Thermo Fisher Scientific, Catalog MA5-15739).

The secondary antibodies used were Alexa Fluor 488
(Invitrogen, Thermo Fisher Scientific, Catalog A11006)
and Alexa Fluor 594 (Invitrogen, Thermo Fisher Scien-
tific, Catalog A21209).

RNA interference an RT-qPCR

HUVECs were transfected for 3 h with scrambled
siRNA or DIXDCI1 siRNA using lipofectamine (Invit-
rogen, Thermo Fisher Scientific) and assayed 96 h after
transfection. The sequence of the DIXDCI siRNA (5'-
GGAAGGAAAUCACCGGUAU-3’) was designed by
Dharmacon Inc. (Catalog D-007758-04-0005). For RT-
qPCR assays, total RNA (isolated from HUVECs trans-
fected with scrambled siRNAs or DIXDC1 siRNA) was
reverse transcribed to cDNA using M-MLV Reverse
Transcriptase (Promega, Catalog M170A) and ampli-
fied with the primers listed in Additional file 2: Fig.
S2D. All RT-qPCR assays were performed at least in
triplicate.

Plasmids

The DIXDCl1 Open Reading Frame (ORF)-con-
taining plasmid Flag-DIX was generated. The Dvl2
ORF-containing plasmid 3XFlag-DvI2(Item #24802)
was purchased from Addgene (Cambridge, MA,
USA). pEGFP-C2 was used as a transfection control
(Clontech).

Western blot and immunoprecipitation

For the immunoprecipitation of endogenous pro-
teins, HUVECs were cultured as previously described.
HUVECs or co-transfected HEK293Ts were lysed in 1
ml NP-40 lysis buffer (50-mM Tris/HCl, pH 8.0, 150-mM
NaCl, 1% NP-40, and protease inhibitor cocktail). Cell
lysates were centrifuged at 14,000g for 15 min at 4 °C. The
supernatants were immunoprecipitated overnight with
antibodies against DvI2 (Cell Signaling), VEGFR2 (Cell
Signaling), and DIXDC1 (Santa Cruz) at 4 °C, followed
by the addition of protein G agarose beads (EMD Mil-
lipore) at 4 °C for 3 h. Immunoprecipitates were washed
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with washing buffer three times and resuspended in
SDS-PAGE sample buffer containing f-mercaptoethanol.
Samples were further analyzed by western blotting.

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide) assay

HUVEC:s transfected with scrambled siRNA or DIXDC1
siRNA were seeded on 24-well plates coated with 2%
gelatin at a density of 3 x 10* cells/ml. Cells were then
starved for 12 h in 1% FBS M199 medium. Then, 40 ng/
ml human VEGF-A (Catalog K0921148; Koma Biotech)
was treated and 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphe-
nyl-2H-tetrazolium bromide (MTT) (0.1 mg/ml) was
added after 6 h; cells were incubated at 37 °C for 3 h.
Residual MTT was removed, and the crystals were dis-
solved in dimethyl sulfoxide (DMSO): ethanol (1:1). The
absorbance was measured using a spectrophotometer at
560 nm. Each sample was assayed in triplicate, and the
assay was repeated three times.

BrdU assay

HUVECs were transfected with scrambled siRNA or
DIXDC1 siRNA and seeded on 35 x 10 mm dishes
(Eppendorf AG, Catalog 0030700015) at a density of 6 x
10°. M199 media containing 20% FBS and 10 uM BrdU
was incubated at 37 °C in a CO, incubator for 24 h. M199
media containing 10 mM BrdU was removed and washed
with 1x PBS twice and fixed with 4% paraformaldehyde
(PFA) at room temperature (RT) for 10 min. Cells were
permeabilized with 0.1% PBST at 4 °C for 5 min and
incubated overnight with primary BrdU antibody (Santa
Cruz, Catalog sc-32323) at 4 °C with shaking. Cells were
washed with PBS and incubated with Alexa Fluor 488
(Invitrogen, Thermo Fisher Scientific) at RT for 1 h with
shaking. DAPI was incubated for 15 min and washed with
PBS 3 times. Cells were mounted with mounting medium
(Dako, Catalog S3023) on cover glasses and photographs
were taken with a confocal microscope at a magnification
of x 200 (LSM700, Carl Zeiss).

Migration assay

The chemotactic motility of HUVECs was assayed in
Transwell chambers (Corning, Catalog 3470) with poly-
carbonate filters (8 pm pore size; 6.5 mm diameter). In
brief, the bottom end of the filter was coated with 0.1%
gelatin. M199 medium (HyClone, GE Lifesciences) con-
taining 1% FBS and 40 ng/ml VEGEF-A was added to the
lower wells. HUVECs were trypsinized and resuspended
in M199 containing 1% FBS to a final concentration of
1 x 10° cells/ml. A 100 pl aliquot of the cell suspension
was added to each of the upper wells and incubated at 37
°C for 3 h. Cells were then fixed and stained with H&E.
Non-migrated cells on the upper surface of the filter were
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removed by wiping with a cotton swab, and chemotaxis
was quantified by counting the cells that migrated to the
lower side of the filter by optical microscopy at mag-
nification of x 200. In total, 10 fields were counted for
each assay. Each sample was assayed in triplicate, and the
assays were repeated three times.

In vitro tube formation assay

Tube formation assay was carried out as previously
described [55, 56]. Briefly, 250 ul of growth factor—
reduced Matrigel Matrix Basement Membrane (Corn-
ing, Catalog 354230) was added to a 24-well culture plate
(TPP Techno Plastic Products AG, Catalog 92024) and
allowed to polymerize for 30 min at 37 °C. Then, 1 x 10°
HUVEC:s transfected with scrambled siRNA or DIXDC1
siRNA were seeded on Matrigel cultures and incubated
at 37 °C. Photographs were taken at various time points
at a magnification of x 200. The images of the tubes were
quantified using Image] software (National Institutes of
Health).

In vitro fibrin gel beads assay

In vitro fibrin gel beads assay was carried out as previ-
ously described [57]. In brief, HUVECs transfected with
either control siRNA or DIXDC1 siRNA were trypsinized
and 1 x 10° HUVECs were coated on approximately
2500 Cytodex-3 beads (Amersham Biosciences, Catalog
17-0485-01) overnight at 37 °C. On the following day, the
coated beads were washed 3 times with EGM-2 (Lonza,
Catalog CC-3162) and 2.0 mg/ml fibrinogen type I
(Sigma-Aldrich, Catalog F-8630) solution containing 0.15
U/ml aprotinin (Sigma-Aldrich, Catalog A-1153) at con-
centration of 500 beads/ml was added. Next, 0.625 U/ml
Thrombin (Sigma-Aldrich, Catalog T-3399) was added
to a 24-well plate and fibrinogen solution with beads was
added to each well by pipetting 4-5 times. After clot for-
mation, 20,000 fibroblasts in EGM-2 were added to each
well. Pictures were taken every day for a week with a light
microscope at a magnification of x 200. The number and
lengths of the sprouts were analyzed using Image].

Matrigel plug assay

Eight-week-old WT and DIXDC1-KO male mice were
injected subcutaneously with 0.6 ml growth factor—
reduced Matrigel (Corning) containing 200 ng mouse
VEGE-A and 10 U heparin. The injected Matrigel rapidly
formed a single, solid gel plug. After 5 days, the animals
were sacrificed and the Matrigel plug, which remained
intact, was removed. Hemoglobin within the plug was
measured using Drabkin’s Reagent (Sigma-Aldrich, Cata-
log D5941) by comparing with known Hb concentrations.
Infiltrated ECs were visualized by immunohistochemistry
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on cryosectioned slices of the Matrigel plug using anti-
CD31 antibody (BD Pharmingen).

Aortic ring assay

Eight-week-old WT and DIXDC1-KO male mice were
used to perform aortic ring assay, as described previ-
ously [58]. In brief, aortic rings were isolated from the
WT and DIXDC1-KO mice and cut to a fixed size in
PBS. Then, 150 pl of growth factor-reduced Matrigel (BD
Biosciences) was added to each well of 96-well plates,
and the plates were incubated at 37 °C for 10 to 15 min
to allow the matrix to polymerize. The aortic rings were
then placed on the matrix (1 per well) and fixed onto
the polymerized Matrigel by gently pressing the aortic
ring into the Matrigel. The plates were incubated further
at 37 °C for 10 to 15 min and 100 pl Opti-MEM culture
medium (Gibco, Thermo Fisher Scientific) supplemented
with 2% FBS and 50 ng/ml murine VEGF-A. The medium
was changed on day 2 and then every other day.

OIR model

The OIR models for the WT and DIXDC1 KO mice were
prepared as described previously [59]. Mice at P7 were
exposed to a hyperoxic atmosphere (75% O,) condition
for 5 days and returned to normoxic condition for addi-
tional 5 days. The mice were anesthetized and sacrificed
using avertin. The eyes were removed and fixed in 4%
PFA (pH 7.4) for 30 min at RT. The retinae were isolated
and incubated in blocking solution for 1 h (all at RT) and
incubated overnight with antibody against CD31 (BD
Pharmingen) at 4 °C. After 5 washes in PBS containing
1% Triton X-100, the retinae were incubated with Alexa
Fluor 594 (Invitrogen, Thermo Scientific) for 3 h at RT.
Retinae were then washed with PBS containing 1% Tri-
ton X-100 5 times and postfixated with 4% PFA for 5 min.
Retinae were then flat mounted on slides using cover-
slides and mounting solution (Dako, Catalog S3023) and
analyzed using a confocal microscope (LSM 880; Carl
Zeiss).

In vivo wound healing assay

The in vivo wound healing assays for the WT and
DIXDC1 KO mice were performed as described previ-
ously [60]. In brief, 8-week-old WT and DIXDC1 KO
mice were anesthetized using 2.5% avertin and the opera-
tive region was created by removing fur with clippers; the
skin was wiped with an alcohol swab. Then the wound
was created using a sterile 6 mm biopsy punch (Kai
Medical, Catalog BP-60F) and circular silicone splint was
attached around the wound with the cyanoacrylate adhe-
sive. Circular silicone splint was anchored with 6-0 nylon
sutures. Fresh wounds were covered with transparent
occlusive dressings and the mice were kept in a laminar
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airflow cabinet for 7 days. After 7 days, mice were sac-
rificed, and the diameters of the wounds were measured
at the various points. Wounded skin was removed surgi-
cally, and the tissues were fixed with 4% paraformalde-
hyde at 4 °C overnight. The tissues were then transferred
to 15% sucrose in PBS and subsequently to 30% sucrose.
The wounds were subjected to H&E staining and immu-
nohistochemistry analysis.

Statistical analysis

Statistics were performed using GraphPad Prism soft-
ware. Data are presented as means = SD and analyzed
using paired Student’s ¢ test or the one-way ANOVA.
Differences were considered significant at p < 0.05. All
experiments were performed in triplicate, and represent-
ative results are shown.
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Additional file 1: Figure S1. DIXDC1-KO mice displayed delayed growth
but does not affect fertility. (A) Primer sequence for genotyping DIXDC1
knockout mice (B6.129-Dixdc1tm1Bnrc/J). (B) Result of standard PCR
genotyping. WT has band size of 236 bp, homozygote at ~300bp and
heterozygote at both 236bp and ~300bp. (C) Mendelian ratio of mice
according to the genotype of DIXDC1. n=196 (D) Number of pups per
female according to their genotype. Number of pups between WT and
homozygote is comparable regardless of the genotype of males. n=10
per phenotype. (E) Body weight of WT and DIXDC1 knockout mice from
postnatal day 5.5 to 30.5. Body weight of DIXDC1 knockout mice is lighter
than its WT counterparts. n=20 per phenotype. (F) Picture of WT and
DIXDCT1 knockout mice at postnatal day 5.5 and 10.5. Body size of DIXDC1
knockout mice is relatively smaller than WT mice. *p<0.05, **p<0.005 and
p***<0.0001, by paired, 2-tailed Student’s t test and one-way ANOVA.
Error bars represent the mean = SD. Individual values can be found in
Additional file €: Fig. S1.

Additional file 2: Figure S2. DIXDC1 expression in OEC and EPC, and sup-
pression of DIXDC1 expression in HUVEC. (A) Affymetrix gene chip analysis
of UCB-MNCs revealed that the expression of DIXDC1 was significantly
increased when differentiated into outgrowth ECs from hematopoietic
monocytes. (B) DIXDCT was highly expressed in the OEC stage compared
with the UCB-MNC stage, which was confirmed by RT-gPCR. (C) Sequence
of DIXDCT siRNA. (D) gPCR primer sequence. (E) DIXDCT mRNA expression
in HUVEC was silenced by using siRNA with different sequences in con-
centration dependent manner. (F) DIXDC1T mRNA expression was silenced
by using siRNA #2 and #4 in time dependent manner. (G). DIXDC1 siRNA
#4 was used to transfect HUVEC in concentration and time dependent
manner and protein levels were assessed by using western blot. (H) and

() Quantification of DIXDC1 level of Fig (G). All Experiments were repeated
at least 4 different sets. *p<0.05, **p<0.005 and p***<0.0001, by paired,
2-tailed Student’s t test and one-way ANOVA. Error bars represent the
mean =+ SD. Individual values can be found in Additional file 6: Fig. S2.
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Additional file 3: Figure S3. Retinae of DIXDC1-KO mice has lower
expression of Vegfr2 in filopodia. (A) Mice retinae at postnatal day 9.5
were isolated and immunostained with antibodies against CD31 and
VEGFR2. Filopodia of Dixdc1 retinae showed significant decrease in Vegfr2
expression. (B) Quantification of Fig (A). Scale bars: 50pum All Experiments
were repeated at least 3 different sets of WT and DIXDC1-KO littermates.
*P<0.05, **P<0.005, and ***P<0.0001, by paired, 2-tailed Student’s t test.
Error bars represent the mean = SD. Individual values can be found in
Additional file 6: Fig. S3.

Additional file 4: Figure S4. DIXDC1 upregulate DvI2 level and further
increase basal VEGFR2 level. (A) DvI2 or Control vector, and VEGFR2 was
co-transfected in HEK293T. Immunoprecipitation with antibody against
DvI2 and VEGFR2 result revealed that there is an interaction between
DvI2 and VEGFR2. (B) DIXDCT, DvI2 and VEGFR2 vectors are transfected

in HEK293T and downstream signaling was observed. All Experiments
were repeated at least 5 different sets. (C) (D) and (E) Quantification of
VEGFR2, p-ERK and p-AKT of Fig (B). All Experiments were repeated at least
4 different sets. *p<0.05, **p<0.005 and p***<0.0001, by one-way ANOVA.
Error bars represent the mean = SD. Individual values can be found in
Additional file 6: Fig. S4.

Additional file 5: Figure S5. DIXDC1 upregulate VEGFR2 to induce
VEGFR2 downstream signaling. (A) conbination of Wnt3a and VEGFR2
upregulate DIXDC1 level and further increase VEGFR2 level in EC. (B)(C)(D)
and (E) Quantification of relative intensity of p-VEGFR2(Y1175), VEGFR2,
p-ERK1/2 and DIXDC1 of Fig (A). (F) VEGFR2 level is depended on the level
of DIXDC1 and Dvl2. (G) Quantification of relative intensity of VEGFR2 of
Fig (F). All Experiments were repeated at least 4 different sets. *p<0.05,
**p<0.005 and p***<0.0001, by one-way ANOVA. Error bars represent the
mean = SD. Individual values can be found in Additional file 6: Fig. S5.
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