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Abstract

Background. Tumor angiogenesis is essential for solid tumor progression, invasion and metastasis. The aim of this
study was to identify potential signaling pathways involved in tumor angiogenesis.

Methods. Genetically engineered mouse models were used to investigate the effects of endothelial ARL13B(ADP-
ribosylation factor-like GTPase 13B) over-expression and deficiency on retinal and cerebral vasculature. An intracra-
nially transplanted glioma model and a subcutaneously implanted melanoma model were employed to examine
the effects of ARL13B on tumor growth and angiogenesis. Immunohistochemistry was used to measure ARL13B
in glioma tissues, and scRNA-seq was used to analyze glioma and endothelial ARL13B expression. GST-fusion
protein-protein interaction and co-immunoprecipitation assays were used to determine the ARL13B-VEGFR2 in-
teraction. Immunobloting, qPCR, dual-luciferase reporter assay and functional experiments were performed to
evaluate the effects of ARL13B on VEGFR2 activation.

Results. Endothelial ARL13B regulated vascular development of both the retina and brain in mice. Also, ARL13B
in endothelial cells regulated the growth of intracranially transplanted glioma cells and subcutaneously implanted
melanoma cells by controlling tumor angiogenesis. Interestingly, this effect was attributed to ARL13B interaction
with VEGFR2, through which ARL13B regulated the membrane and ciliary localization of VEGFR2 and consequently
activated its downstream signaling in endothelial cells. Consistent with its oncogenic role, ARL13B was highly
expressed in human gliomas, which was well correlated with the poor prognosis of glioma patients. Remarkably,
ARL13B, transcriptionally regulated by ZEB1, enhanced the expression of VEGFA by activating Hedgehog signaling
in glioma cells.

Conclusions. ARL13B promotes angiogenesis and tumor growth by activating VEGFA-VEGFR2 signaling. Thus,
targeting ARL13B might serve as a potential approach for developing an anti-glioma or anti-melanoma therapy.
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Importance of the Study

Angiogenesis is often hijacked by solid tumors for their
own growth benefit. Therefore, a better understanding
of the molecular mechanisms underlying the regulation
of tumor angiogenesis would offer crucial and useful in-
formation for the development of anticancer therapies.
In our attempt to do so, we found that ARL13B interacts
with VEGFR2 and mediates VEGF signaling in endothe-
lial cells and cancer cells. Also, ARL13B augmented an-
giogenesis in both normal tissues and cancer tissues,
such as glioma and melanoma tissues, by activating

Angiogenesis, the formation of new capillary blood vessels
essential for normal human development and reproduction,
is often hijacked by solid tumors for their own growth ben-
efit.’ Eradicating tumor angiogenesis has become an attrac-
tive strategy for developing anticancer therapies. Therefore,
a better understanding of the molecular mechanisms under-
lying the regulation of tumor angiogenesis would provide
useful information for the development of such a strategy.

VEGFR2 signaling. Consistently, ARL13B, highly ex-
pressed in human gliomas, was well correlated with
the poor prognosis of glioma patients. Interestingly,
ARL13B,transcriptionally activated by the oncogenic
transcription factor ZEB1, enhanced VEGFA expres-
sion by activating Hedgehog signaling in glioma cells.
Together, our findings unveil a novel role for ARL13B
in angiogenesis via activation of the VEGFA-VEGFR2
signaling and suggest ARL13B as a potential target for
the development of an anti-tumor angiogenesis therapy.

Vascular endothelial growth factors (VEGFs) and their
receptors (VEGFRs) play pivotal roles in tumor angiogen-
esis.2VEGFR2, activated by VEGFA, is primarily expressed
in endothelial cells as a key receptor that regulates vas-
cular permeability and leads to angiogenesis, including
sprouting and vessel elongation, and mediates VEGF-
stimulated cell proliferation, migration and survival.?The
VEGF signaling is highly regulated at the levels of gene



expression, endocytosis, trafficking, and proteolytic deg-
radation.3Targeting the VEGF/VEGFR2 signaling has been
explored as a therapeutic approach to disrupt tumor
vessel formation and to inhibit tumor growth.* The anti-
VEGF antibody bevacizumab has been effectively used
for several cancers.* However, its clinical efficacy for
glioma is limited, as glioma possesses prominent vas-
cular abnormalities.® Although several small-molecule
inhibitors of VEGFR2, including sunitinib, sorafenib, and
vandetanib, have been approved for cancer therapy,* ad-
verse effects have been observed in their clinical appli-
cation. Therefore, identifying new molecular targets for
the development of improved anti-angiogenic therapies
is necessary.

ARL13B, a member of the Arf-like Ras superfamily of
small GTPases, is highly enriched within cilium and serves
as a signaling hub for the extracellular environment.f It's
required for ciliogenesis.” Genetic mutation of ARL13B is
highly associated with Joubert syndrome,® and null muta-
tion of Arl13b results in alteration of the ciliary axoneme
structure and neural tubes defects.® Recently, ARL13B was
implicated in cancer progression.'®'2 Qur group found
that ARL13B promotes tumorigenesis in gastric cancer
by regulating Smoothened trafficking and activating
Hedgehog(Hh) signaling.'® In medulloblastoma, deletion of
Arl13b in ptchi-deleted mice inhibited tumor formation by
suppressing Hh signaling overactivation." Knockdown of
ARL13B sensitized glioblastoma cells to chemotherapy.'?
It's worth noting that Arl13b/Arl13b* cilia are expressed on
endothelial cells lining the vasculature and act as sensors
of blood flow,'® and have recently implicated in vascular
stability in the zebrafish brain.' However, role of ARL13B
in tumor angiogenesis is unclear. Our identification of
ARL13B in VEGA-VEGFR2 signaling pathway suggested
that it might play a role in angiogenesis in both normal and
tumor tissues.

In our investigation to address this possibility, as de-
tailed below, we found that ARL13B indeed interacted with
VEGFR2 and mediated VEGF signaling in endothelial and
cancer cells. Additionally, by employing several geneti-
cally engineered mouse model systems, we demonstrated
that ARL13B augmented angiogenesis in both normal and
cancer tissues, such as glioma and melanoma tissues,
by promoting cell-to-cell communication and activating
VEGFR2 signaling. Further analyses showed that ARL13B is
highly expressed in human gliomas, which is highly associ-
ated with the poor prognosis of glioma patients. In glioma
cells, ARL13B was transcriptionally regulated by transcrip-
tion factor Zinc finger E-box binding homeobox 1(ZEB1)
to enhance VEGFA expression by activating Hh signaling.
Together, our results unveil a novel role for ARL13B in angi-
ogenesis via activating VEGFA-VEGFR2 signaling and sug-
gest ARL13B as a potential target for the development of
an anti-tumor angiogenesis therapy.

Methods

For detailed Material and Methods, see Supplementary
Information.
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Ethics Statements

All mouse experiments and human glioma specimens col-
lection were approved by Institutional Review Board of
The First Affiliated Hospital of Nanchang University [(2020)
Medical Research Ethical Review No. 12-134].

Mice

Arl13b conditional knockout mice B6-Ar/13pEm1(flox)
NCU(Ar/13b%*) and inducible forced expression mice
B6-Gt(ROSA)26S0rEm’(CAG-LSL-A13b-1RES-eGFPINCU( R s 2. 26- SAT13b/+)
were generated using CRISPR/Cas9 technology.

Immunofluorescence Staining of Retinas

The delivery day was defined as postnatal day 0 (P0). The
retinas were dissected and fixed. After blocking and per-
meabilization, anti-Arl13b antibody and Isolectin B4, and
followed secondary antibodies were incubated.

Enrichment of Brain Endothelial Cells

Brain tissues were digested and the single-cell suspen-
sions were enriched with biotin-conjugated anti-CD31
antibody.

Immunofluorescence Staining of Vasculature

Brain or tumor tissues were dissected, embedded and cut
into 20-um sections. Tissue sections were fixed and incu-
bated with indicated primary antibodies and followed sec-
ondary antibodies.

Intracranial Transplanted Glioma Model

GL261-Red-Fluc cells (2 x 10° cells for Arl13b-iAEC and
control mice, 1 x 10° cells for Arl13b-iEC and control mice)
were harvested, resuspended and slowly injected into the
right hemispheres of mice.

Assessment of Tumor Vascular Permeability

Tumor Matrigel plug implant in mice was performed and
vascular leakage was determined with Evans blue.

Subcutaneous Implanted Melanoma Model

B16F10 cells (1 x 10° cells for Arl13b-AEC and control mice,
0.6 x 10° cells for Arl13b-EC and control mice) were resus-
pended and injected subcutaneously into the right flank of
mice.

Immunohistochemistry (IHC)

IHC staining was performed as described previously.™
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Single-Cell RNA-seq Data

The single-cell RNA sequencing data was downloaded
from GEO database(GSE84465) and analyzed with
t-distributed stochastic neighbor embedding(t-SNE)
projection.

Yeast Two-Hybrid Screening

Yeast two-hybrid screening was conducted as
manufacturer’s instructions.The full-length human ARL13B
cDNA(NM_182896) was used as bait.

Protein—Protein Interaction and
Immunoblotting Assays

ARL13B-VEGFR2 interaction was determined
using GST-fusion protein-protein interaction and
co-immunoprecipitation (co-IP) assays, as described

previously.™

Cell Surface Biotinylation Assay

The cell surface protein labeled with sulfo-NHS-SS-
Biotin were immunoprecipitated and analyzed by
immunoblotting.

SMAS560 Tumor Model

SMAB560 cells (1.5 x 108 cells for Lv-Arl13b and Lv-Con
group) were injected subcutaneously into the two flanks of
BALB/c-nu mice.

Results

Endothelial ARL13B is Involved in Vascular
Development in the Postnatal Mouse Retina

To investigate whether Arl13b is involved in vas-
cular development in vivo, we generated conditional
Arl13b-knockout mice (Ar/13b"+, cKO) by CRISPR/Cas9
technology (Supplementary Figure S1A-C). The posi-
tive FO-generation cKO mice were mated with wild-type
mice to obtain Fl1-generation cKO mice, and genomic
screening of F1-generation cKO mice was carried out by
PCR-sequencing and Southern-blot assays, which indi-
cated integration of the transgene (Supplementary Figure
S1B). We then interbred the Ar/13b"" mice with Tek-Cre*;
Arl13b" mice to generate endotheial cell-Ar/13b-deficient
mutant mice, called Arl13b-AEC (Tek-Cre*; Arl13b™f) mice,
and corresponding control mice (Figure 1A). The endothe-
lial Arl13b deficiency of retinas from Arl13b-AEC mice was
confirmed (Supplementary Figure S1D). Arl13b deletion in
endothelial cells did not result in embryonic lethality, and
the mice were viable. Compared with control littermates,
retinas from Arl13b-AEC mice exhibited wider vascular
mesh with impaired vascular radial expansion, reduced
number and length of filopodia, and area of artery and

vein, but no difference in the vascular diameter at P6 was
observed (Figure 1B-D).The results suggested that ARL13B
in endothelial cells plays roles in vascular development.

We further generated conditional Ar/13b-knock-in
mice(Rosa26S-AM130i+ - ¢Kl) by inserting the coding se-
quence of Arl13b into the ROSA26 locus via CRISPR/
Cas9 technology (Supplementary Figure S2A-C), PCR-
sequencing and Southern-blot assays were used to iden-
tify and verify the transgene (Supplementary Figure S2B).
We then interbred the Rosa26-SLAMSDILSLAMSL mice with
Tek-Cre mice to generate endothelial cell Ar/13b-knock-in
mutant mice, called Arl13b-EC (Tek-Cre*; Rosa26-S-An13b/+)
mice, and control littermates (Figure 1E). GFP expression
was confirmed in retinas vessel from Arl13b-EC mice,
indicating that ARL13B was expressed in the vascular front
and plexus (Supplementary Figure S2D). Constitutive ex-
pression of endothelial Arl13b did not result in embryonic
lethality, and the mice were viable. We further examined
the effects of endothelial ARL13B over-expression on the
postnatal maturation of retinal vasculature. Retinas from
Arl13b-EC mice at P6 didn’t show significantly different in
vessel diameter but exhibited increased vascular radial ex-
pansion and overgrowth of the vascular network (Figure
1F G; Supplementary Figure S2E). The vascular front of
Arl13b-EC mice displayed increased filopodia number
(Figure 1F, G). The vascular plexus of Arl13b-EC showed
increased vascular areas of artery and vein (Figure 1G;
Supplementary Figure S2E).

Next, we assessed the retinal vascular chronological
development using P3, P9, and P15 mice and also exam-
ined the deeper vascular layer of retina using P15 mice.
The decreased radial expansion of retinal vascular net-
work at P3 and P6 was restored in retinas from Arl13b-
AEC mice at P9 and P15 (Supplementary Figure S1E). The
deeper vascular layer density of retina at P15 displayed
no significant difference between control and Arl13b-AEC
mice (Supplementary Figure S1F). Also, the increased ra-
dial expansion of retinal vascular network was restored in
Arl13b-EC mice at P9 and P15, and the vascular density at
the secondary plexus was no different between Arl13b-EC
mice and control littermates (Supplementary Figure S2F-
H). These results suggest that the phenotype of retinal
vasculature in endothelial Arl13b-overexpression and -de-
ficiency mice was transient.

Endothelial ARL13B Regulates Angiogenesis
in Brain

To determine whether Arl13b affects cerebrovascular de-
velopment in adult mice, we analyzed the effects of endo-
thelial ARL13B upregulation on vascular angiogenesis in
brain tissues. Arl13b-iEC (Tek-CreERT2*; Rosa26-SLAr13b/+)
mice with inducible specific Arl13b-knock-in in endothelial
cells and control littermates were generated and treated
with tamoxifen (Supplementary Figure S3A). Vascular en-
dothelial Arl13b over-expression was detected in enriched
brain endothelial cells after tamoxifen administration
(Supplementary Figure S3B). The vascular morphology
of brain tissues in Arl13b-iEC mice was similar to that in
control littermates (Supplementary Figure S3C). However,
Arl13b-iEC brain showed increased vessel number, area
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Figure 1. Endothelial ARL13B promoted retinal vascular angiogenesis in mice. (A) Breeding scheme for the production of endothelium-specific
Arl13b-knockout mice(Arl13b-AEC). (B-D) Retinal vascular angiogenesis was examined in Arl13b-AEC mice at P6. Representative images of
isolectin B4(IB4)-stained retinal vessels, amplifying vascular fronts (arrows indicate filopodia) and vascular plexuses of arteries and veins are
showed (C). Retinal vascular radial expansion, vessel diameter, filopodia number, filopodia length, and vascular area of arteries and veins were
quantified (D). (E) Breeding scheme for the production of endothelium-specific Ar/13b overexpressing mice (Arl13b-EC). (F, G) Alterations in ret-
inal vascular angiogenesis in Arl13b-EC mice at P6 were examined. Representative images of IB4-stained retinal vascular fronts (arrows indicate
filopodia) are shown. Quantification of the radial expansion, vessel diameter, filopodia number, filopodia length, and vascular area of artery and
vein were shown (G). (D, G) Data are mean + SD. Pvalues were determined by independent-samples t-test.
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and branches (Supplementary Figure S3C, D). Vessel
sprouts were increased in Arl13b-iEC mice(Supplementary
Figure S3E). Junctional VE-cadherin, a major determinant
of endothelial cell contact integrity, was decreased in the
vessels of Arl13b-iEC mouse brain tissue (Supplementary
Figure S3F). However, no significant difference in Col4-
positive basement membrane or Pdgfr@-positive pericytes
between Arl13b-iEC and control group was observed
(Supplementary Figure S3F).

Additionally, inducible deletion of endothelial cell Arl13b
alleles of mutant mice, called Arl13b-iAEC (Tek-CreERT2*;
Arl13b™), and control littermates were generated (Figure
2A). Inducible depletion of Arl13b after tamoxifen admin-
istration was determined (Figure 2B). Compared with
control littermates, Arl13b-iIAEC mice showed decreased
vessel counts, areas and branches (Figure 2C). The sprouts
of vessels were also reduced in Arl13b-iAEC mice (Figure
2D). Interestingly, the basement membrane, pericytes, and
junctional VE-cadherin levels were increased in the vessels
of brain tissue from Arl13b-iAEC mice (Figure 2E).These re-
sults demonstrate that ARL13B plays a role in regulating
vascular morphology and function in brain.

Endothelial ARL13B Enhances Glioma Growth by
Promoting Tumor Angiogenesis

Glioma tissues are abnormally rich with blood vessels."
Our studies above suggested that ARL13B might promote
tumor angiogenesis and consequently glioma growth. To
test this idea, we explored the role of endothelial Arl13b
in glioma progression by employing Arl13b-iEC mice
bearing orthotopic glioma derived from GL261-RFP-Rluc
cells (Figure 3A). Glioma vessels in Arl13b-iIEC mice were
increased in number and area (Figure 3B, C).Tumor vessels
in Arl13b-iEC mice displayed more abundant sprouts and
a marked decrease in Col4-positive basement membranes
(Figure 3D-F). Consistently, Arl13b-iEC mice also exhibited
increased tumor growth and shorter lifetimes than con-
trol mice (Figure 3G-I). Next, we tested whether endothe-
lial Arl13b deficiency affects glioma growth by employing
Arl13b-iAEC mice bearing orthotopic gliomas derived from
GL261-RFP-Rluc cells (Figure 3J). Glioma vessels in Arl13b-
iAEC mice were reduced in number and area (Figure 3K;
Supplementary Figure S4A, B). Arl13b-iAEC mice tumor
vessels exhibited a marked increase in Col4-positive
basement membranes (Supplementary Figure S4C, D).
Remarkably, Arl13b-iAEC mice showed extended life-span
(Figure 3L). Furthermore, we employed Arl13b-AEC mice
bearing subcutaneous GL261-RFP-Rluc cells to determine
the tumor vascular permeability, and found that endothe-
lial Arl13b deficiency leads to reduced leakage of Evans
blue (Supplementary Figure S4E, F). So, these results dem-
onstrate that endothelial ARL13B could augment glioma
growth by promoting angiogenesis in tumor tissues.

Endothelial ARL13B Depletion Inhibits Melanoma
Growth by Impairing Tumor Angiogenesis

To confirm the aforementioned effect of ARL13B on tumor
angiogenesis, we subcutaneously transplanting B16F10

mouse melanoma cells into Arl13b-AEC mice to study the
effects of ARL13B on melanoma growth and tumor an-
giogenesis. As shown in Supplementary Figure S5A-C,
Arl13b-AEC mice displayed decrease of tumor size and
weight 13 days after transplantation. Compared with mela-
noma vessels in control mice, melanoma vessels in Arl13b-
AEC mice exhibited marked decrease in vascular count
and area (Supplementary Figure S5C, D). The basement
membrane, pericytes and junctional VE-cadherin were
increased in melanoma vessels from Arl13b-AEC mice
(Supplementary Figure S5E, F). Whereas the tumor size
and vascular count and area were increased in Arl13b-EC
mice (Supplementary Figure S6A-E), the basement mem-
brane, pericytes and junctional VE-cadherin were reduced
in melanoma vessels of Arl13b-EC mice (Supplementary
Figure S6F, G).These results demonstrate that ARL13B also
plays crucial roles in vessel formation in melanoma conse-
quently promoting tumor growth.

Increased ARL13B Levels are Associated with a
Poorer Prognosis in Glioma

To determine the clinical relevance of the above results,
we analyzed CCLE and GEO dataset consisting of data
from preclinical human cancer cell models and found that
ARL13B is excessively upregulated in glioma cell lines and
this upregulation is highly correlated with glioma grade
(Supplementary Figure S7A, B). To validate this result, we
examined ARL13B expression in 128 glioma patients by
IHC. As shown in Supplementary Figure S7C, D, ARL13B
expression was higher in high-grade glioma than in lower-
grade glioma, which was confirmed in 9 randomly selected
glioma tissues by immunoblotting (Supplementary
Figure S7E, F). Univariate analysis of disease-free sur-
vival and overall survival using the Kaplan—-Meier method
showed that glioma (including lower- and high-grade) pa-
tients with high levels of ARL13B had a poor prognosis
(Supplementary Figure S8A, B; Table S1). Also, we found
that high level of ARL13B is well correlated with poor
progression both in the lower (<45 years) and higher
(>45 years) age groups (Supplementary Figure S8C-F).
The level of ARL13B in human glioma specimens was pos-
itively correlated with the degree of tumor malignancy
(SupplementaryTable S2). Furthermore, to analyze scRNA-
seq data, we characterized the distribution of cells from pe-
ripheral normal brain tissues and glioma tissues. And, the
transcriptional accumulation of ARL13B across fourteen
unsupervised cell cluster were generated in separate plots.
Our results revealed that ARL13B is highly expressed in
glioma cells but not significantly increased in endothelial
cells from glioma tissues (Supplementary Figure S8G-I).
Collectively, the high level of ARL13B is closely associated
with the poor prognosis of glioma patients, suggesting that
high level of ARL13B in glioma cells may promote glioma
progression by promoting tumor angiogenesis.

ARL13B Interacts with VEGFR2

To elucidate the mechanism underlying the regulatory
role of ARL13B in angiogenesis, we performed yeast
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Figure 2. Brain vessels were regressed in endothelial Arl13b-deficient mice. (A) Breeding scheme for the production of inducible endothelial
Arl13b-deficient mice(Arl13b-iAEC) and the time course for tamoxifen injection. (B) Arl13b expression was inhibited in brain endothelial cells
from Arl13b-iAEC mice. (C) Vessel count, area, and branches were decreased in brain tissues from Arl13b-iAEC. (D) Vascular sprouting(arrows)
was decreased in brain tissues from Arl13b-iAEC mice. Insets show magnified areas. (E) Col4-positive basement membrane (BM), Pdgfr{3-positive
pericytes and VE-cadherin-positive vessels were examined and quantified. (C—E) Data are mean + SD. Pvalues were determined by independent-

samples t-test.
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Figure 3. ARL13B regulates glioma growth by controlling tumor angiogenesis. (A) Breeding scheme for production of inducible endothelium-
specific Arl13b-overexpressing mice(Arl13b-iEC) and the time course for tamoxifen injection and intracranial transplantation of GL261-RFP-Rluc
cells. (B-E) Representative images of CD31-stained tumor vessels (B) and sprouts (D) of glioma tissues from Arl13b-iEC and control mice. Bar
graphs show quantification of the tumor vessel count, area (C), and sprouts (E). Arrows indicate the tumor sprouts. (F) Col4-positive BM was de-
termined and quantified. (G, H) Glioma cells grew faster in Arl13b-iEC than control mice. Luminescence flux was detected (G) and quantified (H). (1)
Survival curves for the GL261-RFP-Rluc bearing mice. (J) Breeding scheme for the production of inducible endothelium-specific Arl13b-deficient
mice (Arl13b-iAEC) and the time course for tamoxifen injection and intracranial transplantation. (K) Tumor vessel areas of Arl13b-iAEC and control
mice were quantified. (L) Survival curves for the GL261-RFP-Rluc-bearing mice. (C, E, F, H, K) Data are mean + SD. Pvalues were calculated by
independent-samples t-test. (I, L) Pvalues were determined by the log-rank (Mantel-Cox) test.



two-hybrid screen using full-length ARL13B as a bait to
identify novel ARL13B-interacting partners. Through this
screening, a positive clone encoding an intracellular frag-
ment of VEGFR2 was found, suggesting that VEGFR2 is a
potential ARL13B-binding protein. Since ARL13B acts as a
marker of primary cilium, we tested whether it resides with
VEGFR2 within cilium. Indeed, ARL13B and VEGFR2 were
co-localized within and outside the primary cilium of endo-
thelial cell ECV304 (Figure 4A; Supplementary Figure S9A).
ARL13B downregulation resulted in deconstruction of pri-
mary cilium with a shorter length and decrease in the cil-
iary localization of VEGFR2 (Supplementary Figure S9B, C).

To confirm the interaction between ARL13B and VEGFR2,
we conducted in vitro GST-fusion protein-protein assays.
As shown in Figure 4B, GST-ARL13BA19, a truncated form
of recombinant GST-ARL13B lacking the N-terminal hy-
drophobic region to facilitate protein purification from
bacteria, interacted with VEGFR2. Their interaction was
also validated by using purified His-ARL13BA19 and MBP-
VEGFR2(805-1171) (Figure 4C) as well as co-IP experiments
with both exogenous and endogenous proteins in endo-
thelial cells (Figure 4D, E). Interestingly, their interaction
was enhanced in response to VEGFA ligand (Figure 4D).
Taken together, these results demonstrate that Arl13b
interacts with VEGFR2 in and outside of the primary cilia of
endothelial cells.

To map their binding domains, we generated truncated
mutants of VEGFR2 (Figure 4F) and performed GST-fusion
protein-protein interaction assays. As shown in Figure 4G,
ARL13B interacted with the intracellular region of VEGFR2,
specifically with the tyrosine kinase domain within this
region (Supplementary Figure S9D). These results suggest
that ARL13B may be required for the activation of VEGFA-
VEGFR2 signaling.

ARL13B Activates VEGFR2 Signaling in
Endothelial Cells

Since ARL13B interact with the VEGFR2 tyrosine kinase do-
main (Figure 4G; Supplementary Figure S9D), we next de-
termined whether ARL13B regulates VEGFR2 signaling. As
shown in Figure 5A, ARL13B increased the phosphorylation
of VEGFR2 and AKT. Consistently, the inactive R79Q-mutant
of ARL13B had a reduced effect on VEGFR2 signaling ac-
tivation (Figure 5A). Furthermore, an inhibitor of inosine
monophosphate dehydrogenase (IMPDH) mycophenolic
acid (MPA)'® was used to reduce intracellular GTP levels,
which resulted in a marked decrease in VEGFR2 and AKT
phosphorylation (Figure 5B). ARL13B knockdown markedly
reduced autophosphorylation of VEGFR2 and downstream
phosphorylation of AKT in human endothelial cells ECV304
and suppressed VEGFA (20-ng/ml) responsive activation
of this signaling (Figure 5C). In contrast, ARL13B over-
expression drastically enhanced the VEGFR2 signaling
pathway as demonstrated by increased phosphorylation
levels of VEGFR2 and AKT (Figure 5D). It has been shown
that in response to VEGFA, phosphorylated VEGFR2 can be
internalized.® Using cell surface biotinylation assays, we
revealed that ARL13B overexpression leads to the accumu-
lation of VEGFR2 on cell membrane (Figure 5E), suggesting
that ARL13B can activate the VEGFA-VEGFR2 signaling.

Chen et al. ARL13B in angiogenesis

Activation of VEGFR2 signaling is crucial for the prolifer-
ation, migration and tube formation capacity of endothe-
lial cells."” Then, we tested whether ARL13B affects these
cellular processes. As shown in Figure 5F-H, in endothelial
cell medium containing serum, ARL13B depletion inhibited
the proliferation of endothelial cells (Figure 5F). ARL13B
knockdown drastically inhibited cell migration and inva-
sion (Figure 5G, H). Consistently, ARL13B downregulation
markedly reduced the ability of endothelial cells to form
VEGFA-induced cellular tubes (Figure 5l). Taken together,
these results demonstrated that ARL13B promotes the
proliferation, migration and tube formation of endothe-
lial cells, supporting its roles in tumor angiogenesis, by
activating the VEGFA-VEGFR2 signaling.

ARL13B Accelerates Glioma Growth and
Angiogenesis by Activating Hh-VEGFA Signaling

To investigate the effects of high ARL13B expression in
glioma cells, we assessed the ARL13B expression in var-
ious human and mouse glioma cell lines (Supplementary
Figure S10A-C). U87-MG, H4, U251-MG and SMA560 cells
were infected with lentivirus over-expressing ARL13B.
ARL13B upregulation led to the increase expression of
an Hh target gene BCL2 (Supplementary Figure S10D-L).
Also, glioma cells with ARL13B over-expression contained
higher levels of VEGFA (Supplementary Figure S10E-L).
To determine whether GLI2, a transcription factor of Hh
signaling, transcriptionally regulates VEGFA expression,
we stably expressed the activated form of GLI2(GLI2A) in
glioma cells as previously reported,'® and found that GLI2A
upregulated VEGFA expression (Supplementary Figure
S11A).The VEGFA level was higher in the medium of GLI2A
over-expressing cells than control cells (Supplementary
Figure S11B). Also, GLI2A increased the expression of
VEGFA in glioma cells (Supplementary Figure S11C). By
constrast, the Hh signaling inhibitor GANT61 reduced the
expression of VEGFA (Supplementary Figure S11D-F). We
also identified potential Gli2 binding sites (GBS) within
—-3000-bp to 500-bp of transcriptional start site (TSS) of
the VEGFA gene via Matlnspector software (Genomatix)
and selected four putative GBSs with matrix similarity
greater than 0.92 (Supplementary Figure S11G, H). Four
fragments with potential GBS were amplified for con-
structing luciferase reporter plasmids. The luciferase as-
says showed that Gli2 transcriptionally regulated VEGFA
expression by binding to GBS3 element upstream of the
TSS (Supplementary Figure S111). Also, we found that the
conditional medium of GLI2A over-expressing glioma cells
enhances endothelial cells growth (Supplementary Figure
S11J). These results indicate that ARL13B promotes the
expression of VEGFA by activating Hh signaling and se-
creted VEGFA from glioma cells to promote endothelial
cells growth.

Then, we subcutaneously transplanted SMAB60 cells
with Arl13b-overexpression and control cells into the flank
of BALB/c-nu mice, and found that Arl13b upregulation ac-
celerates tumor growth, promotes the expression of Bcl2
and Vegfa, and increased the vascular count and area in
tumor tissue (Supplementary Figure S12). Taken together,
these results demonstrate that high level of ARL13B in
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Figure 4. ARL13B interacts with VEGFR2. (A) The colocalization of ARL13B and VEGFR2 in primary cilium. (B) GST-fusion protein-protein interac-
tion assays revealed the interaction between ARL13B and VEGFR2. (C) ARL13B binds VEGFR2. Arrowheads indicate target proteins. (D) Co-IP-1B
assays with indicated antibodies to detect the ARL13B-VEGFR2 interaction in mammalian cells. (E) The endogenous ARL13B-VEGFR2 interac-
tion in endothelial cells was determined by co-IP-IB assay. (F) Diagrammatic representation of VEGFR2 and various truncated mutants used for
mapping the ARL13B-binding domain. (G) GST-fusion protein-protein interaction assays were conducted to map the ARL13B-binding domain of
VEGFR2. Asterisks indicate domains that interact with ARL13B.
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Figure 5. ARL13B promotes VEGFR2 signaling and endothelial cell malignancy. (A) The GTPase activity of ARL13B is indispensable to its
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glioma cells can accelerate glioma growth by activating
Hh-VEGFA signaling and consequently promoting tumor
angiogenesis (Supplementary Figure S15).

ZEB1 Activates ARL13B Gene Transcription

Finally, we attempted to dissect how ARL13B expression is
upregulated in glioma cells. First, we analyzed the corre-
lation between ZEB1 and Arl13b in GEPIA2 database and
detected ARL13B and ZEB1 mRNA level in glioma cells. As
results, we found that the transcription factor ZEB1 is highly
co-expressed with ARL13B (Figure 6A; Supplementary
Figure S13A-C). Upregulation of ZEB1 promoted ARL13B
expression (Figure 6B, C; Supplementary Figure S13D-G),
whereas knockdown of ZEB1 inhibited ARL13B expression
(Figure 6D, E; Supplementary Figure S13H-K). The region
—2000-bp to +500-bp of TSS of ARL13B gene harbors po-
tential binding sites for ZEB1 (ZBS) (Figure 6F G). Our
luciferase reporter assays showed that ZEB1 binds to the
fragment +1 to +500-bp to mediate ARL13B transcription
(Figure 6H). Also, we mutated ZBS8 and 9 within fragment
+1 to +500-bp. By comparing these mutated promoters-
driven luciferase activity with the wild-type promoter, we
found that ZEB1 mainly bind to ZBS9 to regulate the tran-
scription of ARL13B (Figure 6G and 1). These data demon-
strate that ARL13B expression is transcriptionally activated
by ZEB1.

Discussion

As a process required for invasion and metastasis, tumor
angiogenesis plays critical roles in cancer progression.™
Thus, completely understanding the mechanisms under-
lying tumor angiogenesis is essential for developing an
effective approach to intervent cancer progression. In our
attempt to understand this phenomenon, we identified
ARL13B as a new player in regulating tumor angiogenesis.
As discussed below, our further analyses demonstrate that
ARL13B can interact with VEGFR2, consequently triggering
VEGFA-VEGFR2 signaling and promoting tumor angiogen-
esis and growth.

ARL13B Activates VEGFR2 Signaling in
Endothelial Cells

VEGFR2 is a key cytoplasmic membrane receptor for
VEGFA in endothelial cells. Its endocytosis and trafficking
are crucial for executing this signaling.® A review present
that VEGFR2 was proposed to be localized within cilium.?
Here, we found that ARL13B plays roles in the regulation of
VEGFA-VEGFR2 signaling. Previously ARL13B was shown
to be critical for membrane trafficking, as it is highly en-
riched on the ciliary membrane, and is present on the cell
surface.? Interestingly, ARL13B interacted with the intra-
cellular domain of VEGFR2 (Figure 4). Recent studies re-
ported that ARL13B functions outside of primary cilium to
regulate Hh signaling,?"?? our results showed that ARL13B
colocalized with VEGFR2 on the membrane of endothelial

cells (Supplementary Figure S9A). Endogenous ARL13B
interacted with the intracellular domain of VEGFR2, trig-
gering its membrane localization and downstream
signaling (Figure 5). Thus, our studies identify ARL13B as a
novel player in VEGFR2 signaling.

ARL13B Promotes Vascular Development and
Tumor Angiogenesis

Endothelial cilia play crucial roles in the regulation of vas-
cular barriers?® that line blood vessels and function as a
mechanosensor of blood flow.?* Primary cilia endow en-
dothelial cells with sensitivity to BMP9 and prevent ex-
cessive vascular regression.?® Here, we observed primary
cilium in several glioma cells, and the short cilia in vessels
from Arl13b-AEC mice (Supplementary Figure S14). We
also found that endothelial ARL13B plays a role in vascular
development. High level of ARL13B in endothelial cells
promoted overgrowth of both retina and brain vessels,
whereas endothelial ARL13B deficiency impaired vascular
network (Figures 1 and 2; Supplementary Figures S1-S3).
These results are consistent with the report showing that
ARL13B is critical for early postnatal proliferation of ret-
inal progenitors, development of photoceptor cilia, and
morphogenesis of photoreceptor outer segment discs
in retinal development.?® Further supporting the role of
ARL13B in retinal angiogenesis is the fact that ARL13B is
mutated in Joubert syndrome, which is characterized by
severe defects in retinogenesis.® We showed that the ef-
fect of endothelial Arl13b knocking-out or overexpressing
on postnatal retinal vessel was transient (Figures 1 and 2;
Supplementary Figures S1-S3). This transient phenotype
of Arl13b-deficiency mice is consistent with mutant mice
deficient in IFT88 (an essential component of cilia), which
might due to the dynamical formation and disappearance
of cilia during vascular development.?> However, whether
is there a compensatory mechanism could be further
uncovered.

In addition to its role in normal vascular development,
ARL13B plays roles in tumor angiogenesis, as revealed
by our studies with two different tumor model systems
(Figure 3; Supplementary Figures S4-S6). Glioma and mel-
anoma are highly lethal malignant tumors characterized by
a marked increase in blood vessel formation.'®?” Because
of this feature, conventional therapies are ineffective, and
the prognosis is quite poor.22 Thus, it is critical to identify
the crucial player in pathological vascular formation. Our
identification of ARL13B as a novel player in angiogenesis
in these tumors could offer a new target for further de-
velopment of therapies for these malignancies. We found
that intracranially transplanted gliomas in Arl13b-iEC
mice grow faster and display more tumor vessels, while
in Arl13b-iAEC mice show smaller intracranial gilomas and
less angiogenesis (Figure 3). Additionally, the subcuta-
neous transplantation of melanoma cells in Arl13b-AEC led
to the inhibition of melanoma cell growth by reducing an-
giogenesis (Supplementary Figure S5). These results dem-
onstrate that ARL13B or ARL13B-VEGFR2 signaling plays
curcial roles in angiogenesis and consequent growth of
glioma and melanoma.
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Figure 6. ZEB1 transcriptionally activates ARL13B expression. (A) The correlation between ARL13B and ZEB1 mRNA level in various glioma cells
(A172, H4, U87-MG, U118-MG, and U251-MG) was analyzed by qPCR. (B, C) ARL13B levels were increased in ZEB1 over-expression cells. (D, E)
ARL13B levels are reduced in ZEB1-depleted cells. (F) The consensus sequence of the ZEB1 binding sites (ZBS). (G) The distribution of putative
ZBS candidates within —2000-bp to +500-bp of TSS of ARL 13B. Luciferase reporter constructs are shown in schematic illustration. (H) ZEB1 en-
hanced ARL13B promoter activity. (1) ZEB1 regulates ARL 73B transcription primarily through ZBS9 element. (B, D, H, 1) Data are mean + SD. P
values were calculated by independent-samples t-test.
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ARL13B Regulates Secretion of VEGFA from
Tumor Cells to Promote Tumor Angiogenesis

Tumor vessels develop by sprouting or intussusception
from the host vascular network, mainly driven by the
VEGF-VEGFR2 signaling.?® VEGFs and their primary re-
ceptor VEGFR2 are primarily drivers of the angiogenesis
process that transduce signals to direct endothelial cell
proliferation, migration, tube formation and sprouting.3®
Endothelial tip cells harbor abundant and dynamic filo-
podia localized at the growing end of a nascent vascular
sprout. High expression of VEGFR2 allows endothelial
tip cells to extend filopodia and detect VEGFA to pro-
mote migration along the VEGFA gradient.3' A previous
study showed that VEGFA was downregulated by an in-
hibitor of Hh signaling in hepatocellular carcinoma.3?The
Hh signaling pathway promotes tumor angiogenesis by
inducing VEGFA in stromal perivascular cells.®® We found
that GLI2 transcriptionally regulates the expression and
secretion of VEGFA in glioma cells and ARL13B activates
Hh signaling pathway (Supplementary Figures S10 and
S11). Our study demonstrated that ARL13B can augment
tumor angiogenesis by inducing the secretion of VEGFA
in tumor cells.

ZEB1 Transcriptionally Activates ARL13B
Expression

ARL13B is involved in ciliogenesis, protein and mem-
brane trafficking, and signal transduction, which play
critical roles under normal physiological conditions
and pathological conditions including kidney cysts,
Joubert syndrome and cancer.8'%" Studies reported
that palmitoylation of ARL13B regulates its stability, and
the degradation of ARL13B is dependent on the prote-
asome.®* ARL13B is also epigenetically regulated by
EZH2."2 However, transcriptional regulation of ARL13B
has not yet been reported. Here, we report that ZEB1
transcriptionally activates ARL13B expression, and ZEB1
level is closely related to ARL13B level in glioma cells
(Figure 6; Supplementary Figure S13). This is in line with
previous observations that ZEB1* cells in patient GBM
are also ciliated.® Our study reveals ZEB1 as a direct
transcriptional activator of ARL13B in glioma cells.

Our studies demonstrated that ARL13B can promote
angiogenesis and tumor growth by facilitating cell-
to-cell communication and activating VEGFA-VEGFR2
signaling (Supplementary Figure S15). These findings
not only reveal a novel function of this protein, but also
suggest that ARL13B and ARL13B-VEGFR2 signaling
pathway could serve as potential targets for the fu-
ture development of therapies against malignant solid
tumors.

Supplementary material

Supplementary material is available online at Neuro-
Oncology (http://neuro-oncology.oxfordjournals.org/).
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