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Angiogenin and plexin-B2 axis promotes glioblastoma
progression by enhancing invasion, vascular association,
proliferation and survival
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BACKGROUND: Angiogenin is a multifunctional secreted ribonuclease that is upregulated in human cancers and downregulated or
mutationally inactivated in neurodegenerative diseases. A role for angiogenin in glioblastoma was inferred from the inverse
correlation of angiogenin expression with patient survival but had not been experimentally investigated.
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METHODS: Angiogenin knockout mice were generated and the effect of angiogenin deficiency on glioblastoma progression was
examined. Angiogenin and plexin-B2 genes were knocked down in glioblastoma cells and the changes in cell proliferation, invasion
and vascular association were examined. Monoclonal antibodies of angiogenin and small molecules were used to assess the
therapeutic activity of the angiogenin-plexin-B2 pathway in both genetic and xenograft animal models.

RESULTS: Deletion of Ang1 gene prolonged survival of PDGF-induced glioblastoma in mice in the Ink4a/Arf '~ :Pten™
background, accompanied by decreased invasion, vascular association and proliferation. Angiogenin upregulated MMP9 and CD24
leading to enhanced invasion and vascular association. Inhibition of angiogenin or plexin-B2, either by shRNA, monoclonal antibody
or small molecule inhibitor, decreases sphere formation of patient-derived glioma stem cells, reduces glioblastoma proliferation
and invasion and inhibits glioblastoma growth in both genetic and xenograft animal models.

CONCLUSIONS: Angiogenin and its receptor, plexin-B2, are a pair of novel regulators that mediate invasion, vascular association
and proliferation of glioblastoma cells. Inhibitors of the angiogenin-plexin-B2 axis have therapeutic potential against glioblastoma.
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BACKGROUND

Angiogenin (ANG) is a 14kDa secreted ribonuclease having
regulatory functions in angiogenesis [1, 2], neurogenesis [3],
innate immunity [4], hematopoiesis [5] and hematopoietic
regeneration [6]. Plexin-B2 (PLXNB2) has recently been identi-
fied as the functional ANG receptor that is both necessary and
sufficient to mediate the biological functions of ANG in multiple
cell types [7]. Several lines of evidence suggest that the ANG-
PLXNB2 axis has a role in glioblastoma (GBM) pathogenesis. ANG
is expressed in both the vascular and the nervous systems [8],
and its expression is upregulated in GBM [9, 10] and down-
regulated or mutationally inactivated in neurodegenerative
diseases including amyotrophic lateral sclerosis (ALS) and
Parkinson’s disease (PD) [11]. In the nervous system, ANG is
expressed at the highest levels in the granule cell layer of the
cerebellum, the dentate granule cells of the hippocampus, and

the main olfactory bulb, the cortex and the substantia nigra [12].
PLXNB?2 is the second member of the B-type Plexin family which
is known to mediate neuronal development and pattern
formation. PLXNB2 was originally identified from malignant
brain tumours by differential display [13]. It was expressed 8-fold
higher in GBM compared to low-grade astrocytomas [13].
PLXNB2 is expressed in the postnatal and adult nervous system,
particularly in the subventricular zone (SVZ)-derived neural stem
cells [14]. Upregulation of ANG independently predicts worse
survival of GBM, in particular the pro-neural subtype [9]. PLXNB2
has been shown to be involved in the invasive growth of GBM
[15, 16] and can serve as a biomarker for high-grade glioma [17].
Semaphorin 4 C (Sema4C), the other ligand of PLXNB2, is not
upregulated in GBM [15, 17]. These findings prompted us to
study the function and mechanism of the ANG-PLXNB2 axis in
GBM.

"Division of Hematology and Oncology, Department of Medicine, Tufts Medical Center, Boston, MA, USA. 2Program in Cellular and Molecular Physiology, Graduate School of
Biomedical Sciences, Tufts University, Boston, MA, USA. 3Program in Cell, Molecular, and Developmental Biology, Graduate School of Biomedical Sciences, Tufts University,
Boston, MA, USA. *Department of Pathology, Harvard Medical School, Boston, MA, USA. *Program in Biochemistry, Graduate School of Biomedical Sciences, Tufts University,
Boston, MA, USA. ®Department of Developmental, Molecular and Chemical Biology, Tufts University School of Medicine, Boston, MA, USA. "Division of Human Biology, Fred

Hutchinson Cancer Research Center, Seattle, WA, USA. ®email: guo-fu.hu@tufts.edu

Received: 18 November 2021 Revised: 25 March 2022 Accepted: 31 March 2022

Published online: 13 April 2022

Published on Behalf of CRUK


http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-022-01814-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-022-01814-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-022-01814-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-022-01814-6&domain=pdf
http://orcid.org/0000-0002-3792-7120
http://orcid.org/0000-0002-3792-7120
http://orcid.org/0000-0002-3792-7120
http://orcid.org/0000-0002-3792-7120
http://orcid.org/0000-0002-3792-7120
http://orcid.org/0000-0002-3175-5882
http://orcid.org/0000-0002-3175-5882
http://orcid.org/0000-0002-3175-5882
http://orcid.org/0000-0002-3175-5882
http://orcid.org/0000-0002-3175-5882
https://doi.org/10.1038/s41416-022-01814-6
mailto:guo-fu.hu@tufts.edu
www.nature.com/bjc

METHODS

Generation of Ang1 knockout mice

All animal work was done in accordance with protocols approved by the
Institutional Animal Care and Use Committee of Tufts Medical School/Tufts
Medical Center and of Harvard Medical School. Mice with a single floxed
Angl allele were generated by inGenious Targeting Laboratories, Inc.
(Stony Brook, NY). Homozygous Ang1toPtoP mice were obtained by
breeding heterozygotes. These mice were crossed with Ella-Cre mice to
generate mosaic mice. The mosaic mice were backcrossed with WT mice to
obtain conventional Ang1~/'~ mice.

Induction and therapy of pro-neural mouse GBM
Nestin-tva;Ink4a/Arf~'~;Pten™'~ mice were crossed with Angl’/ ~ mice to
generate experimental animals. For tumour induction, 5-week-old mice
(both male and female) were anesthetised and DF-1 chicken fibroblasts
infected with Rcas-PDGFB-HA viral vector were delivered intracranially via a
Hamilton syringe on a stereotactic fixation device into the SVZ using the
following coordinates in reference of bregma: lateral, 1.7 mm; posterior,
—0.5 mm; depth, 2.5 mm. Mice were monitored and sacrificed at moribund
defined as having significant weight loss (25%) or with severe neurological
symptoms. For drug treatment, neomycin or paromomycin was adminis-
tered i.p. at a daily dose of 10 mg/kg, starting 2 weeks after tumour
induction.

Brain slice invasion assay

Mice of 20-day-old were sacrificed and the brains were dissected and put
in an ice-cold bath of artificial cerebrospinal (ACSF) [18]. Slices of 300 um
were sectioned using a Vibratome 3000 system, incubated in ACSF at 37 °C
for 2 h and transferred into Transwell migration inserts (8 um pores). After
rinsing with a culture medium, 50,000 GFP-labeled control (NT) or ANG
knockdown (E7) U87 cells were seeded on top of the slices and incubated
at 37°C for 4h. The slices were washed with PBS, fixed in 4%
paraformaldehyde overnight at 4°C and stained for vasculature with a
CD31 antibody. The association of GFP-labeled U87 cells with CD31-
positive vessels was examined under a Leica SPE confocal microscopy.

Orthotopic growth of U87 xenograft tumours in athymic mice
Luciferase transfected U87 control (NT) and PLXNB2 knockdown (D2) U87
cells, 1x10° cells per mouse in 2 ul, were injected intracranially into the
SVZ of 5-week-old female athymic mice (Charles River Laboratories).
Tumour growth was examined by a weekly bioluminescent scan on an VIS
Spectrum CT Biophotonic Imager (PerkinElmer). Luciferin was injected 15
min before imaging at 150 mg per kg body weight.

Antibodies, siRNA and chemical reagents

Rabbit polyclonal antibodies against mouse ANG were prepared in house.
mAb against human ANG was clone 26-2 F [19]. Antibodies against AKT
(Cell Signaling, Cat # 9272 S), BCL-2 (Cell Signaling Cat # 15071), B-tubulin
(Santa Cruz, Cat # sc-7342), CD24 (eBioscience, Cat # 14-0247), CD31
(Abcam, Cat # ab28364), E-Cad (Santa Cruz, Cat # E-10), HA (Sigma-Aldrich,
Cat # H6908), PCNA (Santa Cruz, Cat # sc-56), MMP9 (Bioss Antibodies, Cat #
bs-0397R), N-Cad (Santa Cruz, Cat # 13A9), pAKT-Ser473 (Cell signaling, Cat
#9271) and p44/p42 ERK (Cell Signaling, Cat # 4695) were used at 1:1000 in
TBST + 5% BSA for immunoblotting and 1:200 for IF and IHC. Non-immune
mouse IgG (Calbiocehem, Cat # NI03) and normal rabbit IgG (Calbiochem,
Cat # NIO1) were used as negative controls for monoclonal and polyclonal
antibodies, respectively. The MEK inhibitor PD98059 (Cayman chemical)
and the MMP9 inhibitor CTK8G1150 (Santa Cruz) were used at the
concentration recommended by the manufacturers unless otherwise
indicated. CellTracker™ Orange CMTMR dye (Life technologies, C2927)
was used according to the manufacturer’s protocol.

Cell Culture and generation of stable knockdown and
overexpression cell lines

GS6-22 was derived from an 82-year-old female GBM patient and has been
cultured in non-adherent dishes in a sphere medium containing DMEM/
F12 (1:1), 1x B27, 10 ng/ml bFGF and 20 ng/ml EGF as described [20]. DF-1,
HEK293T, U87 and U251 were obtained from ATCC and cultured in DMEM
-+ 10% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin. HUVEC were
obtained from ATCC and were maintained in a human endothelial basal
growth medium plus 5ng/ml bFGF. MEF was prepared from WT and
Ang1~’~ mice. Cells were screened for mycoplasma contamination every
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3 months with e-Myco Mycoplasma PCR Detection Kit (Lilif, Cat # 25235).
PCR-based short tandem repeat (STR) profiling of 9 markers (Abmgood, Cat
# C287) was performed annually and compared to ATCC and Sigma
datasheet to authenticate the identity of HEK293T, U-87 and U-251. For
ANG knockdown, pGIPZ vector with a non-targeting (NT) control shRNA
construct and 3 ANG-specific shRNA (A4, E4 and E7, Open Biosystems)
constructs were used. Lentiviral particles were harvested in HEK293T cell-
conditioned medium 72 h after co-transfection with the pCMV-VSV-G and
PCMVARS.2 plasmids. For PLXNB2 knockdown, pLKO.1-puro vector with an
NT control construct and two PLXNB2-specific shRNA constructs (C7 and
D2, Open Biosystems) were used. Lentiviral particles were prepared by
transient transfection in HEK293T cells using the ViraPower Lentiviral
Expression Systems. Lentiviral particles were harvested after 72h,
centrifuged at 781 xg for 15min and filtered through a 0.45um PVDF
membrane. The viral particles were then ultra-centrifuged at 83,000 x g for
1.5h and the pellet was re-suspended in PBS. Stable cell lines were
selected with 1.0 ug/ml puromycin.

Cell proliferation, colony formation and AO/EB staining

For proliferation assay, 2000-10,000 cells per well of 24- or 48-well plates
were seeded in regular adherent culture dishes in triplicates, incubated at
37 °C for the time indicated, detached by trypsinisation and counted using
a Coulter Counter. For anchorage-independent growth assays, 10,000 cells
were suspended in a medium containing 0.4% agarose and plated onto a
solidified layer of medium containing 0.8% agarose in 6-well plates.
Colonies were quantified in five fields in each well 3 weeks post-seeding.
AO/EB staining was performed as previously described [21].

Co-culture of HUVEC and GBM cells

The wells of 48-well plates were coated with 30 pl per well of growth
factor-reduced Matrigel (Phenol red free and growth factor reduced, BD
Biosciences). CMTMR-stained HUVEC were seeded on the Matrigel at the
density of 1.5 x 10* per well, and cultured in an endothelial medium for 4 h
to form the tubular network. Stable GFP-expressing U87 cells (2 x 10? per
well) were either co-seeded with HUVEC (5 x 10° cells per well) or added 4
h after HUVEC (2 x 10%) were seeded. Images were acquired 2-4 h after
U87 were seeded.

Ectopic growth of U87 xenograft tumours in athymic mice
U87 cells, 1x10° in 50 ul HBSS, were mixed with 50 ul Matrigel and
injected s.c. at the right shoulder of the mouse. Treatment with ANG mAb
and neomycin (Sigma, Cat # N-6386) started 1-day post tumour
inoculation. The dosing regimen for the antibody was daily i.p. injection
of 10 mg/kg for 28 days, and that for neomycin was daily i.p. injection of
30mg/kg for 28 days. The appearance of tumours was examined by
palpation until day 40. PBS was used as the control for ANG mAb.
Paromomycin (Sigma, Cat # P-5057) was used as a control for neomycin. To
examine the effect of PLXNB2 knockdown on ectopic tumour growth,
control (NT) and PLXNB2 knockdown (D2) U87 cells (1.5x 10° cells per
mouse, 50% Matrigel) were injected s.c. and animals were sacrificed
3 weeks post-inoculation.

GSC sphere formation

GS6-22 cells were seeded in a sphere medium in an ultra-low adherent 96-
well plate at a density ranging from 10 to 400 cells per well and cultured
for 7 days. The number of spheres was counted from the entire well.
Spheres from the well seeded with 200 cells were also measured for sphere
diameters. Test compounds, when present, were added when cells were
seeded.

In vivo angiogenesis assay

A cold solution of 0.5 ml Matrigel with or without 0.5 ml of 1 x 10° U87 or
U87-E7 cells was injected subcutaneously into C57BL/6 mice. The Matrigel
plug was removed 4 days later and processed for IHC analysis of blood
vessels with CD31 antibody and for qRT-PCR analysis of the abundance of
mouse Cd31 and Cdh5. The primers used in RT-PCR analyses were listed in
Supplementary Table 1.

IF and IHC

Animals used for histological analysis were euthanised, and brain tissues
were removed and fixed in 10% neutral-buffered formalin for 72 h. Fixed
tissues were then embedded in the paraffin, serially sectioned and stained
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as previously described [22] except that antigen retrieval was achieved by
heating the slides in sodium citrate buffer (10 mM Sodium Citrate, 0.05%
Tween 20, pH 6.0) in a pressure cooker for 10 min (Cuisinart). Non-immune
mouse IgG or normal rabbit IgG was used as controls for background
staining. For PCNA staining, positive cells were counted in 3 microscopic
fields. For MMP9 and CD24 staining, positive cells were counted in a total
of 500 cells. The percentage of positive cells was calculated.

Matrix heterogeneity in H&E stained tissue slides

The extracellular matrix is positively stained by eosin. The standard
deviation of binary signals of the eosin staining calculated by ImageJ thus
could reflect the level of remodelling of extracellular space or matrix
heterogeneity. A total of 15 random lines of equal length from three
different fields were drawn and the standard deviation of the eosin signal
of each line was calculated via Image J.

qRT-PCR and immunoblotting

Total RNA was extracted using the TRIZOL reagent (Invitrogen) and reverse
transcribed using the high capacity cDNA reverse transcription kit (Applied
Biosystems). qPCR analysis was performed using the ABI7900HT and SYBR
green PCR master mix (Applied Biosystems). The relative mRNA level was
determined using the 272" method with GAPDH as the internal control.
The primers used in RT-PCR analyses were listed in Supplementary Table 1.
For immunoblot analysis, cells were lysed with RIPA buffer and snap-frozen
tissues were homogenised in RIPA buffer with 20 stokes in a tight-fit Dounce
homogeniser. Band quantification was done with the ImageJ software (NIH).

Spheroid invasion

Tumour cells under growth conditions were detached with trypsinisation
and re-suspended into single-cell suspension (2000 cell/pl) in a complete
culture medium. Droplets of 30 pul were dispensed on the lid of 100 mm
culture dishes and cultured for 48 h to form spheroids. Spheroids were
collected and were mixed with a pre-cold gel solution containing culture
medium, collagen (1.5 mg/ml, BD Biosciences), laminin (0.15 mg/ml, Sigma)
and test compounds as indicated. While the gel was still in the liquid
phase, 50 pl of the mixture containing a single spheroid was transferred
into 96-well plate. After the gel was solidified, 100 pl of complete medium
with the test compounds was added. For quantification, the number of
active invasive cells was counted in an area with a radius that was 1.5 times
that of the original spheroid. The total invasion area was measured by
ImageJ (NIH) by connecting the farthest invaded cells.

Transwell migration and invasion assays

Twenty four-well plates with 8.0 um Transwell inserts were used. A total of
5x 10" cells, re-suspended in serum-free medium, was added to the top
chamber and the lower chamber was filled with a medium containing 10%
FBS. After 24 h incubation, cells that had migrated to the bottom surface of
the inserts were fixed and stained with 0.1% crystal violet, followed by
dissolving in acetic acid for quantification.

TUNEL assay

The apoptosis rate was determined by In Situ Cell Death Detection Kit
(Roche) per the manufacturer's instruction. Formalin-fixed, paraffin-
embedded tumour sections were dewaxed, rehydrated and permeabilised.
TUNEL reaction mixture (50 pl) was added and incubated for 60 min at 37 °
C in a humidified chamber in the dark. Negative control was set up
simultaneously and went through the same procedures. The slides were
rinsed three times with PBS and mounted with cover glasses using the
anti-fade mounting solution, and analysed under a Nikon eclipse Ti
fluorescence microscope.

Statistics and reproducibility tests

Data were presented as the means + SD. The significance was analysed
using Student’s t-test, one-way ANOVA with Kruskal-Wallis test, or two-way
ANOVA for multiple comparisons. Kaplan—-Meier survival curves were
analysed using log-rank test. Animal numbers were determined based on
empirical estimation. No methods were used to determine whether the
data met the assumptions of the statistical approach. No randomisation
method was used. No specific inclusion and exclusion criteria were used
for any data or subjects. Investigator was blinded during the experiment
and when assessing the outcome. For all analyses, *p <0.05; **p <0.01;
***p < 0.001; ns not significant.

RESULTS

ANG and PLXNB2 are inversely correlated to the survival of
GBM patients

Gene expression of profiling interactive analysis (GEPIA) showed
that ANG and PLXNB2 transcript levels in GBM samples (TCGA, Cell
2013) are 18.7- and 3.1-fold higher, respectively, than that in the
matched normal brain tissues (TCGA/GTEx) (Supplementary
Fig. 1a). Survival analysis showed that the 50% survival time was
13.1 and 19.1 months for patients with high and low ANG
expression, and was 13.0 and 18.0 months for patients with high
and low PLXNB2 expression, respectively. The 1-year survival was
58.7 and 84.1% for patients with high and low ANG expression,
and was 58.5 and 83.8% for patients with high and low PLXNB2
expression, respectively (Supplementary Fig. 1b). Further, low
transcript levels of both ANG and PLXNB2 were found to be
associated with better overall survival of the same GBM patient
cohort (Supplementary Fig. 1c). ANG and PLXNB2 expressions were
also positively correlated in GBM patients (Supplementary Fig. 1d).
Among the three subtypes of GBM, high ANG expression is more
significantly correlated with worse survival in the pro-neural/
neural subtype than in the mesenchymal and classic subtypes
(Supplementary Fig. 1e). According to the new classification of
GBM subtypes [23], pro-neural and neural subtypes were
combined in these analyses. These bioinformatics analyses show
that expression of both ANG and PLXNBZ is inversely correlated to
the overall survival of GBM patients, and in particular of the pro-
neural/neural subtype.

Ang1 deficiency attenuates the oncogenic transformation of

mouse embryonic fibroblasts (MEF)

To explore the role of ANG in GBM, we generated Angl knockout
(Ang1~'7) mice (Supplementary Fig. 2) and characterised the effect
of Ang1 deficiency on transformation susceptibility. Ang?~'~ mice
under the pure C57BL/6 genetic background were viable and
developed normally in laboratory conditions. MEF isolated from
wild-type (WT) and Ang?~~ mice had similar morphologies,
however, upon transformation with K-Ras-V12 and SV40LT, the
transformed MEF (tMEF) of the Ang1~’~ genotype displayed a
reduction in motility (Supplementary Fig. 3a), invasiveness
(Supplementary Fig. 3b) and expression of invasion-related
matrix metalloproteinases (MMPs) including Mmp2, Mmp3 and
Mmp9 but not Colla2, a protein that was reported to suppress
glioma growth and invasion [24] (Supplementary Fig. 3c). The
ability of Ang1~’~ tMEF to form colonies in soft agar was
decreased as compared to that of WT tMEF, as indicated by a
7-fold decrease in colony number and 1-fold reduction in colony
size (Supplementary Fig. 3d), indicating that Angl deficiency
impaired anchorage-independent growth. Moreover, there was a
9-fold increase of apoptotic cells in colonies of Ang1~'~ tMEF
than in that of WT tMEF as shown by acridine orange (AO) and
ethidium bromide (EB) staining (Supplementary Fig. 3e). Further-
more, Ang1~’'~ tMEF failed to establish xenograft tumours in
athymic mice. None of the 12 mice inoculated with 5x 10°
Ang1~/~ tMEF developed palpable tumours in 50 days, whereas
all mice inoculated with the same number of WT tMEF developed
sizable tumours in the same time period (Supplementary Fig. 3f).
Together, these data demonstrate that deletion of Ang7 gene in
mice decreased the transformation susceptibility of MEF to
oncogenic stimuli, suggesting that ANG plays a role in malignant
transformation.

Ang1 deficiency prolongs survival of PDGF-induced pro-neural
GBM mice

To explore the role of ANG in GBM, the Angl~’~ mice were
crossed with Nestin-tva;inkda/Arf ' ~;Pten™~ mice to generate
compound  Ang1~/~;N-tva;ink4a/Arf~'~;Pten’~ mice and the
effect of Angl deficiency on the progression of PDGF-induced
GBM was examined. The Nestin-tva;ink4a/Arf " ~:Pten™'~ mice
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have been shown to develop pro-neural GBM [25] upon PDGFB
expression in neuronal precursor cells. Specific expression of
PDGFB in neuronal precursor cells was achieved by the Racs/tva
system in which tva expression was controlled by the Nestin
promoter and PDGFB was delivered through intracranial injection
of DF-1 chicken fibroblasts that had been infected with and
producing the Rcas-HA-PDGFB vector [25]. The median survival
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WT Ang1™~

time of GBM mice under the Angl~’~ the background was
48 days, 10 days longer than that under the WT background
(Fig. 1a), representing a 26% increase in survival. The median
survival of GBM mice under the Ang1*/~ background was 43 days,
in-between that of the WT and Angl~'~ mice. These results
indicate that Angl deficiency prolonged the survival of PDGF-
induced pro-neural GBM mice.
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Fig. 1

Ang1 deficiency enhanced survival and decreased progression of PDGF-induced GBM mice. a Survival plots of wild-type (WT) (n =

15), Ang knockout heterozygous (Ang1"/~) (n = 22) and homozygous (Ang7~’~) (n = 19) GBM mice. The numbers shown are median survival. P-
values are in comparison to the WT group. b Representative gross histology of fixed brain tissues (sagittal) of sham-operated control mice

(normal) and GBM mice of three different genotypes (WT, Ang1"’~ and Ang1~’

). Tumour boundaries were marked by dotted white lines, and

injection sites were indicated by crosses. ¢ Representative H&E staining of coronal and sagittal brain sections of WT and Ang7~/~ GBM mice.
Tumour boundaries were marked by dotted white lines. In the coronal sections, high-magnification images of the tumour core and the brain
midline were shown. Bar = 50 pm. In the sagittal sections, high-magnification images of the brain cortex and the olfactory bulb were shown.
Bar =50 pum. d IHC of PCNA for proliferating cells. The percentage of PCNA-positive cells was calculated based on cells counted in 3
microscopic fields (x400) at the tumour edge (invasive front), tumour core and perivascular region. Bar = 100 pm. e Necrotic area revealed by
H&E staining, indicated by arrows. Bar =200 pm. f IHC of CD31 for blood vessels (indicated by arrows). Vessels were counted in 3 microscopic
fields (x400). Bar = 100 pm. g Apoptotic cells revealed by TUNEL staining (indicated by arrows). Percentage of apoptosis was calculated from
apoptotic cells counted in 3 microscopic fields (x400). Bar = 100 pm. Data shown in the bar graphs are means +SD of three replicates.

**p < 0.01; ***p < 0.001.
<

Postmortem examination revealed that the WT GBM were more
invasive, as shown by a distorted midline, than Ang1™~ and
Ang1~'~ GBM (Fig. 1b, ¢), indicating that Ang1 deficiency slowed
disease progression. These data provide the first experimental
evidence that ANG expression is inversely correlated with GBM
survival.

Ang1 deficiency decreases the malignant phenotype of mouse
GBM

Histological examination (Fig. 1c) revealed that cellularity at the
tumour core and brain cortex in Ang1~’~ lesions were decreased
than in WT lesions, indicating a lower proliferation rate of the
Ang1™'~ GBM cells. PCNA staining confirmed decreased cell
proliferation throughout the entire area of Ang7~'~ a tumour with
the most significant reduction observed in the perivascular region
where the PCNA-positive cells were decreased by 8.2-fold as
compared to that in WT tumour (Fig. 1d). Ang7~"~ GBM cells
displayed a less invasive phenotype as shown by fewer cells
invading across the midline into the other hemisphere and into
the olfactory blub (Fig. 1c). Ang?~’~ tumours also had a 2.2-fold
larger necrotic area (Fig. 1e), 2-fold reduced angiogenesis (Fig. 1f),
and 20-fold increased apoptosis (Fig. 1g). These results indicate
that the slower progression of Angl GBM is characterised by a
phenotype of lower proliferation, less invasiveness, decreased
angiogenesis and increased apoptosis.

ANG regulates sphere formation of patients-derived glioma
stem cells (GSCs) and proliferation of GBM cells

We next examined the effect of ANG inhibition on patient-derived
GSCs as well as on established GBM cell lines. Three ANG-specific
shRNA sequences (A4, E4 and E7) were used to knockdown ANG
expression using a non-targeting (NT) shRNA as a control. Among
the three ANG-specific sShRNA constructs, E7 was the most efficient
in knocking-down ANG expression (Supplementary Fig. 4a) and
was used in subsequent experiments. First, we performed Matrigel
plug angiogenesis assay to examine the effect of ANG knockdown
on the angiogenic potential of U87 GBM cells. The density of
CD31-positive vessels was decreased by 48%, and the mRNA levels
of mouse Cd37 and mouse VE-Cadherin (Cdh5), the two mouse
endothelial cell markers, were decreased by 58 and 75%,
respectively, in Matrigel inoculated with cells transfected with E7
as compared to that transfected with NT (Supplementary Fig. 4b),
demonstrating the reduced angiogenic potential of ANG
knockdown cells.

The effect of ANG knockdown on cancer stem cell (CSC) sphere
formation was examined with GS6-22, a GSC line of primary GBM
propagated in undifferentiated sphere format exhibiting high
tumour-initiating potential [20]. Knockdown of ANG significantly
decreased the ability of GS6-22 cells to form spheres as indicated
by decreased number and size of spheres (Fig. 2a). The number of
spheres formed from 200 NT control GS6-22 was 142 with an
average diameter of 72 um, and that from the same number of
ANG knockdown GS6-22 was 79 with an average diameter of 46

pm, indicating that knockdown of ANG in GS6-22 cells resulted in a
reduction of sphere number and size by 44% and 36%,
respectively, suggesting a regulatory function ANG in GSCs.
Exogenous ANG protein was able to enhance the sphere
formation of GS6-22 cells (Fig. 2b), confirming the role of ANG
in regulating GSC sphere formation. Consistently, an ANG-specific
monoclonal antibody (mAb), 26-2 F, inhibited the sphere forma-
tion of GS6-22 cells (Fig. 2b). In these experiments, an isotype
control mouse IgG;, was used as a control that had no effect on
sphere formation. Together, these results demonstrate that
inhibition of ANG attenuates the ability of GSCs to form spheres,
suggesting a role of ANG in maintaining the self-renewal capacity
of GSCs.

The effect of ANG knockdown on GBM cell proliferation and
colony formation was examined using U251 and U87 cells.
Knockdown of ANG expression inhibited proliferation of both
U251 (Fig. 2c) and U87 cells (Supplementary Fig. 4c), which could
be partially rescued by exogenous ANG but not by RNase A, a
biologically inactive homologous protein that has 78% amino acid
similarity to ANG. Knockdown of ANG decreased the level of 47 S
rRNA precursor in U251 cells, which could also be partially rescued
by exogenous ANG (Fig. 2d), supporting previous reports that the
proliferation effect of ANG is related to the promotion of rRNA
transcription [22, 26-33]. ANG also enhanced phosphorylation of
AKT and ERK in U251 cells in a time-dependent manner (Fig. 2e).
ANG has been shown previously to activate ERK and AKT in
endothelial cells [34-36] and neuronal cells [37-39] thereby
inducing a variety of cellular activities including proliferation and
survival. Furthermore, ANG inhibition either by mAb 26-2F or
shRNA E7 resulted in a decrease in both the number and size of
U87 colonies formed in soft agar (Fig. 2f). Again, the inhibitory
effect of knocking down ANG could be partially rescued by
exogenous ANG (Fig. 2f). These results demonstrate the role of
ANG in GBM proliferation.

Inhibition of ANG exacerbates stressed-induced apoptosis of
GBM cells

ANG inhibition resulted in not only a decrease in colony
formation but also an increase in apoptosis within the U87
colonies. AO and EB staining showed that the percentage of
apoptotic cells in the colonies formed from NT control cells in
the presence of mAb 26-2 F was 12%, which was 3-fold higher
than that (4%) in the presence of a non-immune isotype IgG
control (Fig. 2g). More robust apoptosis (62%) was found in the
colonies of ANG knockdown cells (E7), representing a 15.5-fold
increase as compared to that of NT control cells (Fig. 2g). The
addition of exogenous ANG protein to ANG knockdown U87
cells decreased apoptosis within the colonies from 62 to 27%,
suggesting that deficiency of endogenous ANG could be
partially rescued by exogenous ANG. Next, we examined the
ability of ANG to prevent stress-induced apoptosis and found
that the apoptosis rate in ANG knockdown cells (E7) was
increased by 10.1-, 32.6- and 2.3-fold, as compared to the NT
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control cells, under oxidative, endoplasmic reticulum (ER) and
starvation stresses inflicted by sodium arsenite (SA), tunicamycin
and serum-free medium, respectively (Fig. 2h, Supplementary
Fig. 4d). Exogenous ANG protein was able to partially rescue
stress-induced apoptosis in both WT and ANG knockdown cells.
These results, together with the observation that there was a
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dramatic increase in apoptosis in Ang1~/~ mouse GBM tissues
(Fig. 1g), indicate that ANG prevents GBM cell apoptosis and
mediates GBM survival. Pathway enrichment analysis revealed
that ANG expression has the highest association (P < 10~8) with
the anti-apoptosis gene signatures in GBM patients (Supple-
mentary Fig. 4e).
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Fig. 2 ANG regulates self-renewal of GSCs and proliferation of GBM cells. a GSC spheres of GS6-22 cells infected with non-targeting (NT)
control and E7 ANG-specific shRNA. Cells were seeded at various density in 96-well plates and cultured in sphere medium for 7 days. The
numbers of spheres with a diameter >30 um were counted from the entire well. Sphere diameters shown were from the wells seeded with 200
cells. Bar = 500 um. b GS6-22 spheres in the presence of a non-immune control IgG (30 pg/ml), ANG protein (1 pg/ml) and anti-ANG IgG 26-2 F
(30 pug/ml) for 7 days. Spheres of >30 ym in diameter were counted from the entire well. Bar = 500 pm. ¢ Proliferation of control or ANG
knockdown U251 cells. ANG and RNaseA proteins were added at 1 ug/ml when cells were seeded. Cell numbers were determined by a Coulter
counter. d 47 S rRNA in U251 cells determined by gRT-PCR using ACTB (B-actin) as the internal control. The product of a representative qRT-
PCR reaction was analysed by agarose gel electrophoresis. @ ERK and AKT phosphorylation in U251 cells induced by ANG (1 pg/ml). Band
intensities of p-ERK and p-AKT were determined by Image J and normalised to the total ERK and AKT, respectively, of the corresponding time
points. f Colony of control and ANG knockdown U87 cells formed in the presence of an isotype control IgG or 26-2 F (50 pg/ml), or in the
presence of exogenous ANG (1 pg/ml). Colony numbers and diameters were counted and measured in 5 microscopic areas (x40). Bar = 500
pum. g Apoptotic cells in colonies of control (NT) or ANG knockdown (E7) U87 in the presence of isotype control IgG or 26-2 F (50 pg/ml), or in
the presence of exogenous ANG (1 pg/ml). Live and apoptotic cells were stained green and red by AO and EB, respectively. The percentage of
apoptotic cells was determined from 500 cells examined in each well. Bar = 200 pm. h Effect of ANG on stress-induced apoptosis of GBM cells.
Control or ANG knockdown U87 cells were cultures in oxidative (SA, 0.25 mM), ER (tunicamycin, 12.5 pg/ml) and nutrient deprivation (serum-
free) stresses in the absence or presence of ANG (1 ug/ml) for 5 days. Apoptotic cells were determined by AO/ER staining. The percentage of
apoptotic cells was determined from 500 cells examined in each well. Data shown in the bar graphs are means +SD of three replicates.

*p < 0.05; **p <0.01; ***p <0.001, ns not significant.
<

ANG upregulates MMP9 to promote GBM invasion

The finding that Ang7™'~ mouse GBM tumour was less invasive
(Fig. 1¢) suggested a role of ANG in GBM invasion. This contention
was supported by the observation that the extracellular matrix
(ECM) of GBM tumours in WT mice was more heterogeneous as
compared to that in Ang?~’~ mice (Fig. 3a), indicating a lower
remodelling process in the ECM of Ang1~/~ GBM. We therefore
examined the effect of ANG on MMP9, a matrix metalloproteinase
that has been shown to be a pro-invasive factor of GBM [40] and
to regulate perivascular invasion of GBM [41]. Immunohistochem-
istry (IHC) (Fig. 3b) analysis revealed that Ang7~’'~ mouse GBM
tissue had a lower level of MMP9 as compared to the WT.
Consistently, ANG was able to enhance the mRNA level of MMP9
by 2.9- and 1.8-fold, respectively, in U87 and U251 cells (Fig. 3c),
and the proteinase activity in the conditioned medium of U87
cells by 2-fold (Fig. 3d). PD98059, a MEK inhibitor, abolished ANG-
induced MMP9 upregulation (Fig. 3e), suggesting a role of the
MEK/ERK pathway in ANG-stimulated MMP9 expression.

We next examined if MMP9 mediates ANG-induced 3-dimen-
tional invasion of GBM cells into a gel composed of collagen and
laminin [42], which mimics the in vivo extracellular environment of
the brain. While exogenous ANG was able to stimulate spheroid
invasion of U251 and U87 cells, ANG-specific mAb 26-2 F inhibited
invasion of GBM spheroid derived from U 251 cells (Fig. 3f) and
U87 cells (Supplementary Fig. 5a), confirming a role of ANG in
promoting GBM invasion. MMP9 inhibitor CTK8G1150 completely
abolished the stimulatory activity of ANG (Fig. 3g) and did not
have an additional inhibitory effect in combination with 26-2F
(Fig. 3h), demonstrating that MMP9 mediates ANG-induced GBM
invasion.

ANG upregulates CD24 to promote the vascular association of
GBM

CD24, a cell surface protein that has been shown to be associated
with invasive growth [43] and poor prognosis of GBM [44], was
found to be downregulated in Ang~’~ mouse GBM (Fig. 4a). CD24
has been reported to promote GBM invasion in vivo but not
in vitro [43], suggesting that the in vivo microenvironment plays a
decisive role in CD24-mediated GBM invasion. To determine if
CD24 regulates ANG-induced association of GBM with the
vasculature, we first confirmed that the mRNA level of CD24
could be upregulated by ANG in both U87 and U251 cells (Fig. 4b).
Next, we examined the effect of CD24 overexpression on GBM
vessel co-option, a movement of cancer cells along the pre-
existing vasculature and an alternative to angiogenesis to gain
access to nutrients, which is a distinct feature of GBM invasion
[45]. In a co-culture experiment of U87 and human umbilical
endothelial cells (HUVEC), we found that overexpression of CD24

in U87 cells increased the percentage of HUVEC-associated GBM
cells from 56 to 84% (Fig. 4c) and decreased the circularity of
HUVEC-associated GBM cells from 0.91 to 0.42 (Fig. 4d), indicating
that CD24 overexpression enhanced association of GBM cells with
endothelial cells. Enhanced association of GBM cells to a
preformed HUVEC network was also notable upon CD24 over-
expression (Fig. 4e). Moreover, exogenous ANG protein also
increased the association of GBM cells to a preformed HUVEC
network, but had no further effect on that of CD24-overexpressing
cells (Fig. 4f), suggesting that CD24 mediates ANG-enhanced
association between GBM cells and endothelial cells. This
mechanism was further supported by the observation that ANG
knockdown decreased the association of GBM cells to HUVEC
network, which could be fully rescued by overexpressing CD24
(Fig. 4g). We also examined the effect of ANG knockdown (E7) on
GBM cell invasions in mouse brain slices by an overlay culture
(Fig. 4h). While the majority of control cells infiltrated into the
brain slice, most ANG knockdown cells stayed on the seeding
surface (Fig. 4h). Further, ANG knockdown cells that had invaded
the brain slices were less interactive with the vasculature as
compared to the control GBM cells (Fig. 4h). Taken together, these
results suggest that ANG promotes vascular association of GBM by
upregulating CD24.

PLXNB2 mediates GBM proliferation and invasion and GSC
self-renewal

We next examined the role of PLXNB2, a recently identified ANG
receptor [7], in self-renewal of GSC and in proliferation,
apoptosis and invasion of GBM cells. Knockdown of PLXNB2 by
shRNA C7 and D2 in U87 and U251 cells (Fig. 5a) decreased their
proliferation (Fig. 5b). Knockdown of PLXNB2 in GS6-22 cells
reduced the number and size of spheres of GS6-22 (Fig. 5¢) as
compared to the NT control shRNA, indicating a role of PLXNB2
in GBM proliferation and GSC self-renewal. Moreover, colony
formation of GBM cells was enhanced by PLXNB2 overexpression
(PB2) and inhibited by PLXNB2 knockdown (C1, D2), accompa-
nied by increased apoptosis (Fig. 5d). mAb17, a mAb developed
against the ANG-binding site of PLXNB2 [7], inhibited U251 cell
proliferation (Fig. 5e). We next examined the effect of PLXNB2
on GBM cell invasion. When equal numbers of GFP-labeled
control shRNA-transfected cells (NT) and RFP-labeled PLXNB2
shRNA-transfected cells (D2) were mixed and examined in the
2-dimentional invasion assay, we found that both the number of
invasive cells and the invading distance of these cells were
significantly decreased in PLXNB2 knockdown cells (Fig. 5f).
Together, these results demonstrate an essential role of PLXNB2
in proliferation, apoptosis and invasion of GBM cells, as well as
self-renewal of GSCs.
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Fig. 3 ANG promotes GBM invasion through upregulation of MMP9. a H&E staining of WT and Ang1~’~ mouse GBM tissues. Bar = 50 pm.
Pixels along 15 lines in 3 fields were determined and the standard deviation was used as indication of matrix heterogeneity. b IHC of MMP9 in
WTand Ang7~/~ mouse GBM tissues. MMP9 positive cells were counted among 500 total cells in each section. Bar = 50 pm. ¢ gRT-PCR analysis
of MMP9 mRNA normalised to GAPDH in U87 and U251 cells treated with or without exogenous ANG (1 pg/ml). d MMP9 zymography. The
conditioned medium of U87 cells treated with or without ANG (1 pg/ml) was subjected to zymography. Image shown was from a
representative experiment. e Effect of MEK inhibitor on ANG-induced MMP9 expression. U251 cells were cultured in the presence or absence
of PD98059 (50 nM) and treated with or without ANG (1 pg/ml). Band intensity of MMP9 were determined by Image J and normalised to that
of tubulin. f U251 spheroid invasion in response to ANG (1 pg/ml) or anti-ANG IgG 26-2 F (50 pg/ml). Tumour cells invaded into the matrix were
recorded for 2 days. Invasive cells were defined as those that had migrated out of the initial spheroid area. The invasive area was defined by
the area where invaded tumour cells were found. Data shown are fold changes of invasive area in comparison to the spheroid area at 0 h. Bar
= 50 pm. g Effect of MMP9 inhibition on ANG-mediated invasion. U87 spheroids were treated with ANG (1 pg/ml), MMP9 inhibitor CTK8G1150
(50 nM) or both for 48 h. Bar =200 pm. h Effect of MMP9 inhibition on ANG mAb-mediated inhibition of U87 spheroids invasion. Spheroids
were treated with a non-immune isotype control IgG or ANG-specific IgG 26-2 F (50 pg/ml) in the presence or absence of MMP9 inhibitor
CTK8G1150 (50 nM). Bar = 200 um. Data shown in the bar graphs are means + SD of three replicates. *p < 0.05; **p < 0.01; ***p < 0.001; ns not
significant.
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Bar = 50 ym. h ANG knockdown inhibits U87 invasion in mouse brain tissues. Control (NT) and ANG knockdown (E7) U87-GFP cells (50,000)
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(green) with mouse brain vessels (red). Data shown in the bar graphs are means + SD of three replicates. *p < 0.05; **p < 0.01; ***p < 0.001.
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PLXNB2 knockdown inhibits xenograft growth of human GBM
cells in athymic mice

Next, we examined the effect of PLXNB2 knockdown on xenograft
tumour growth in both ectopic and orthotopic athymic mouse
models. In the ectopic model, tumour sizes derived from PLXNB2
knockdown U87 cells were 3-fold smaller than that derived from
an equal number of control cells after 3 weeks of growth (Fig. 6a).
In the orthotopic model, we transfected vector control and
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NT

PLXNB2 knockdown U87 cells with a lentiviral vector-mediated
luciferase gene and injected the cells into the SVZ region of
athymic mice. Bioluminescence imaging showed that PLXNB2
knockdown markedly decreased orthotopic growth (16.7- and
22.6-fold difference in luminescence counts on day 16 and 21,
respectively) (Fig. 6b) and prolonged animal survival (Fig. 6c).
Postmortem examination showed that tumour lesions from the
control group were more aggressive (Fig. 6d), proliferative (Fig. 6e),
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Fig.5 PLXNB2 mediates formation GSC spheres, proliferation, apoptosis and invasion of GBM cells. a Immunoblot of PLXNB2 in U251 and
U87 cells stably transfected with non-targeting (NT) control or PLXNB2-specific (C1, D2) shRNA. b Proliferation of control (NT) and PLXNB2
knockdown (C17, D7) U251 and U87 cells. Cell numbers were determined by a Coulter counter. ¢ GSC spheres of control (NT) and PLXNB2
knockdown (D2) GS6-22 cells. The mRNA and protein levels of PLXNB2 in control and knockdown cells were shown on the left. Cells were
seeded at various density ranging from 10 to 400 per well in 96-well plates and cultured in sphere medium for 7 days. The numbers of spheres
with a diameter >30 ym were counted from the entire well. Sphere diameter shown were from the wells seeded with 200 cells. Bar = 500 pm.
d Colonies of control (NT), PLXNB2 overexpression (PB2) and knockdown (C7, D2) U87 cells. AO and EB staining was used to visualise live and
apoptotic cells in the colonies. PLXNB2 mRNA levels were determined by gqRT-PCR, colony numbers were counted from 5 microscopic fields
(x40), colony diameters were determined from all counted colonies, apoptotic cells were counted among 500 cells in the colony. Bar = 500 pm
(phase contrast) or 200 pm (fluorescence). e Effect of anti-PLXNB2 IgG mAb17 on proliferation of U251 cells. Cells were cultured in the
presence of 40 ug/ml non-immune isotype control IgG or various concentrations of mAb17 as indicated. Cell numbers were determined by a
Coulter counter. f Effect of PLXNB2 knockdown on GBM spheroid invasion. Control (NT) and PLXNB2 knockdown (D2) U251 cells were
transfected with vectors encoding GFP and RFP, respectively, mixed and plated in collagen/laminin gels. Phase contrast and fluorescent
images were taken on days 0, 1 and 2. Bar =200 pm. Numbers of invasive cells were counted and the invaded distance of each cell was

measured on day 2. Data shown in the bar graphs are means + SD of three replicates. *p < 0.05; **p < 0.01; ***p < 0.001.

angiogenic (Fig. 6f) and invasive (Fig. 6g) as compared to PLXNB2
knockdown group.

Inhibitors of the ANG-PLXNB2 axis inhibit GBM growth
Finally, we assessed the potential of ANG inhibitors in GBM
therapy in both transgenic and xenograft animal models. First, we
examined the effect of neomycin, a small molecule that inhibits
the binding of ANG to PLXNB2 [7], using paromomycin as a
control. Paromomycin differs from neomycin only at position 6 of
the glucose ring (-NH; in neomycin and -OH in paromomycin) but
does not inhibit ANG function in both in vitro and in vivo assays
[46]. Treatment with neomycin increased the median survival of
PDGF-induced pro-neural GBM mice from 51 days to 64 days,
representing a 13 day or 25% increase in survival, as compared to
the animals treated with paromomycin (Supplementary Fig. 6a).
Histological and IHC analyses revealed that neomycin-treated
mouse GBM tumours displayed a decrease in angiogenesis
(Supplementary Fig. 6b), an increase in apoptosis (Supplementary
Fig. 6¢), a more homogenous ECM (Supplementary Fig. 6d) and a
reduction in MMP9 expression (Supplementary Fig. 6e) as
compared to paromomycin-treated tumours. These results
demonstrate that blocking the binding of ANG to PLXNB2
prolonged the survival of PDGF-induced GBM mice, which was
characterised by a reduction in angiogenesis and invasion and an
increase in apoptosis. In order to determine if targeting ANG may
have relevance to human GBM therapy, we examined the effects
of ANG inhibitors on human GBM xenograft tumours in athymic
mice. Treatment with human ANG-specific mAb 26-2 F (Supple-
mentary Fig. 7a) or neomycin (Supplementary Fig. 7b) prevented
the growth of U87 xenografts in 70% animals, accompanied by
decreased expression of MMP9 and CD24 (Supplementary Fig. 7c)
and reduced association of tumour cells with the vasculature
(Supplementary Fig. 7d).

DISCUSSION

We have identified ANG and its receptor PLXNB2 as a pair of novel
regulators that promote GBM progression by enhancing prolifera-
tion, angiogenesis, invasion and vascular association in both
genetic and xenograft GBM mouse models, and in cultured GSC
and GBM cells. Knockout of Ang7 gene slowed the progression of
PDGF-induced pro-neural GBM in a genetic mouse model in the
Ink4a/Arf~'~;Pten’~ background and extended the median
survival of these mice from 38 days to 48 days (Fig. 1a). A 10-
day extension of survival is significant in these mice considering
the relatively short median survival of 38 days. A beneficial effect
of ANG inhibition on GBM survival has also been shown by a 13-
day life extension in the same genetic mouse GBM model upon
treatment of a small molecule inhibitor that blocks the binding of
ANG to its receptor PLXNB2 (Supplementary Fig. 6a). Pathological
examination and histological analyses revealed that ANG

deficiency or inhibition resulted in a decrease in angiogenesis
and cell proliferation, and an increase in apoptosis in Angl /"~
GBM or in WT GBM after treatment with ANG inhibitor. These
findings can be attributed to the properties of ANG as an
angiogenic molecule and to the known function of ANG in
regulating cell proliferation and survival. More significantly, we
noticed a dramatic reduction in invasion and vascular association
of tumour cells in Ang7~’~ GBM, suggesting that ANG mediates
tumour invasion and vascular association, the two essential
components in perivascular invasion of GBM, the primary mode
of brain tumour spread. Brain ECM lacks rigid collagen protein and
is enriched with less rigid proteoglycan that slows down cell
migration. Additionally, the carbohydrate component of proteo-
glycan is resistant to protease degradation. Therefore, brain ECM
poses a barrier to tumour invasion even after extensive remodel-
ling by MMPs. Primary brain tumours and brain metastasis all
show widespread perivascular invasion as a unique way to
infiltrate into brain tissues [47]. Perivascular invasion can be
advantageous to GBM infiltration because there is considerably
less physical resistance in the perivascular space [48]. It was
reported that GBM cells with perivascular invasion migrated 3-fold
faster than those without perivascular invasion [49]. The
perivascular invasion of GBM cells involves two main steps, that
is, invasion and vascular association [48]. We demonstrated that
ANG functions in both steps by upregulating MMP9 and CD24 that
mediates invasion and vascular association and of GBM cells,
respectively, both of which are important for perivascular invasion.

MMP9 expression has been shown to be correlated with a
higher glioma grade and invasiveness [40], and to be localised at
the perivascular niche in GBM [41]. MMP9 inhibition by RNAi
significantly reduced GBM tumour invasion, tumour growth and
angiogenesis [50]. MMP9 has also been reported as pro-invasive
factor of GSC [51]. Although there was no experimental data
presented in this study that ANG also upregulates MMP9
expression in GSCs, it would be interesting to examine the role
of ANG in GSC invasion in future studies.

We also showed that ANG regulates the expression of CD24, a
cell surface molecule that has been shown to be correlated with a
poor GBM prognosis [44]. CD24 overexpression increased GBM
tumour invasiveness in vivo but not in vitro [43], suggesting that
CD24-mediated GBM invasion is dependent on the in vivo
microenvironment.

The finding is that ANG and PLXNB2 regulate sphere formation
of patient-derived GSCs is of interest. As cancer stem cells are
thought to be a major reason for chemo-resistance and disease
relapse, inhibitors of the ANG-PLXNB2 axis might thus have
therapeutic implications.

Data were presented to show that inhibition of ANG-PLXNB2
inhibits GBM growth in both an immunocompetent genetic
mouse model and an immunodeficient xenograft animal model,
suggesting a therapeutic potential of ANG-PLXNB2 inhibitors in
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Fig.6 Effect of PLXNB2 knockdown on xenograft growth of GBM cells in athymic mice. a Ectopic growth of not-targeting (NT, n = 8) control
and PLXNB2 knockdown (D2, n = 8) U87 cells in athymic mice. Left panel, images of dissected tumours. Right panel, average tumour weights.
b Orthotopic growth of control (NT, n = 4) and PLXNB2 knockdown (D2, n = 4) U87 cells. U87-NC and U87-D2 cells were stably transfected with
a lentiviral vector encoding luciferase cDNA and intracranially injected into the SVZ region of the brain of athymic mice (1 x 10° cells in 2 pl)
through a Hamilton syringe on a stereotactic fixation device: bregma, lateral 1.7 mm, posterior —0.5mm, depth 2.5 mm. Left panel,
representative bioluminescence images taken at 2 weeks post-inoculation. Right panel, weekly bioluminescence radiance (photons/s/cm?/cr).
¢ Kaplan-Meier survival curves. d Gross histology of orthotopic tumour lesions. Yellow circles marked the tumour lesions, dotted white lines
marked the midlines of the brains. e Cell proliferation examined by IHC of PCNA. The percentage of PCNA-positive cells in the core region and
in the invasive front were determined from 500 cells in 5 microscopic fields (x400) and shown as means+SD (n=4). Bar=>50pum.
f Angiogenesis examined by IF of CD31. Vessels were counted in 5 microscopic fields (x400). Bar = 50 pm. g MMP9 level examined by IHC. Bar
=50 pm. *p < 0.05; **p < 0.01; ***p <0.001.

GBM treatment. The potential role of ANG in the immune escape
of GBM would be an interesting area for further investigation as
ANG has indeed been reported to have an immune-regulatory
function. ANG is expressed in the paneth cells of mouse intestine
where it regulates innate immunity [4]. It is an acute-phase protein
[52, 53] and is upregulated by IL-6 [53], TNF-a and IL-1 [54] and in
inflammatory bowel disease [55]. An anti-inflammatory function of
ANG has also been proposed [56]. ANG has been shown to
suppress TNF-a- and LPS-induced expression of pro-inflammatory
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cytokines including IL-1B, IL-6, IL-8, TNFR1, TNFR2, MCP-1, MCP-2
and to promote the expression of anti-inflammatory cytokines
including IL-4 and IL-10 in corneal fibroblasts [57, 58]. The anti-
inflammatory and immune-regulatory functions of ANG in the
eyes have been confirmed in both mouse [57] and rat [59] models.

In summary, we have identified a novel pathway of invasive
growth of GBM in which the ANG-PLXNB2 axis enhances GSC self-
renewal, stimulates GBM invasion and vascular association as well
as angiogenesis and cell proliferation, and decreases apoptosis. In
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particular, we showed that ANG upregulates MMP9 and CD24
expression leading to enhanced ECM degradation and tumour-
vessel interaction. We demonstrated the role of ANG-PLXNB?2 in
GBM pathogenesis as well as the potential therapeutic activity of
ANG inhibitors against GBM in both the immunocompetent
genetic GBM model and the immunodeficient xenograft model.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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