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1 | INTRODUCTION

Gliomas, the most common primary brain tumors, have been
classified by the World Health Organization (WHO) into 4

| Lihui Wang'2

Abstract

Glioma, the most common human primary brain tumor, is characterized by invasive
capabilities and angiogenesis. Vasorin (VASN), a transmembrane protein, is reported
to be associated with vascular injury repair and is overexpressed in some human tu-
mors. However, its role in tumor progression and angiogenesis in glioma is unknown.
In this study, VASN was shown to be overexpressed in high-grade gliomas, and the
expression level correlated with tumor grade and microvessel density in glioma speci-
mens. Glioma patients with high VASN expression had a shorter overall survival time.
Knockdown of VASN in glioma cells by shRNA significantly inhibited the malignancy
of glioma, including cell proliferation, colony formation, invasion, and sphere forma-
tion. Ectopic expression of VASN increased glioma progression in vitro. The expres-
sion of VASN correlated with the mesenchymal type of glioblastoma multiforme
(GBM) subtyped by gene set enrichment analysis (GSEA). Our results showed that
the concentration of VASN was increased in the conditioned medium (CM) from gli-
oma cells with VASN overexpression, and the CM from glioma cells with knockdown
or overexpressed VASN inhibited or promoted HUVEC migration and tubulogenesis
in vitro, respectively. Glioma growth and angiogenesis were stimulated upon ectopic
expression of VASN in vivo. The STAT3 and NOTCH pathways were found to be
activated and inhibited by VASN overexpression. Our findings suggest that VASN
stimulates tumor progression and angiogenesis in glioma, and, as such, represents a

novel therapeutic target for glioma.
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grades of ascending malignancy according to histological criteria.
Glioblastoma multiforme (GBM, WHO grade V) is the most aggres-
sive form of malignant glioma and can arise de novo or from pre-

existing lower grade tumors.! GBM prognosis remains poor, with
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the median survival time <15 months.? Currently, GBM biology, in
general, is not fully understood, and the clinical treatment failure
could be ascribed to multiple factors.

Vascularization is an important pathological feature of GBM and
has a critical role in tumor progression and metastatic dissemination
by displaying a high degree of vascular proliferation and endothelial
cell hyperplasia.® GBM use multiple mechanisms to ensure adequate
access to the vasculature.*> Hypoxia is one of the principal vascular-
ization stimuli leading to the synthesis of angiogenic growth factors
and the induction of the formation of new blood vessels.5® Vasorin
(VASN) was reported to be regulated by hypoxia-inducible factor-1
(HIF-1) and induced by hypoxia. VASN, also known as SLIT-like 2, is
a type | transmembrane glycoprotein.’ It was originally found to play
a role in vascular injury repair,” ! and its expression was restricted
to the aorta, the kidney, and the placenta.9 VASN expression was
found to increase gradually during embryonic development in mice.!!
Recent reports showed that VASN was also highly expressed in some
cancer cells, including hepatocellular carcinoma, breast cancer and
GBM, and played an important role in facilitating the progression
of tumors by inhibiting hypoxia-induced apoptosis.’>** It was also
shown that VASN promoted migration of recipient HUVEC in hepa-
tocarcinoma and angiogenesis in breast cancer.>16 Recently, VASN
was identified as a key regulator of NOTCH signaling in glioma stem
cells (GSC) in the hypoxic niche.* However, the influence of VASN
on tumor progression and angiogenesis in glioma remains unclear.

In this study, we reported that VASN expression was increased in
human gliomas, especially in GBM. Of note, the increased expression
of VASN induced an infiltrative behavior within glioma cells, with in-
creased migration and tube formation of vascular endothelial cells in
vitro and stimulated glioma growth and angiogenesis in vivo. Thus,
our results identified a functional protein that is expressed in tumor

cells and affects tumor proliferation and angiogenesis in glioma.

2 | MATERIALS AND METHODS

2.1 | Patients and tissue specimens

Paraffin-embedded samples of glioma were collected from 100 pa-
tients in Shenzhen People's Hospital, China. None of the patients
received radiotherapy or chemotherapy before surgery, and none of
them had multiple cancers in other organs. A total of 100 glioma
specimens spanning WHO grade | (n = 8), grade Il (n = 46), grade Il
(n=30)and grade IV (n = 16) were divided into low grade (grade | and
I, n = 54) glioma and high grade (grade Ill and IV, n = 46) glioma. The

characteristics of the patients are detailed in Table 1.

2.2 | Immunohistochemical staining and scoring

Tissue sections were incubated with antibodies against VASN
(1:100; R&D Systems) and CD34 (1:100; ZSGB-BIO) for 3 hours fol-
lowed by incubation with secondary antibody (Dako REAL EnVision).
Immunoreacted cells were visualized using diaminobenzidine, and

nuclei were counterstained with hematoxylin. PBS was substituted
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TABLE 1 Relationships between vasorin (VASN) expression and
clinical pathological parameters in glioma patients

Vasorin expression

Variables N - o+ ++ +++ ++++ P
Sex
Male 57 8 14 11 18 6 0.855
Female 43 4 10 11 15 3
Age?
<20 13 2 S 1 4 3 0.774
20~ 51 7 13 14 15 2
40~ 27 8 5 4 13 2
260 8 O 3 1 1
Histological grade
I 8 6 2 0 0 0 0.000"
1l 46 6 22 13 5 0
1] 30 O 8 19 3
\% 16 0 1 9 6

Abbreviations: N, number of cases; P, P value.
21 case without age.
bStatistically significant.

for the primary antibody as a negative control. Two independent pa-
thologists evaluated the sections. VASN-positive glioma cells were as-
sessed. The frequency was determined with a semi-quantitative score
ranging from - to ++++ (- = 0%-10%, + = 10%-25%, ++ = 25%-50%,
+++=50%-75%, ++++ 2 75% of all cells showing positive staining). Both
+++ and ++++ were scored as high expression and the others were
scored as low expression. CD34-positive individual microvessel counts
were performed on x400 fields, and 3 area microvessel counts were
averaged to obtain the microvessel density (MVD). Evaluation and pho-
tographic documentation were performed using a Leica Microsystems
DM6000B light microscope (Leica).

2.3 | Celllines and cell culture

Human glioma cell lines U87-MG, U251 and U118-MG (U118) were
obtained from the Shanghai Institute of Cell Biology, Chinese Academy
of Sciences (Shanghai) and cultured in DMEM with high glucose, 10%
FBS. HUVEC were purchased from ScienCell (San Diego) and cultured
in Endothelial Cell Growth Medium-2 (EGM-2) (Lonza). GSC grew in
a stem cell-permissive medium comprised of 1:1 of DMEM/F12 and
neurobasal medium supplemented with 2% B27 (Invitrogen), 20 ng/mL
bFGF and EGF (PeproTech). All cell types were maintained at 5% CO,.

2.4 | Plasmids production

Expression and purification of lentiviruses were performed as pre-
viously described with minor modifications.!” For the generation
of lentiviral vectors encoding shRNA (short hairpin RNA) targeting
VASN, corresponding shRNA oligos (sequences including shRNA#1,
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TRCN0000244686; shRNA#2, TRCN0000244687; shRNA#3,
TRCNO0000257443 referenced from https://www.sigmainformat-
ics.com) were cloned into the PLKO.1-TRC vector (Sigma-Aldrich).
For lentiviral vectors expressing VASN or luciferase (control), corre-
sponding cDNAs were cloned into the pSIN-Puro-FLAG vector (gift
from Dr Guangjin Pan).

2.5 | Quantitative real-time PCR

Total RNA was extracted with TRIzol and reverse transcribed with
oligo dT (Takara Bio). Quantitative real-time PCR (qPCR) was per-
formed following the manufacturer's recommendations. GAPDH
was used for the normalization of human samples. All the data were
measured in triplicate. All primer sequences are listed in Table S1.

(A) Grade | glioma

H&E

VASN

*kk

VASN expression level

=20 T

LGG GBM

Grade IV glioma (

2.6 | Proliferation assays with Cell Counting Kit-8

Living cells metabolize the Cell Counting Kit-8 (CCK-8) solution
(KeyGen BioTech) to produce water-soluble crystals, and the ab-
sorbance (OD value) can be directly detected by a microplate reader
(Winooski). The specific method is as follows: glioma cells were
seeded into 96-well plates at a density of 1 x 10* cells. One plate
was tested every day where 10 pL/well of CCK-8 was added, and
the absorbance was read at a wavelength of 450 nm after 1 hour of
incubation. The average value was calculated from 5 replicates, and
a growth curve was calculated from the average values. The above
experiment was repeated 3 times. The OD value, determined by the
relative absorbance of CCK-8, was assessed by probit regression
analysis in SPSS 13.0 statistical software.
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FIGURE 1 Vasorin (VASN) expression was elevated and correlates with poor prognosis in glioma. A, Representative H&E staining and
immunohistochemical (IHC) staining images of VASN expression in glioma patients. B, The histogram illustrates the percentage of high VASN
expression in gliomas across the 4 grades. C, VASN expression in low-grade gliomas (LGG) and glioblastoma (GBM) from the TCGA diffuse
glioma database. ***P < 0.001. (D) Kaplan-Meier survival analysis of glioma patients stratified by VASN expression. Median VASN expression
was used for stratification into VASN-high and VASN-low tumors. Scale bar, 100 pm
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2.7 | Single-cell clonal expansion assay

To determine the clonal expansion efficiency of transfected glioma
cells, 2000 cells were seeded in a Matrigel-coated 6-well plate and
cultured until clear cell colonies formed (approximately 2 weeks). The

relative colony number was then determined by crystal violet staining.

2.8 | Cell migration assay

For transwell migration assays, the migration of U118 and U251 cells
in vitro was performed as previously described.*® The top chamber of
the transwell was seeded with 5 x 10 cells in 100 pL basal medium
(without serum). Complete culture medium (600 plL) was aliquoted
into the bottom chamber. After 24 hours, the cells were fixed with
methanol and stained with crystal violet. The number of cells that in-
vaded through the membrane was counted under a light microscope.

The wound-healing assay was performed as described previ-
ously.’? HUVEC were planted in a 12-well plate. Before the wound
was created, HUVEC were exposed to serum-free endothelial cell
medium for 8 hours. Conditioned media was harvested 24 hours
after the cell density reached 80%. HUVEC were incubated with
200 pL EGM-2 with 2% serum and 600 pL of conditioned medium
containing 20 ng/mL bFGF after the wound induction. Results were
recorded 8 hours after the treatment.

2.9 | HUVEC tube formation

Matrigel (Corning) was mixed (1:1) with serum-free DMEM and
added to a 96-well plate with 50 pL per well. The Matrigel was al-
lowed to solidify at 37°C for 30 minutes. After the Matrigel solidi-
fied, HUVEC (2 x 10* cells) were plated into the wells with 100 pL
of the same mixed media. Results were recorded 8 hours after the

treatment.

2.10 | Western Blot

Total cell protein lysate was made in RIPA buffer with proteinase
and phosphatase inhibitor cocktails, resolved by SDS-PAGE, and
transferred onto an Immobilon-PSQ Transfer Membrane, as previ-
ously described.?® Blots were incubated with antibodies against
GAPDH (1:5000, Proteintech), VASN (2 pg/mL, R&D Systems),
STAT3 (1:2000, Proteintech), p-STAT3 (1:1000, Cell Signaling
Technology), Notch1l (1:1000, 20687-1-AP, Proteintech), NICD
(1:500, Cell Signaling Technology) and VEGF (1:1000, PeproTech)
overnight at 4°C. All immunoblots were performed at least 3
times.

2.11 | ELISA

The concentration of vasorin and VEGF in the conditioned medium
were determined by using the Human Vasorin ELISA Kit (EK3851;
Signalway Antibody LLC) and the Human VEGF ELISA Kit (KEO0085;
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Proteintech), according to the manufacturer's instructions. In brief,
2 x 10° U251 and U118 cells were seeded on 6-well plates. After
8 hours, cells were attached and the cell culture mediums were re-
placed with fresh DMEM with FBS. Supernatants were collected
24 hours later and centrifuged at 400 g to delete the cell debris.
Supernatants were assayed and the concentration of human Vasorin

and VEGF were calculated according to the standard curve.

2.12 | Bioinformatics analysis

TCGA diffuse glioma data, including RNAseq and patient survival, were
downloaded from the TCGA Research Network ( https://cancergeno
me.nih.gov). Gene expression of VASN and other genes in the TCGA dif-
fuse glioma database were assessed using publicly available platforms,
including the biostatistics program R Studio v3.5.0 and GraphPad Prism
7 software. Gene set enrichment analysis (GSEA) was performed by
generating the Gene MatriX file (.gmx) by using published signatures for
Angiogmatrix,?! the TCGA GBM subtypes®? and the Phillips GBM sub-
types.2® The gene cluster text file (.gct) was generated from the TCGA
diffuse glioma database. The number of permutations for GSEA was set
to 1000, and we used the TCGA gene list as the chip platform.

2.13 | Experimental glioma assay in chicken
chorioallantoic membrane xenografts

On embryonic day 7, a plastic ring was placed on the chicken chorioallan-
toic membrane xenografts (CAM), and 4 x 10° glioma cells were depos-
ited on each CAM. Photos were taken on day 4 after transplantation by
stereomicroscope (Olympus SZX2). Tumor volume was measured using
a vernier caliper. The experimental gliomas were fixed with 4% para-
formaldehyde and caveolin 1 (1:200; Thermo Fisher Scientific) was used

to detect chicken vessels in tumors by immunohistochemical staining.

2.14 | Statistical analysis

The results were presented as the mean = SEM or SD. Student's t
test, Spearman's correlation coefficient for ranked data, and one-
way ANOVA were performed using SPSS/PC+ statistics 11.0 soft-

ware (SPSS). P < 0.05 was considered statistically significant.

3 | RESULTS

3.1 | Vasorin s highly expressed and correlates with
poor overall survival in glioma

Vasorin was originally found to play a role in vascular injury repair.
Recent reports showed that VASN was also highly expressed in
some cancer cells.* To further assess the role of VASN in glioma,
we measured the expression levels of VASN in 100 glioma speci-
mens spanning grade |, grade Il, grade lll, and grade IV (GBM). The
expression of VASN increased with the histological grading in gli-
oma tissues and was significantly upregulated in high-grade gliomas
(Table 1, Figure 1A,B). VASN was reported to localize to both the
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FIGURE 2 Vasorin (VASN) expression promoted cell growth in glioma cells. A, Expression levels of VASN in glioma cell lines. B, The
ectopic expression of the VASN gene was confirmed by quantitative real-time PCR (qPCR). C, The ectopic expression and protein localization
of the VASN was confirmed by western blot. The knockdown efficiency of VASN shRNA was confirmed by gPCR (D) and western blot (E).
CCK-8 assays were performed at different time points to detect the effect of knockdown (F) ectopic expression (G) of VASN on the growth
of glioma cells. (H, 1) Colony-forming assays were performed on the same cell lines with either VASN knockdown or ectopic expression. The
histograms illustrate the number of colonies counted. Data are presented as mean + SD of 3 independent experiments. *P < 0.05, **P < 0.01.
PSIN, negative control of ectopic expression of VASN; shSC, negative control of shRNA of VASN
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FIGURE 3 Vasorin (VASN) promoted cell invasion and correlated with mesenchymal glioblastoma (GBM) gene signatures. Representative
transwell invasion images and statistics for the number of counted glioma cells with VASN knockdown (A) and overexpression (B) that were
able to migrate. GSEA was performed using the signatures for the TCGA GBM subtypes (C) or Phillips GBM subtypes (D). Patients were
separated by high or low VASN mRNA expression. Scale bar, 50 pm
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FIGURE 4 Vasorin (VASN) promoted tumor sphere formation in glioma cells. Representative images of sphere formation and statistics
for the number of tumor spheres counted in glioma cells knockdown (A) and overexpression of VASN (B). C, The expression of cancer stem
cell-related genes (CD15, CD90 and CD133) was confirmed by quantitative real-time PCR (qPCR). The data represent mean + SD from 3
biological repeats. *P < 0.05, **P < 0.01, ***P < 0.001. Scale bar, 50 pm

cell plasma membrane and mitochondria. In the present study, we
found that VASN localized not only to the cell plasma membrane but
also to the nucleus. Our results were partly inconsistent with the
previous report, so we further confirmed the protein localization by
western blot, which showed that VASN protein was expressed in the
cell plasma membrane and the nucleus of glioma cells (Figure 2C).
Furthermore, we queried TCGA diffuse glioma data and analyzed

VASN levels in 660 glioma patients, which were separated into
low-grade glioma and GBM. Increased expression of VASN was also
observed in GBM (Figure 1C), and high VASN expression was iden-
tified as a predictor for poor progression-free survival (P = 0.0036;
Figure 1D). These results indicate that the expression of VASN pro-
tein is elevated in more aggressive gliomas and predicts a poor prog-
nosis of glioma.
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VASN

Increased levels of vasorin (VASN) were associated with increased angiogenesis of glioma samples. A, CD34 staining for

endothelial cells revealed increased tumor vascularization in high VASN expressing tissues; representative images are shown. B, The
histogram illustrates microvessel density (MVD) among the 5 groups. Data represent the mean + SD of 3 replicates. **P < 0.01, ***P < 0.001.
Gene set enrichment analysis (GSEA) was performed using the AngioMatrix signature that is representative of glioblastoma (GBM)
angiogenesis (C, D). Patients were separated by high or low VASN expression using TCGA glioma and GBM datasets. (E) VASN expression
was correlated with markers of tumor vascularity using CD34, CD31 and CDH5. Scale bar, 100 pm

3.2 | Vasorin regulates the proliferation and colony
formation in glioblastoma multiforme cells

To decipher the biological function of VASN in glioma, we analyzed
the mRNA level of VASN in glioma cell lines, and then selected the
U118 and U251 cell lines, which had different expression levels of
VASN, to be used for further study (Figure 2A). We generated sta-
ble ectopic expression and knockdown of VASN cell lines by trans-
fecting U118 and U251 cells with lentivectors expressing VASN and
shRNA of VASN (Figure 2B-E). VASN protein was mainly expressed

in the cell plasma membrane in glioma cells after transfection with a
VASN plasmid. We then investigated the effect of VASN in the pro-
liferation of glioma cells using CCK-8 assays. The results showed that
the growth of U118 and U251 cells was inhibited after knockdown
of VASN and promoted after overexpression of VASN (Figure 2F,G).
Colony formation assays demonstrated that knockdown of VASN ef-
ficiently decreased the ability of glioma cells to proliferate in semi-
solid matrices, whereas overexpression of VASN elevated this ability
of glioma cells (Figure 2H,l). These results suggest that VASN pro-

motes the proliferative ability of glioma cells.
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TABLE 2 Relationships between glioma MVD and clinical
pathological parameters in glioma patients

MVD
Variables N Mean = SD P
Sex
Male 57 26.393 +15.796 0.718
Female 43 28.891 + 18.989
Age®
<20 13 32.424 +23.100 0.800
20~ 51 25.843 +15.078
40~ 27 30.247 £ 19.438
260 8 22.167 £ 11.946
Histological grade
| 8 8.750 + 4.356 0.000°
Il 46 18.457 + 7.684
1] 30 37.044 + 18.238
v 16 46.000 + 12.372
Vasorin expression
- 12 8.833 + 3.106 0.000°
+ 24 17.139 + 6.405
++ 22 22.788 +9.321
+++ 88 38.657 +15.783
++++ 9 53.250 + 14.719

Abbreviations: MVD, microvessel density; N, number of cases; P, P
value.

21 case without age.

PStatistically significant.

3.3 | Vasorin promotes cell invasion of glioma cells

Transwell invasion assays showed that overexpression of VASN in U118
and U251 cells increased their invasive ability (Figure 3A). Knockdown
of VASN in glioma cells inhibited cell invasion, although it did not reach
statistical significance (Figure 3B). GBM is divided into 4 subtypes, with
different biological signatures in the TCGA database, including mesen-
chymal, proneural, neural and classical. To examine whether VASN ac-
tivation differs among GBM subtypes, we used GSEA to determine the
degree of VASN expression for the 4 TCGA GBM subtypes. As shown
in Figure 3C, GBM tumors with high VASN expression were enriched
for TCGA mesenchymal gene signature, but not for the signatures of
the other 3 subtypes. Furthermore, we also analyzed the same GBM
cohort for the enrichment of another set of GBM subtype-specific
gene signatures: Phillips mesenchymal, proneural and proliferation
signatures. GBM with high VASN expression were enriched for the

Phillips mesenchymal gene signature, but not the Phillips proneural and

proliferation signatures (Figure 3D). These findings indicate that high
VASN expression may be associated with the highly infiltrative and ag-

gressive characteristics of mesenchymal GBM cells.

3.4 | Vasorin promotes the stemness property of
glioma cells

Cancer stem cells are thought to contribute to tumor recur-
rence and metastasis. The ability to form spheroids is considered
a stemness characteristic of cells. A spheroid formation assay
showed that shVASN-transfected U118 cells formed a reduced
number of smaller-sized spheroids, whereas VASN overexpressed
U251 cells formed an increased number of spheroids (Figure 4A,B).
VASN overexpressed glioma spheres displayed increased expres-
sion of stem cell genes CD133, CD15 and CD90 (Figure 4C).

3.5 | Increased vasorin expression correlates with
increased angiogenesis in glioma tissues

To elucidate whether VASN regulates angiogenesis in glioma, tumor
capillaries were examined by anti-CD34 immunostaining. As shown
in Figure 5A, tumor sections from GBM showed a significant in-
crease in CD34 staining, compared with a grade Il glioma sample.
By analyzing the quantification of MVD (CD34-positive microvessel
number) in gliomas, we found that MVD was elevated in high-grade
gliomas relative to low-grade gliomas (Table 2), and the elevated ex-
pression levels of VASN were positively correlated with the MVD
(Figure 5B). GSEA with an AngioMatrix signature has been shown to
be associated with tumor vascularity in GBM. Our results show that
GBM with high VASN expression had significant enrichment with
the AngioMatrix signature (Figure 5C,D). To further confirm this ob-
servation, we correlated VASN expression with vascularity markers
and found that VASN was significantly associated with CD34, CD31
and CDH5 (Figure 5E). Taken together, these data suggest that VASN

expression is correlated with increased angiogenesis in gliomas.

3.6 | Increased vasorin expression in glioblastoma
multiforme cells promotes angiogenesis in vitro

To examine whether overexpression of VASN stimulates glioma
cells to influence angiogenesis in a tumor microenvironment, we
collected the conditioned medium (CM) from U118 and U251 cells,
treated HUVEC with the CM, and then analyzed the migration of
the HUVEC in a wound-healing assay. Treatment with the CM ob-
tained from U118 or U251 cells with VASN knockdown significantly
inhibited the cell migration of HUVEC (Figure 6A). However, the CM

FIGURE 6 Vasorin (VASN)-expressing tumor cells strongly promoted HUVEC migration and tube formation. Micrographs and histograms
of the scratch wound-healing assay of HUVEC grown in conditioned medium (CM) from glioma cell knockdown (A) and overexpression (B)
of VASN. EGM-2 served as a control. C, Micrographs of tube formation by HUVEC grown in CM from shVASN-transfected glioma cells as
indicated. Quantification of the number of branch points formed during the tube formation assay. Mean number of branching points per

%100 field #SEM. *P < 0.05, **P < 0.01, ***P < 0.001. Scale bar, 100 pm
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obtained from glioma cells transfected with VASN overexpression
significantly accelerated the cell migration of HUVEC (Figure 6B).
The ability of cultured HUVEC to form vessel-like structures (tubu-
logenesis) on Matrigel was also investigated. Knockdown of VASN
inhibited endothelial cell tubulogenesis in terms of the number
of branch points compared to the CM from control glioma cells
(Figure 6C).

3.7 | Vasorin promotes glioma progression and
angiogenesis by activating STAT3 and inhibiting
NOTCH pathways

To investigate the mechanism of VASN-induced angiogenesis, we
detected the concentration of vasorin in CM by ELISA. Results

VEGF concentration(ng/mL)

showed that vasorin in the CM obtained from U118 or U251 cells
with VASN knockdown decreased and that with VASN overex-
pression increased significantly (Figure 7A). We also detected the
concentration of VEGF, an important angiogenic factor, and found
that VEGF was decreased in the CM obtained from U251 cells with
VASN knockdown, but there were no significant changes in the CM
obtained from U118 cells (Figure 7B). gPCR and western blot were
performed on the glioma cells with VASN knockdown or overex-
pression. Results showed that angiogenic factors, such as ANGPT2,
CCR2 and VEGF-A, were overexpressed in glioma cells with high
VASN (Figure 7C,D). Furthermore, we investigated the important
signaling pathways involved in tumor growth and angiogenesis by
western blot; the results showed that VASN promoted STAT3 path-
way activation and inhibited NOTCH pathway (Figure 7E).
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FIGURE 7 Vasorin (VASN) promoted
glioma progression and angiogenesis by
activating STAT3 and inhibiting NOTCH
signaling. The concentrations of vasorin
(A) and VEGF (B) in the conditioned
medium (CM) from glioma cells with
VASN knockdown or overexpression were
detected by ELISA assay. C, Western blot
analysis of VEGF in U118 cells knockdown
and U251 cells overexpression of VASN.
(D) gPCR analysis of angiogenic factors

in glioma cells transfected with VASN.

(E) Western blot analysis of STAT3, p-
STAT3, NOTCH1 and NICD in glioma cell
knockdown or overexpression of VASN.
*P < 0.05, **P < 0.01, ***P < 0.001
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FIGURE 8 Transfection of vasorin (VASN) promoted tumor growth in vivo on chorioallantoic membranes (CAM). Glioma cells transfected
with VASN were deposited on the CAM of fertilized eggs, and tumors were analyzed 4 days later. A, Tumor growth was assessed by
biomicroscopy (x3 magnification). B, Tumor volume was quantified from the tumors obtained in CAM (8-10 tumors/condition). *P < 0.05. C,
H&E staining of the corresponding tumor sections is shown, and blood vessels are indicated by an arrow. Tumor sections were stained for
caveolin 1 to mark endothelial cells. Numerous irregular and dilated blood vessels are visible in the tumor sections of gliomas overexpressing

VASN. Scale bar, 50 pm

3.8 | Vasorin promotes angiogenesis and tumor
growth in vivo

To study the effect of VASN on angiogenesis and tumor growth
in vivo, we used the experimental glioma assay developed on the
chicken CAM, as previously described.?* This assay allows the first
steps of tumor angiogenesis to be observed. Ectopic-expressing
VASN U118 and U251 cells were deposited on the CAM of fer-
tilized eggs, and the tumors were analyzed 4 days later. VASN
overexpression resulted in increased tumor size (Figure 8A,B). We
observed that an area of the tumor in the control was necrotic.
The necrotic area was significantly reduced in VASN-overex-
pressing glioma cells. We also found increased capillaries in the
margin of the tumor with high VASN expression (Figure 8C). We

assessed angiogenesis by staining for caveolin 1 and found it to
be increased in VASN-overexpressing glioma. This confirms our
in vitro data and indicates that angiogenesis can be regulated by
VASN.

4 | DISCUSSION

Vasorin was initially reported to play a role in blood vessel injury
repair.’ Recent studies have reported that VASN is frequently
upregulated in some types of human tumors, and the elevated
expression of VASN is correlated with poor prognosis of tumor pa-
tients.** However, the critical role of VASN in tumor progression

and angiogenesis of glioma has not been studied. In this study,
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we identified that increased expression of VASN in glioma is im-
portant for the acquisition of an aggressive and poor prognostic
phenotype. We also demonstrated that augmented expression of
VASN promoted angiogenesis in glioma cells both in vitro and in
vivo. Thus, VASN expression could be used to identify glioma pa-
tients at increased risk of tumor progression and angiogenesis.

Our results show that VASN expression significantly correlated
with tumor grade in glioma and was elevated in high-grade gliomas,
which is consistent with the previous study.'* However, the role of
VASN in human glioma remains poorly studied. It was reported
that high levels of VASN in GBM cells might protect them from
hypoxia-induced apoptosis.2’> VASN was shown to be a critical link
between hypoxia and notch signaling in GSC and maintained the
GSC in the hypoxic niche.** Tumor hypoxia is consistently associ-
ated with poor survival across multiple cancer types, especially
for GBM, which is characterized by areas of hypoxia.2®2® VASN
was demonstrated to be a HIF-1 target protein and induced by
hypoxia; this may predict its important role in glioma progression.
In the current study, a series of assays were used to investigate the
role of VASN in regulating the characteristic aggressive phenotype
of glioma. We established knockdown and ectopic expression of
VASN glioma cells in vitro and investigated the cell growth, colony
formation and invasion of these cells. Results demonstrated that
VASN could substantially promote the growth and aggressiveness
of glioma cells.

To further confirm our findings, we queried VASN expression
in TCGA diffuse glioma data and found elevated VASN expression
in high-grade gliomas. GBM is classified into different subtypes on
the basis of gene expression profiles and distinct biological char-
acteristics, including Phillips subtypes®® and TCGA subtypes.??
Both studies identified a common subtype, named the mesen-
chymal subtype, according to the expression of genes associated
with a mesenchymal cell phenotype. A mesenchymal cell pheno-
type is the hallmark of tumor aggressiveness in human malignant
glioma.?’? Earlier studies identified markers for the mesenchymal
subtype of GBM, such as tGLI1, which was found to be expressed
at higher levels in mesenchymal GBM and associated with tumor
recurrence and poor clinical outcome.’>%! We used 2 indepen-
dent mesenchymal gene signatures and found both signatures
to be highly enriched in GBM with high expression of VASN. Our
bioinformatic analyses revealed VASN activation as a hallmark of
mesenchymal GBM. We also found that VASN promoted glioma
spheroid formation and was positively associated with the expres-
sion of stem cell-related genes, such as CD133, CD90 and CD15.
Thus, these results demonstrate that VASN may regulate the stem
cell characteristics of glioma.

Angiogenesis has been recognized as a key event in the pro-
gression to malignancy.®2%% It is regulated by a series of stimula-
tory and inhibitory angiogenic factors acting on endothelial cells.
Cell communication between tumor cells and endothelial cells is
crucial to angiogenesis and tumor progression.34 The rapid prolif-
eration of GBM cells may result in necrosis in part of the tumor,

and, moreover, may select cells that are able to survive in the

ensuing hypoxic environment.®> Under reduced oxygen tensions,
the remaining GBM cell cohort initiates the HIF-1 pathway, en-
dowing cells with the ability to adapt to the hypoxic environment
via the induction of angiogenesis.® VASN, a HIF-1a target gene,
has been shown to promote the migration of recipient HUVEC
through HepG2 cells-derived exosomes in hepatocarcinoma.'®
In human glioma tissues, we found elevated VASN expression
in GBM, and upregulation of VASN correlated significantly with
increased MVD. To further study the role of VASN in angiogen-
esis, we incubated the conditioned medium from glioma cells ec-
topically expressing VASN with HUVEC. Our results showed that
VASN stimulated tumor angiogenesis in vitro and in vivo. VASN
was reported to have 2 forms, the intracellular-associated form
and the soluble form.’® The soluble VASN contribute to the var-
ious functions including angiogenensis.36 Our results showed
that the concentration of VASN in the CM obtained from glioma
cells with VASN overexpression increased significantly, based on
ELISA analysis. Previous studies have demonstrated that angio-
genic factors, such as VEGF, PDGF-p and TGF-p, are related to
glioma angiogenesis.®>%” VASN was also shown to increase the
expression levels of angiogenic factors, such as ANGPT2, CCR2
and VEGF-A, in glioma cells in our study; however, there were no
significant changes in the CM obtained from glioma cells, except
the decreased VEGF in the CM obtained from U251 cells with
VASN knockdown by ELISA. We speculated that the angiogenesis
promoted by VASN was mainly attributed to the direct action of
VASN, and accompanied with the upregulated angiogenic factors,
such as VEGF by VASN. The underlying mechanism of VASN regu-
lating angiogenesis remains to be addressed in depth.

At present, the mechanism of VASN contributing to acceler-
ate human tumor progression and angiogenesis is unclear. VASN
has been reported to inhibit the TGFp pathway; however, our re-
sults showed no significant effect of VASN on the expression of
genes downstream of TGFp signaling, including SMAD2, SMAD3,
SNAI1 and SNAI2 (data not shown). Previous studies showed that
expression of STAT3 correlated with mesenchymal differentia-
tion and predicted poor clinical outcome,®® the HIF-1a/STAT3
complex conferred selective activation of VASN,14 VASN may
regulated NOTCH pathway,* and AKT pathway was also an im-
portant angiogenic pathway in gliomas.®’ We investigated these
novel signaling pathways involved in glioma progression, including
STAT3, HIF-1, AKT and NOTCH pathways. Results showed that
VASN promoted the expression of STAT3 and p-STAT3, and in-
hibited NOTCH1 and NICD expression significantly, but had no
significant influence on AKT pathway and HIF-1« expression (data
not shown). Therefore, STAT3 and NOTCH1, which were shown
to have important roles in tumor progression and angiogenesis,
may be the target molecules of VASN. Detailed investigation of
the mechanisms could help elucidate a novel pathway in the tumor
progression and angiogenesis.

In summary, our study demonstrates that VASN promotes tumor
progression and angiogenesis in glioma. We found that VASN regu-
lated the STAT3 and NOTCH pathways. Although anti-angiogenesis
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drugs targeting VEGF have been increasingly used in the treatment
of GBM, the effects were only transient and GBM recurrence was
not avoided.*® This reflects multiple mechanisms of tumor adapta-
tion to anti-angiogenic therapies, and then we may have a choice
of inhibiting VASN for glioma therapy. Our data provide new in-
sights into the relevance of anti-angiogenic therapeutics for cancer

treatment.
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