EBioMedicine 48 (2019) 36-48

EBioMedicine

Contents lists available at ScienceDirect

EBioMedicine

Published by THE LANCET

journal homepage: www.elsevier.com/locate/ebiom

Research paper

Overexpression of Limb-Bud and Heart (LBH) promotes angiogenesis )
in human glioma via VEGFA-mediated ERK signalling under hypoxia s

Yang Jiang®"!, Jinpeng Zhou®', Dan Zou®, Dianqi HouP Haiying Zhang¢, Junshuang Zhao?,
Long Li¢, Jiangfeng Hu®, Ye Zhang“*, Zhitao Jing®*

a Department of Neurosurgery, the First Hospital of China Medical University, No. 155, North Nanjing Street, Shenyang, Liaoning 110001, China

b Department of Neurosurgery, Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine, No. 100 Haining Road, Shanghai 200080, China
€The First Laboratory of Cancer Institute, the First Hospital of China Medical University, No. 155, North Nanjing Street, Shenyang, Liaoning 110001, China

d International Education College, Liaoning University of Traditional Chinese Medicine, No. 79 Chongshan East Road, Shenyang, Liaoning 110042, China

¢ Department of Gastroenterology, Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine, No. 100 Haining Road, Shanghai 200080,

China

ARTICLE INFO

Article history:

Received 9 August 2019

Revised 7 September 2019
Accepted 18 September 2019
Available online 17 October 2019

Keywords:

Glioma

Glioma stem cells
LLimb-Bud and Heart
Angiogenesis

ERK signalling pathway

ABSTRACT

Background: Glioma is the most common primary malignant tumor in the central nervous system with
frequent hypoxia and angiogenesis. Limb-Bud and Heart (LBH) is a highly conserved transcription cofactor
that participates in embryonic development and tumorigenesis.

Methods: The conditioned media from LBH regulated human glioma cell lines and patient-derived glioma
stem cells (GSCs) were used to treat the human brain microvessel endothelial cells (hBMECs). The func-
tion of LBH on angiogenesis were examined through methods of MTS assay, Edu assay, TUNEL assay,
western blotting analysis, qPCR analysis, luciferase reporter assay and xenograft experiment.

Findings: Our study found for the first time that LBH was overexpressed in gliomas and was associated
with a poor prognosis. LBH overexpression participated in the angiogenesis of gliomas via the vascu-
lar endothelial growth factor A (VEGFA)-mediated extracellular signal-regulated kinase (ERK) signalling
pathway in human brain microvessel endothelial cells (hBMECs). Rapid proliferation of gliomas can lead
to tissue hypoxia and hypoxia inducible factor-1 (HIF-1) activation, while HIF-1 can directly transcription-

ally regulate the expression of LBH and result in a self-reinforcing cycle.
Interpretation: LBH may be a possible treatment target to break the vicious cycle in glioma treatment.

© 2019 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Research in context
Evidence before this study

Glioma is the major primary tumor in the central nervous sys-
tem, which constitutes nearly 80% of all malignant brain tumors,
with a median survival of no more than 15 months. Furthermore,
the hypoxic tumor microenvironment can promote angiogenesis,
proliferation and invasion in gliomas via recruiting and activating
glioma stem cells (GSCs). Therefore, intervention in the processes
of angiogenesis and GSC activation is of great therapeutic signifi-
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cance in gliomas. As a transcription cofactor, LBH is expressed in
the central nervous system and brain, and is associated with is-
chemic stroke, Parkinson’s disease, and other neurological diseases.
LBH also participates in tumorigenesis and the development of sev-
eral cancers, such as hepatocellular, gastric and breast cancer. How-
ever, whether LBH can participate in the functional regulation of
glioma and GSCs is still not completely clear.

Added value of this study

Our study found for the first time that LBH was overexpressed
in gliomas and was associated with a poor prognosis. GSEA analy-
sis revealed that higher LBH expression participates in the angio-
genesis of glioma under hypoxia. Our results found LBH-mediated
glioma conditioned medium (GCM) can promote the prolifera-
tion, invasion and angiogenesis of hBMECs, and HIF-1 can directly
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upregulate the expression of LBH under hypoxia. Our research
demonstrated that the expression and secretion of VEGFA was reg-
ulated by LBH in glioma cell lines and GSCs, and VEGFA-mediated
ERK signaling was activated. In summary, LBH is a novel oncogene
in glioma and mainly participates in the angiogenesis of glioma via
the VEGFA-mediated ERK signaling pathway.

Implications of all the available evidence

We confirmed that LBH is overexpressed in glioma, and can ac-
tivate the VEGFA-mediated ERK signaling pathway under transcrip-
tionally regulated by HIF-1 under hypoxia, which provided a novel
mechanism by which the hypoxic microenvironment promotes the
tumorigenesis and angiogenesis of glioma via LBH upregulation.
LBH is a possible treatment target to improve the prognosis of
glioma patients.

1. Introduction

Glioma is the major primary tumor in the central nervous sys-
tem and is characterized by rapid proliferation and invasion [1,2].
Despite an abundant blood supply in the tumor tissues [3], fre-
quent occurrences of ischaemia, hypoxia and necrosis are reported
[4,5]. The hypoxic tumor microenvironment can promote prolifer-
ation, invasion, angiogenesis and therapeutic resistance in gliomas
via recruiting glioma stem cells (GSCs) and activating various cellu-
lar pathways [6,7]. Hypoxia-inducible factors (HIFs) are the major
mediators of the transcriptional hypoxic response, and the accu-
mulation of HIF-1« can lead to the transcription of hypoxic-related
genes, which participate in tumorigenesis and angiogenesis [5,8].
GSCs have been identified as a subpopulation of tumor cells that
play a key role in tumorigenesis, angiogenesis, therapy resistance
and recurrence [9,10]. These cells thereby lead to a vicious cycle
and aggravate the malignancy of the glioma. Therefore, interven-
tion in the processes of angiogenesis and GSC activation is of great
therapeutic significance in gliomas.

Limb-Bud and Heart (LBH) is a highly conserved transcription
cofactor in vertebrates and is mainly expressed in embryonic tis-
sues and several adult tissues, including the gut, spleen, kidney,
brain and peripheral nervous system [11]. LBH has multiple func-
tions in embryogenesis, especially in the development of limbs and
the heart [12]. LBH can also regulate angiogenesis during foetal
bone development through VEGF [13]. Moreover, LBH is reported to
be involved in the tumorigenesis of several cancers. For example,
LBH plays a carcinogenic role in hepatocellular, gastric and breast
cancers [11,14,15]. However, LBH was also reported to have an-
ticancer effects in human lung adenocarcinomas, nasopharyngeal
carcinomas and prostate carcinomas [16-18].

Although LBH is expressed in the normal brain and associated
with ischaemic stroke, Parkinson’s disease, and other neurological
diseases [19], there is no research about the possible roles of LBH
in gliomas. It is unknown whether LBH participates in the tumori-
genesis of gliomas. Moreover, LBH can maintain the stemness of
multipotent retinal progenitor cells and mammary stem cells and
inhibit the differentiation of these cells [20,21]. This suggests that
LBH can participate in the functional regulation of GSCs.

Through bioinformatic analyses, our study first detected ab-
normally high LBH expression levels in gliomas, which were as-
sociated with poor prognosis. We then confirmed these findings
in clinical specimens. We further demonstrated that the hypoxic
microenvironment can promote the transcription and expression
of LBH and lead to angiogenesis in gliomas via the vascular en-
dothelial growth factor A (VEGFA)-mediated extracellular signal-
regulated kinase (ERK) signalling pathway. Therefore, LBH is a
promising target for glioma therapy.

2. Materials and methods
2.1. Cell culture and cell treatment

The human glioma cell lines, U87, U118 and U251 were pur-
chased from the Chinese Academy of Sciences Cell Bank (Shang-
hai, China). T98G was purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). LN229, H4 and U178 cells
were purchased from iCell Bioscience Inc. (Shanghai, China). All
of the glioma cell lines were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM, HyClone, Logan, UT, USA), supplemented
with 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA) and
1% penicillin/streptomycin (Gibco) at 37 °C with 5% CO,. Normal
human astrocytes (HA) and human brain microvessel endothelial
cells (hBMECs) were purchased from ScienCell Research Laborato-
ries (San Diego, CA, USA). The HA were maintained in astrocyte
medium (ScienCell Research Laboratories) and hBMECs were main-
tained in endothelial cell medium (ScienCell Research Laborato-
ries). Six patient-derived primary glioma cells from grade II to IV
tumors, according to the World Health Organization (WHO) clas-
sification guidelines (grade II: GSC2A, GSC2B; III: GSC3A, GSC3B;
IV: GSC4A, GSC4B), were also used, as previously described [22].
The detailed clinicopathological information is presented in sup-
plementary table 1. The stemness of GSCs was detected by im-
munofluorescence using anti-CD133 (1: 100, #ab16518 Abcam,
Cambridge, UK) or nestin antibodies (1: 100, #ab6320), and the
multi-lineage differentiation capacity of GSCs was demonstrated
via immunofluorescence staining of GFAP (1: 100, #ab16977) and
B 1 tubulin (1: 100, #ab18207).

To induce hypoxia, the glioma cell lines or GSCs were cultured
in a hypoxia chamber with 94% N,, 5% CO,, and 1% O, at 37 °C.
VEGFA-neutralizing antibody (#ab36424) was used at a concentra-
tion of 0.1 ug/mL. All of the above cells were cultured in vitro for
no more than 10 passages.

2.2. Preparation of the glioma conditioned medium (GCM)

The glioma cell lines or GSCs were cultured to 80% conflu-
ence under different conditions. Then serum-free DMEM was used
to wash these cells three times and then cells were cultured in
serum-free DMEM for 24 h. The supernatants were collected and
centrifuged at 3000 x g for 15 min at 4°C to remove cell debris.
The GCM was prepared and immediately used to treat hBMECs
before performing the subsequent experiments, or was stored at
-80 °C for no more than one week [23].

2.3. Patients and samples

Clinical samples from glioma patients and the normal control
group were the same as previously described [24]. Briefly, 70 clini-
cal samples from glioma patients were collected from January 2007
to December 2011 in the First Affiliated Hospital of China Medical
University [24]. Among these, there were 20 cases of grade II, 25
cases of grade Il and 25 cases of grade IV tumors, according to the
WHO classification guidelines. The detailed clinicopathological in-
formation was presented in supplementary table 2. Samples from
another 10 patients without any previous neurological diseases,
suffered serve brain trauma and received the operation immedi-
ately were collected as the control group during the same period.
This study was approved by the ethics committee of the First Af-
filiated Hospital of China Medical University and written informed
consent was obtained from all patients.
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2.4. Lentiviral vector construction and transfection

The lentivirus-based vectors for LBH  overexpres-
sion and RNAi-mediated knockdown of LBH were ob-
tained from Gene-Chem (Shanghai, China). Two siRNA
sequences were designed for LBH silencing as follows:
LBH-KD1: forward 5'-GGAUCGAGUUUGAGACUAAAG-3’, re-
verse 5’-UUAGUCUCAAACUCGAUCCCA-3'; LBH-KD2: for-
ward 5'-CUGUGACAGUUGUAAAUAAAG-3/, reverse 5/-

UUAUUUACAACUGUCACAGUG-3'.  Lentivirus
performed as previously described [22].

transfection  was

2.5. Real-time PCR

Real-time PCR was performed as previously described [22]. The
Mini-BEST Universal RNA Extraction kit (#9767, TaKaRa, Kyoto,
Japan) was used to isolate the total RNA of glioma cells, follow-
ing first-strand cDNA synthesis by Prime-Script RT Master Mix
(#6110A, TaKaRa) and qPCR detection by SYBR Green Master Mix
(#RR420Q, TaKaRa) on a PCR LightCycler 480 (Roche Diagnos-
tics Ltd., Basel, Switzerland). The sequences of PCR primer pairs
were as follows: LBH, forward 5-GCCCCGACTATCTGAGATCG-

3* and reverse 5'-GCGGTCAAAATCTGACGGGT-3’;  VEGFA,
forward 5'-AGGGCAGAATCATCACGAAGT-3’ and re-
verse 5'-AGGGTCTCGATTGGATGGCA-3’; B-actin, for-
ward 5'-CATGTACGTTGCTATCCAGGC-3’ and reverse 5'-

CTCCTTAATGTCACGCACGAT-3".
2.6. Western blot analysis

Western blotting was performed as previously described [22].
Briefly, the total protein of cells was isolated using a total cell
protein extraction kit (KeyGen Biotechnology, Nanjing, China), fol-
lowed by electrophoresis of equivalent amounts of protein. Pro-
teins were then transferred to a nitrocellulose membrane, and the
membrane was blocked with 2% bovine serum albumin (KeyGen
Biotechnology). Relevant primary antibodies against LBH (1:500,
#ab122223), HIF-1 (1:500, #ab1), VEGFA (1:1000, #ab52917),
VEGFR2 (1:1000, #ab11939), p-VEGFR2 (1:1000, #ab194806),
MEK1/2 (1:1000, #ab178876), p-MEK1/2 (1:1000, #ab96379),
ERK1/2 (1:500, #ab17942), p-ERK1/2 (1:500, #ab223500) and S-
actin (1:2000, #66009-1-Ig, ProteinTech, Chicago, IL, USA) were in-
cubated with the membrane at 4 °C overnight. Following this, in-
cubation with appropriate secondary antibodies (ProteinTech) was
also performed. The chemiluminescence ECL kit (Beyotime Biotech-
nology, Beijing, China) was used to detect the protein bands of in-
terest, and band density was quantified by Image ] software (Na-
tional Institutes of Health, Bethesda, MD, USA).

2.7. Immunohistochemistry

Immunohistochemistry was performed as previously described
[22]. The tumor tissues were embedded in paraffin, sliced into
4-pm sections and labelled with primary antibody against LBH
(1:100, #ab122223), VEGFA (1:100, #ab52917) and CD31 (1:100,
#ab28364). Then the slices were stained with an immunohisto-
chemical labeling kit (MaxVision Biotechnology, Fuzhou, Fujian,
China) and imaged under a light microscope (Olympus). The stain-
ing intensity and expression levels were evaluated according to the
German immunohistochemical score [25].

2.8. Immunofluorescence
Immunofluorescence staining was performed as previously

described [22]. Briefly, the glioma cells were fixed with 4%
paraformaldehyde, permeabilized with 0.5% Triton X-100, blocked

with 5% BSA, and probed with primary antibodies against CD133,
nestin, GFAP and BllI-tubulin at 4 °C overnight, followed with FITC-
or rhodamine- conjugated secondary antibodies. The cells were
then counterstained with DAPI (Sigma, Santa Clara, CA, USA). Stain-
ing was visualized via a laser scanning confocal microscope (Olym-
pus).

2.9. Cell viability assay

The hBMECs treated under different conditions were plated in
96-well plates at 1 x 103 cells / well and cultured for 5 days. The
CellTiter 96® AQueous Non-Radioactive cell proliferation assay kit
(MTS, # G3582, Promega, Madison, WI, USA) was used to detect
the cell viability, according to the manufacturer’s instructions, as
previously reported [26].

2.10. EDU assay

The hBMECs treated under different conditions were seeded
into 24-well plates at 1 x 10° cells / well and incubated for 24 h.
The 5-ethynyl-20-deoxyuridine (EDU) incorporation assay was per-
formed with an EDU assay kit (#C0075S, Beyotime Biotechnol-
ogy), according to the manufacturer’s instructions, as previously re-
ported [22]. Images were taken under a laser scanning confocal mi-
croscope (Olympus) and the percentage of EDU-positive cells was
calculated.

2.11. Transwell invasion assay

The transwell invasion assay was performed as previously de-
scribed [27]. The HBMECs treated under different conditions were
applied to Matrigel-coated filters at 1 x 10° cells | well for 20 h.
The cells that invaded the lower compartments were stained
with crystal violet (Beyotime Biotechnology), photographed, and
counted under a microscope (Olympus).

2.12. Tube formation assay

First, precooled 96-well plates were coated with 70 ul of Ma-
trigel (#354248, Corning Technology, Corning City, NY, USA) at
37°C for 30 min. The HBMECs treated under different conditions
were seeded at 2 x 10 cells / well for 3 h. Tube formation was
photographed under a microscope (Olympus) and the number of
branches and tube lengths were calculated using Image ] software
(National Institutes of Health).

2.13. Luciferase reporter assays

Luciferase reporter assays were performed as previously de-
scribed [24,26]. Briefly, LBH reporter plasmids were constructed by
Gene-Chem (Shanghai, China). The different types of glioma cells
were seeded into 96-well plates at a density of 5 x 103 cells | well
and were transfected with LBH wild-type or mutant reporter plas-
mids for 48 h. The Dual-Luciferase Reporter Assay System (#E1910,
Promega) was then used to detect the luciferase activities.

2.14. Chromatin immunoprecipitation (ChIP) assays

ChIP assays were performed as previously described [22].
Briefly, the glioma cells treated under different conditions were
plated in a 100-mm dish and immunoprecipitated with anti-
HIF-1 antibodies (#ab1). The ChIP Assay Kit (#P2078, Beyotime
Biotechnology) was used to purify DNA samples and the puri-
fied DNA was analyzed by qPCR. The primer pairs used to am-
plify the HIF-1 binding site in the LBH promoter was: f 5'-
ACCCAGGACGACACCACA-3’ and r 5'-AATCCTCGCCCGCAGCCTTG-3'.
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2.15. Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed as previously described [22]. The Human
VEGF Quantikine ELISA kit (#DVEOO, R&D Systems, Minneapolis,
MN, USA) was used to assess the concentration of VEGFA in the
supernatant of the media of the glioma cells treated under differ-
ent conditions. All readings were normalized to the protein con-
centration in the control groups.

2.16. Xenograft experiments

Xenograft experiments were performed as previously described
[22]. Six-week-old female BALB/c nude mice (Beijing Vital River
Laboratory Animal Technology Co., Ltd., Beijing, China) were bred
in the Laboratory Animal Center of China Medical University under
specific-pathogen-free conditions. Briefly, the glioma cells treated
under different conditions were injected (5 x 104 cells per mouse)
orthotopically into the mouse brain 2 mm lateral and 2 mm
anterior to the bregma using stereotaxic apparatus. Each group
with five mice was observed daily for signs of distress or death,
and tumor volumes were calculated according to the formula:
V=(D xd x d)/2, where D represents the longest diameter and d
represents the shortest diameter. All animal experiments were per-
formed in accordance with the Animal Care Committee of China
Medical University.

2.17. Bioinformatics analysis

The data on LBH mRNA expression, WHO grades, isocitrate de-
hydrogenase (IDH 1/2) status and survival times of glioma patients
were obtained from the Chinese Glioma Genome Atlas (CGGA,
http://www.cgga.org.cn) including the mRNAseq_325 dataset and
mRNAseq_693 dataset, and the Cancer Genome Atlas (TCGA, http:
//cancergenome.nih.gov) in the HG-U133A platform. Gene set en-
richment analysis (GSEA, http://www.broadinstitute.org/gsea/ in-
dex.jsp) was used to identify any enrichments in signalling path-
ways between the higher and lower LBH expression groups.

2.18. Statistical analysis

All experiments were repeated at least three times and the re-
sults were presented as the mean + sd. The chi-square test was
used to evaluate the relationship between LBH expression and clin-
icopathological characteristics. The two-tailed Student’s t-test was
used for comparisons of two independent groups. One-Way ANOVA
was used to evaluate the statistical significance among three or
more groups. The log-rank test and Kaplan-Meier analysis were
used to analyze the survival rates of each group. Statistical analysis
was performed using SPSS 23.0 software (IBM, Armonk, NY, USA).
Two-tailed P values < 0.05 were considered statistically significant.

3. Results

1 LBH is overexpressed in gliomas and correlates with poor pa-
tient survival

To investigate the possible functions of LBH in gliomas, we first
searched the expression of LBH in the TCGA and CGGA datasets.
Both results showed that expression was significantly increased
with higher glioma WHO grades (TCGA: Fig. 1a, p <0.0001, CGGA:
Fig. 1b, p <0.0001, One-Way ANOVA). Furthermore, higher expres-
sions of LBH were observed in IDH-wild-type gliomas than in IDH-
mutants in both the TCGA and CGGA datasets (TCGA: Fig. 1d, p
<0.0001, CGGA: Fig. 1e, p < 0.0001, Student’s t-test). LBH over-
expression was associated with decreased survival rates in both
TCGA and CGGA gliomas (TCGA: Fig. 1c, p <0.001, CGGA: Fig. 1f,

log-rank test). Considering these bioinformatic results, we further
detected the expression of LBH in 70 glioma patients and 10 nor-
mal brain tissues. All of the qPCR, western blot, and immunohisto-
chemistry results showed higher expressions of LBH in glioma tis-
sues than in normal brain tissues (Fig. 1g-i). Furthermore, the ex-
pression of LBH was significantly increased in higher glioma WHO
grades (Fig. 1g-i). Kaplan-Meier survival analyses showed that the
median survival time of total glioma patients and GBM patients
with higher LBH expressions were all shorter than in patients with
lower LBH expression levels (Fig. 1j).

We further isolated GSCs from six glioma patients with differ-
ent WHO pathological diagnoses (e.g., WHO grade II, Il or IV).
The six GSCs were designated GSC-2A and GSC-2B (WHO grade
II), GSC-3A and GSC-3B (WHO grade III), and GSC-4A and GSC-4B
(WHO grade 1V). All GSCs were confirmed via immunofluorescence
staining of the stem cell markers, CD133 and nestin, and the dif-
ferentiation markers, GFAP and S-III tubulin (Fig. S1a, b). qPCR and
western blotting showed higher expressions of LBH in WHO grade
IV GSCs (GSC-4A and GSC-4B) than in WHO grade II GSCs (GSC-2A
and GSC- 2B) (Fig. S2a, d, p < 0.0001, One-Way ANOVA). We also
analyzed seven glioma cell lines and one normal human astrocyte
(HA) cell line. gqPCR and western blot analyses revealed a higher
expression of LBH in the glioma cell lines than in HAs (Fig. S2b,
¢, p < 0.0001, One-Way ANOVA). Therefore, we conclude that the
higher expression of LBH in gliomas is correlated with poor patient
survival.

1 LBH-mediated GCM regulates the proliferation, invasion and an-
giogenesis of hBMECs

To investigate the function of LBH in gliomas, we performed
gene set enrichment analysis (GSEA) based on LBH expression. The
results showed that a higher LBH expression was associated with
enrichment of the regulation of the VEGF receptor signalling path-
way and hypoxia in both the TCGA and CGGA datasets (Fig. 2a,
b). This suggested that higher LBH expression may promote glioma
angiogenesis, especially under hypoxia. According to the expression
of LBH in patient-derived GSCs and glioma cell lines in Fig. S2a-d,
GSC4B and T98G expressed the highest levels of LBH, while GSC2A
and U118 expressed the lowest levels of LBH. Therefore, GSC4B and
T98G were chosen for LBH silencing and GSC2A and U118 were
chosen for LBH overexpression. Lentiviral-based transfection and
the effects on LBH overexpression or silencing were validated by
both qPCR and western blotting (Fig. S2e-h). The supernatants of
these GSCs and glioma cell lines were then collected and used to
treat hBMECs.

We first evaluated the positive effects on the proliferation of
LBH via MTS and EDU assays. The results showed that treatment
with the conditioned media from LBH-overexpressed GSC2A and
U118 cells increased cell viability and the rates of EDU-positive hB-
MECs (Fig. 2c-f). However, the opposite results were obtained af-
ter treatment with LBH-silenced GSC4B and T98G conditioned me-
dia (Fig. S3a-c). Transwell assays then showed that treatment with
the LBH-overexpressed conditioned media increased the number
of invading cell numbers of hBMECs (Fig. 2g), whereas treatment
with LBH-silenced conditioned media decreased the invasive cell
numbers (Fig. S3d). Finally, tube formation assays were performed
to detect the effect of LBH on angiogenesis regulation. Treatment
with LBH-overexpressed conditioned media increased the number
of branches and tubule length of hBMECs, compared with GCM
treatment of the empty vector groups (Fig. 2h). However, the op-
posite results were obtained after treatment with LBH-silenced
conditioned media (Fig. S3e). Taken together, these results clearly
demonstrated that LBH overexpression in glioma cells and GSCs
can promote the proliferation, invasion and angiogenesis of hB-
MECs.

1 HIF-1 can directly induce the expression of LBH under hypoxia
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Fig. 1. LBH is expressed at higher levels in gliomas and is correlated with poor patient survival

a, b: The mRNA expression of LBH is shown according to WHO grades in the TCGA (a) and CGGA (b) databases.

d, e: The mRNA expression of LBH is shown according to IDH status in the TCGA (d) and CGGA (e) databases.

¢, f: The prognostic significance of LBH was confirmed in the TCGA (c) and CGGA (f) databases.

g: LBH is expressed at higher levels in glioma patients with different grades of disease, compared with normal brain tissue (NBT) as measured by qPCR. (Il vs. NBT: p=0.0104,
I vs. NBT: p=0.0001, IV vs. NBT: p<0.0001, III vs. Il p=0.0023, VI vs. Ill: p=0.0156, One-Way ANOVA).

h: Representative western blots showing higher LBH expression in glioma patients with different tumor grades, compared with NBT.

i: Representative immunohistochemical staining for LBH in NBT and glioma patients with different tumor grades (grade I, n=20; grade IIl, n=25; grade IV, n=25; NBT
n=10). Scale bar=50 pm. (Il vs. NBT, p=0.0026; III vs. NBT, p<0.0001; IV vs. NBT, p< 0.0001; One-Way ANOVA).

j: Kaplan-Meier analysis of the total 70 cases of glioma patients and 25 cases of GBM patients with high LBH expression versus low LBH expression by immunohistochemistry.
(median survival times: 70 cases: 29 and 58 months, respectively, p=0.0049; GBM: 17.5 and 22 months, respectively, p=0.0383)

All data are shown as the mean =+ SD (three independent experiments). *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 2. LBH overexpression in glioma conditioned media (GCM) can promote the proliferation, invasion and angiogenesis of hBMECs

a, b: Gene set enrichment analysis (GSEA) indicates that high expression of LBH is associated with the VEGF signalling pathway and hypoxia in both the TCGA (a) and CGGA
(b) databases.

¢, d: Vascular endothelial cell viability increased after treatment with LBH-overexpressed U118 (c) and GSC2A (d) conditioned media, as measured by the MTS assay. (U118:
p=0.0019, GSC2A: p=0.0053, One-Way ANOVA).

e, f: The proliferation of vascular endothelial cells increased following treatment with LBH-overexpressed U118 and GSC2A conditioned media, as measured by the EDU
incorporation assay, scale bar=100 pum. (U118: p <0.0001, GSC2A: p <0.0001, Student’s t-test)

g: Representative transwell assay showing the increase in invasion of vascular endothelial cells after treatment with LBH-overexpressed U118 and GSC2A conditioned media.
Scale bar=100 pm. (U118: p=0.0087, GSC2A: p=0.0093, Student’s t-test)

h: Representative tube formation assay showing the increase in tubulogenesis of vascular endothelial cells after treatment with LBH-overexpressed U118 and GSC2A condi-
tioned media. Scale bar=100 pm. (number of branches: U118: p=0.0071, GSC2A: KD1, p=0.0089; tubule length: U118, p=0.0025, GSC2A: p=0.0039, Student’s t-test)

All data are shown as the mean + SD (three independent experiments). *P < 0.05; **P < 0.01; ***P < 0.001.

Next, we investigated whether there is a functional relation- cells (Fig. 3d-f). qPCR and western blot also showed the expres-
ship between LBH and hypoxia. The T98G and GSC4B cells were sion of LBH was obviously upregulated after HIF-1 overexpression
treated under hypoxia and the expression of LBH was detected by (Fig. 3g, h). We therefore concluded that HIF-1 can directly induce
both qPCR and western blotting. Extension of the hypoxia treat- the expression of LBH under hypoxia.
ment time increased the expression of LBH, accompanied by higher
HIF-1 expression (Fig. 3a, b). Since HIF-1 is one of the most impor- 1 LBH knockdown abolished hypoxia-induced hBMEC prolifera-
tant transcription factors under hypoxia, we investigated whether tion, invasion and angiogenesis
HIF-1 can bind to and induce the expression of LBH using JAS-
PAR (Fig. 3c). Using luciferase reporter assays and ChIP-qPCR as-
says, hypoxia treatment was shown to increase the relative lu-
ciferase activity and LBH was enriched in both T98G and GSC4B

We next detected the function of LBH under hypoxia. Condi-
tioned media collected from T98G and GSC4B cells under hypoxia
or normoxia were used to treat hBMECs. MTS and EDU assays
showed that hypoxic GCM treatment increased cell viability and
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Fig. 3. HIF1 can directly induce the expression of LBH under hypoxia

a: LBH mRNA expression of T98G (left) and GSC4B (right) gradually increased during prolonged treatment under hypoxia as measured by qPCR. (T98G: p <0.0001, GSC4B: p

<0.0001, One-Way ANOVA)

b: LBH protein expression of T98G and GSC4B was gradually increased during prolonged treatment under hypoxia as measured by western blotting.

c: Sequence motif representing the consensus HIF-1 binding motif (JASPAR database).

d, e: Luciferase reporter assays showed hypoxia can upregulate the luciferase promoter activities of LBH in T98G (left) and GSC4B (right) cells. (T98G: p <0.0001, GSC4B: p

<0.0001, Student’s t-test)

e: ChIP qPCR showed HIF-1 binding to the promoter of LBH under hypoxia. (T98G: p <0.0001, GSC4B: p <0.0001, Student’s t-test)
g, h: qPCR (g) and western blot (h) showed the expression of HIF-1 overexpression can upregulate the expression of LBH. (T98G: p <0.0001, GSC4B: p <0.0001, Student’s

t-test)

All data are shown as the mean £ SD (three independent experiments). *P < 0.05; **P < 0.01; ***P < 0.001.

the rates of EDU-positive hBMECs, compared with normoxic GCM
treatment (Fig. 4a-c). However, after LBH silencing, the increase in
proliferation of hBMECs induced by hypoxic GCM treatment was
abolished (Fig. 4a-c). Furthermore, the transwell assay showed that
hypoxic GCM treatment promoted the invasion of hBMECs, while
LBH silencing abolished these effects (Fig. 4d). Similar results were
obtained in the tube formation assays with an increased number
of branches and greater tubule lengths observed for hBMECs under
hypoxic GCM treatment than under normoxic GCM treatment. Such
findings were reversed after LBH silencing (Fig. 4e). These findings
suggested that gliomas under hypoxic conditions can promote hB-
MEC proliferation, invasion and angiogenesis, possibly via a mech-
anism involving LBH expression, since LBH silencing abolished the
hypoxia-induced functions of hBMECs.

1 LBH activates VEGFA-mediated ERK signalling in hBMECs under
hypoxia

Since higher LBH expression showed VEGF signalling pathway
enrichment according to GSEA (Fig. 2a, b), we detected both the
expression and secretion of VEGFA after LBH regulation. The qPCR,
western blot and ELISA assays all confirmed that LBH overexpres-
sion increased the mRNA levels, protein levels, and the secretion

of VEGFA under both normoxia and hypoxia (Fig. 5a, b, e). How-
ever, the opposite results were obtained following LBH knock-
down (Fig. 5¢, d, f). Furthermore, compared with normoxia, hy-
poxia treatment led to higher expression and secretion of VEGFA
in all normal control glioma cells (Fig. 5a-f), while LBH silencing
reversed this phenomenon (Fig. 5c, d, f). LBH overexpression fur-
ther promoted the expression and secretion of VEGFA (Fig. 5a, b,
e). Finally, GCMs collected under different conditions were used to
treat hBMECs and the downstream signalling pathways were an-
alyzed by western blotting. The results showed that LBH-silenced
GCM treatment can downregulate the expression of p-VEGFR2, p-
MEK1/2 and p-ERK1/2 under both hypoxia and normoxia (Fig. 5g).
Similarly, compared with normoxic GCMs, hypoxic GCM treatment
can also upregulate the expression of p-VEGFR2, p-MEK1/2 and p-
ERK1/2 (Fig. 5g). This phenomenon was also abolished after LBH
silencing (Fig. 5g). These findings suggested that gliomas can reg-
ulate LBH expression under hypoxia and activate VEGFA-mediated
ERK signalling in hBMECs.

1 Anti-VEGFA treatment can abolish LBH-induced hBMEC prolif-
eration, invasion and angiogenesis under hypoxia
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Fig. 4. LBH knockdown can abolish the hypoxia-induced hBMECs proliferation, invasion and angiogenesis
a, b: Hypoxia-induced vascular endothelial cell viability was reversed after treatment with LBH-silenced T98G (a) and GSC4B (b) conditioned media, as measured by an MTS

assay. (T98G: p <0.0001, GSC4B: p <0.0001, One-Way ANOVA)

c: Hypoxia-induced proliferation of vascular endothelial cells was reversed after treatment with LBH-silenced T98G and GSC4B conditioned media, as measured by an EDU
incorporation assay, scale bar=100 pm. (T98G: p <0.0001, GSC4B: p <0.0001, One-Way ANOVA)
d: Representative transwell assay showing that hypoxia-induced invasion of vascular endothelial cells was reversed after treatment with LBH-silenced T98G and GSC4B
conditioned media. Scale bar=100 pum. (T98G: p <0.0001, GSC4B: p <0.0001, One-Way ANOVA)
e: Representative tube formation assay showing that hypoxia-induced tubulogenesis of vascular endothelial cells was reversed after treatment with LBH-silenced T98G and
GSC4B conditioned media. Scale bar=100 pum. (number of branches: T98G: p <0.0001, GSC4B: p <0.0001; tubule length: T98G: p <0.0001, GSC4B: p <0.0001, One-Way

ANOVA)

All data are shown as the mean + SD (three independent experiments). *P < 0.05; **P < 0.01; ***P < 0.001.

Since LBH may promote the secretion of VEGFA in glioma
cells, a VEGFA-neutralizing antibody was used to block the func-
tion of VEGFA. MTS and EDU assays showed that treatment with
VEGFA-neutralizing antibodies decreased cell viability and the rates
of EDU-positive hBMECs in all hypoxic GCM treatment groups
(Fig. 6a-c). hBMEC proliferation induced by LBH overexpression
under hypoxia was also abolished by treatment with VEGFA-
neutralizing antibodies (Fig. 6a-c). A transwell assay showed that
treatment with VEGFA-neutralizing antibodies decreased the num-
ber of invading hBMECs in all hypoxic GCM treatment groups

(Fig. 6d). Similarly, hBMEC invasion induced by LBH overexpression
under hypoxia was also abolished after treatment with VEGFA-
neutralizing antibodies (Fig. 6d). Tube formation assays revealed
that VEGFA-neutralizing antibody treatment decreased the number
of branches and the tubule length of hBMECs in all hypoxic GCMs
(Fig. 6e), and angiogenesis induced by LBH overexpression under
hypoxia was abolished by VEGFA-neutralizing antibody treatment
(Fig. 6e). Taken together, these data provide further evidence that
LBH induces hBMEC proliferation, invasion and angiogenesis under
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a, b: The VEGFA mRNA expression and secretion level of U118 and GSC2A cells was upregulated under hypoxia and further upregulated after LBH overexpression, as measured
by qPCR (a) and ELISA (b). (qPCR: U118: p <0.0001, GSC2A: p <0.0001; ELISA: U118: p=0.0019, GSC2A: p=0.0011, One-Way ANOVA)

¢, d: The VEGFA mRNA expression and secretion level of T98G and GSC4B cells was upregulated under hypoxia and decreased after LBH knockdown, as measured by qPCR
(c) and ELISA (d). (QPCR: T98G: p <0.0001, GSC4B: p=0.0012; ELISA: T98G: p =0.0023, GSC4B: p=0.0029, One-Way ANOVA)

e: The VEGFA protein expression of U118 and GSC2A cells was upregulated under hypoxia and further upregulated after LBH overexpression, as shown by western blotting.
f: The VEGFA protein expression of T98G and GSC4B cells was upregulated under hypoxia and decreased after LBH knockdown, as shown by western blotting.

g: The VEGFR-ERK signalling pathway in vascular endothelial cells following treatment with LBH-silenced T98G and GSC4B conditioned media under normoxia or hypoxia

was measured by western blotting.

All data are shown as the mean £ SD (three independent experiments). *P < 0.05; **P < 0.01; ***P < 0.001.

hypoxia via VEGFA upregulation, and these functions are abolished
by anti-VEGFA treatment.

1 LBH regulates glioma tumorigenesis and angiogenesis in vivo

The effects of LBH on gliomas were further evaluated using or-
thotopic xenograft models. The tumor volumes were obviously en-
larged after LBH overexpression (Fig. 7a, p < 0.0001, Student’s t-
test), and were accompanied by shorter survival times and a de-
crease in the median survival time (MST) from 28 to 17 days
(Fig. 7b, p=0.0244, log-rank test). However, the tumor volumes
were obviously decreased after LBH silencing (Fig. 7c, p < 0.0001,
Student’s t-test), and were accompanied by longer survival times
and an increase in the MST from 25 to 39 days (Fig. 7d, p=0.0291,
log-rank test). Immunohistochemistry was performed to detect the
effects of LBH overexpression or silencing on tumor tissues. In the
LBH overexpression group, the staining intensity and expression
levels of LBH, VEGFA and the endothelial marker CD31 were all
increased, while the opposite results were obtained in the LBH si-
lenced group (Fig. 7e). Taken together, these results suggested that
LBH can promote tumorigenesis and angiogenesis in nude mice.

4. Discussion

Since the clinical therapeutic effects of surgery, chemotherapy
and radiotherapy are all limited for gliomas, molecular targeted
therapy is regarded as a new promising method for glioma treat-
ment [2]. Studies on the mechanisms and modes of action of
glioma-related genes may provide important information for fu-
ture molecular targeted therapies [28,29]. In this study, we found

LBH to be a novel oncogene in the development of gliomas. The
bioinformatics analyses based on the TCGA and CGGA datasets and
experiments on clinical specimens demonstrated that LBH expres-
sion in higher grade gliomas was higher than that in lower grade
gliomas. Patients with higher LBH expression also showed shorter
survival times than those with lower LBH expression. Moreover,
LBH expression was higher in IDH-wild-type gliomas than in IDH-
mutants, indicating that higher LBH-expressing patients may suffer
poor temozolomide treatment effects [30].

The published literature indicates that LBH plays contradictory
roles in several cancers. LBH is overexpressed in human hepatocel-
lular carcinomas and is associated with poor prognosis [31]. Ele-
vated LBH levels promote the proliferation and invasion of gastric
cancer via the integrin/FAK/Akt pathway and indicate a poor prog-
nosis [14]. Loss of LBH attenuates mammary hyperplasia and tu-
mor development in MMTV-Wnt1 transgenic mice [15]. However,
LBH overexpression can also inhibit the growth and invasion of
human lung adenocarcinoma cells and predict better survival out-
comes [16]. LBH can function as a tumor suppressor in nasopha-
ryngeal carcinomas by inducing G1/S cell cycle arrest [17]. LBH can
also inhibit prostate cancer cell proliferation and tumor growth by
inducing cell cycle arrest through downregulating cyclin D1 and
cyclin E2 expression [18]. No previous studies reported the func-
tion of LBH in gliomas; however, our results demonstrated that
LBH is an oncogene in gliomas.

The published studies suggest that LBH is involved in neurode-
velopment and neurological diseases [32]. LBH can regulate neu-
ral crest cell development and migration [33], maintain the stem-
ness of multipotent mammary stem cells and inhibit their differ-
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Fig. 6. Anti-VEGFA treatment can abolish LBH-induced hBMECs proliferation, invasion and angiogenesis under hypoxia

a, b: The induction of vascular endothelial cell viability following treatment with LBH-overexpressed U118 (a) and GSC2A (b) conditioned media was reversed following
anti-VEGFA treatment, as measured by an MTS assay. (U118: p=0.0016, GSC2A: p=0.0011, One-Way ANOVA)

c: The proliferation of vascular endothelial cells following treatment with LBH-overexpressed U118 and GSC2A conditioned media was reversed following anti-VEGFA treat-
ment, as measured by an EDU incorporation assay. Scale bar=100 um. (U118: p=0.0008, GSC2A: p < 0.0001, One-Way ANOVA)

d: Representative transwell assay showing that treatment with LBH-overexpressed U118 and GSC2A conditioned media induced invasion of vascular endothelial cells that
was reversed after anti-VEGFA treatment. Scale bar =100 pm.

(U118: p <0.0001, GSC2A: p=0.0018, One-Way ANOVA)

e: Representative tube formation assay showing that treatment with LBH-overexpressed U118 and GSC2A conditioned media induced tubulogenesis of vascular endothelial
cells that was reversed after anti-VEGFA treatment. Scale bar=100 pm. (number of branches: U118: p <0.0001, GSC2A: p < 0.0001, tubule length: U118: p=0.0012, GSC2A:
p=0.0019, One-Way ANOVA)

All data are shown as the mean £ SD (three independent experiments). *P < 0.05; **P < 0.01; ***P < 0.001.

entiation [20,21]. LBH was also found to be downregulated in neu-
rodegenerative diseases, such as stroke, Parkinson’s disease and
Alzheimer’s disease [11,19,34,35]. These studies all indicated that
LBH may participate in the survival and function of neurons and
neural stem cells. We may further infer that LBH overexpression
regulates the stemness, survival and invasion of GSCs and partici-
pates in gliomagenesis. These findings all require further study in
the future.

According to GSEA analysis, higher LBH expression participates
in the angiogenesis of gliomas under hypoxia. As a transcription
factor, we found that HIF-1 can directly upregulate the expres-
sion of LBH under hypoxia. Hypoxia and active capillary endothe-
lial proliferation are typical features of high-grade gliomas [36].
The frequent hypoxia caused by the rapid growth of tumors can
activate HIF-1 [36,37], which can promote the proliferation, mi-
gration and angiogenesis of gliomas and the self-renewal of GSCs
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Fig. 7. LBH regulates glioma tumorigenesis and angiogenesis in vivo

a, c: Representative photographs showing the size of intracranial tumors in the coronal position. LBH overexpression in GSC2A cells increased the intracranial tumor size (a),
whereas LBH knockdown in GSC4B cells decreased the intracranial tumor size (c). Scale bar =10 mm.

b, d: LBH-overexpressed GSC2A cells implanted into tumor-bearing mice showed shorter survival times as measured by Kaplan-Meier survival curves (b), compared with
longer survival times when LBH-silenced GSC4B cells were implanted into tumor bearing mice (d). For each group, n=5.

e: Representative immunohistochemical staining showing the changes in LBH, VEGFA and CD31 in LBH overexpression and knockdown orthotopic xenograft models. Scale

bar=50 pm.

f: Schematic diagram to illustrate that overexpression of LBH promotes angiogenesis in human glioma via VEGFA-mediated ERK signalling under hypoxia.

[36,38,39], and even possibly lead to the transcription and expres-
sion of LBH. Our study provides a possible explanation for LBH
overexpression in gliomas.

A study reported that LBH can inhibit angiogenesis during foetal
bone development by downregulating the expression of VEGFA
[13]. However, our experiments performed on glioma cell lines and
patient-derived GSCs showed that LBH-mediated GCM can promote
the proliferation, invasion and angiogenesis of hBMECs via upregu-
lating the expression of VEGFA. This finding indicates that LBH may
play a contradictory role in the angiogenesis of tumors and foetal
bone development. VEGFA is the most important growth factor in
angiogenesis and is synthesized and secreted by most cancer cells
[40,41]. Secreted VEGFA can bind to and activate the receptors on
endothelial cells, especially VEGF receptor 2 (VEGFR2), leading to
the proliferation, invasion and tube formation of endothelial cells
[42-44].

VEGFA-neutralizing antibody was used to block the function of
VEGFA, and the LBH-mediated GCM treatment effects on hBMECs
were consequently abolished. As a conserved transcription cofac-
tor, LBH can mediate the transcription and activation of molecules
involved in downstream pathways, such as the MAPK signalling
pathway, and the development of limbs and the heart [31,34,45].
Although our research demonstrated that the expression and se-
cretion of VEGFA was regulated by LBH in glioma cell lines and
GSCs, the exact transcriptional mechanism of LBH on VEGFA re-

quires further study. Moreover, VEGF is a vital treatment target
for anti-tumor therapy, and there are several VEGF-targeting drugs,
such as bevacizumab [46,47]. It is possible that patients with in-
creased LBH expression may be sensitive to anti-VEGF therapy.

We further detected the downstream signalling pathways in-
duced by LBH-mediated GCM treatment in hBMECs, and the re-
sults showed that VEGFA-mediated ERK signalling was activated.
It has been reported that VEGFA can lead to the phosphorylation
of VEGFR2 and further activate the ERK signalling pathway in en-
dothelial cells [48-50]. The ERK signalling pathway plays a key role
in the regulation of cell proliferation, differentiation, migration and
anti-apoptosis functions in various tumor and normal cells [51,52].

Orthotopic xenograft studies confirmed that LBH can promote
the tumorigenesis of patient-derived GSCs and decrease the mean
survival time of nude mice. Immunohistochemical staining also
showed that the expression of VEGFA and CD31 was upregulated
after LBH overexpression. These results further demonstrate the
possible mechanism of LBH-mediated tumorigenesis and angiogen-
esis in gliomas under hypoxia.

5. Conclusion

In summary, LBH is a novel oncogene in glioma and mainly
participates in the angiogenesis of glioma via the VEGFA-mediated
ERK signalling pathway. LBH can also be transcriptionally regulated
by HIF-1 under hypoxia. Therefore, our findings provided a novel
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mechanism by which the hypoxic microenvironment promotes the
tumorigenesis and angiogenesis of glioma via LBH upregulation.
The overgrowth of gliomas can further lead to a hypoxic microen-
vironment, resulting in a self-reinforcing cycle and a poor progno-
sis (Fig. 7f). LBH is a possible treatment target to break this vicious
cycle and improve the prognosis of glioma patients.
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