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pathway

Guoging Zhang'", Yang Jiang?', Zhichao Wang?', Zhengting Guo', Jinpeng Hu', Xingiao Li',
Yongfeng Wang* and Zhitao Jing"

Abstract

Glioblastoma (GBM) is the most lethal and common primary tumor of central nervous system with a poor progno-
sis. Glioma stem cells (GSCs) are particularly significant in GBM proliferation, invasion, self-renewal and recurrence.
Circular RNAs (circRNAs) play important roles in various physiological and pathological processes, including regulating
the biological behavior of GBM. Therefore, discovering novel circRNAs related to GSCs may contribute to a promis-
ing approach for treatment of GBM. Herein, we find out a novel circRNA termed circZEB1T with a high expression

in glioma. Limb-bud and heart (LBH) is a transcription cofactor and promotes glioma stem cell tumorigenicity in our
study. Mechanistically, circZEB1 can upregulate the expression of transcription cofactor LBH via sponging miR-128-3p
in GSCs. LBH can facilitate the expression of tumor necrosis factor-a (TNF-a), thus activating the NF-kB signaling path-
way to promote the glioma progression. Meanwhile, LBH can also upregulate the RNA binding protein Fused in Sar-
coma (FUS) expression, which can bind to and maintain the stability of circZEB1. A positive feedback loop is formed
among FUS, circZEB1, miR-128-3p and LBH in GSCs. Our study uncovers a critical role of circZEB1 and provides a novel
biomarker for treating GBM.
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as closed-loop structures [7, 8]. More and more studies
reveal that circRNAs participate in the pathology of can-
cers via sponging micro RNAs (miRNAs) [9-11]. Briefly,
circRNAs can bind to miRNAs response elements and
regulate corresponding gene expression. Therefore, find-
ing out novel circRNAs related to GSCs is of great sig-
nificance to provide reliable biomarkers and alternative
targets for GBM [12]. RNA-binding proteins (RBPs) can
bind to and maintain the stability of RNA, thus regulat-
ing various processes in cancers [13, 14]. Fused in Sar-
coma (FUS), one of the members of the FET (FUS/EWS/
TAF15) protein family, has been reported to take part
in regulating oncogenes in a series of cancers [15, 16].
A recent study has proved that FUS could bind to and
maintain the stability of circEZH2, thus facilitating the
epithelial and mesenchymal transition of breast cancer
[17]. Another study revealed FUS could promote FGFR1
transcription and facilitate prostate cancer progression
[18]. Therefore, the functions of FUS in GSCs are worthy
of further exploration.

Limb-bud and heart (LBH), a transcription cofactor,
participates in tumorigenesis and tumor progression
in kinds of cancers [19, 20]. Our previous study indi-
cated LBH could promote angiogenesis in glioma under
hypoxia [21]. Moreover, studies proved that LBH could
suppress progression and angiogenesis [22]. However,
very little is known regarding whether LBH contributes
to malignant progression in GSCs.

In this work, we uncover a novel circRNA termed
circZEB1 that promotes the transcription cofactor LBH
expression via sponging miR-128-3p in GSCs. Then, LBH
can promote malignant phenotype of GBM by upregu-
lating TNF-a expression and activating NF-kB signal-
ing pathway. Besides, LBH can promote FUS expression,
which can bind to and maintain the stability of circZEBI.
This study reveals a novel feedback loop and may provide
new strategies for GBM therapy.

Materials and methods

Patient sample and ethics approval

A total of 70 glioma tissue samples were collected from
glioma patients who underwent surgery in the First Affil-
iated Hospital of China Medical University from Janu-
ary 2015 to October 2019. Among them, according to
the World Health Organization grading guidelines, there
were 20 cases of glioma grade II, 25 cases of grade III, and
25 cases of grade IV. In addition, we also collected adja-
cent normal brain tissue (NBT) samples from 10 GBM
patients as a normal control group. More detailed infor-
mation is presented in Table 1. All participants signed a
written informed consent, and this study was approved
by the Ethics Committee of the First Affiliated Hospital of
China Medical University.
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Table 1 Relationship of circZEB1 expression to clinical features
of glioma patients

Clinical features  Samples CircZEB1 expression? P-value
(n=70)
Low (n=35) High (n=35)

Sex
Male 37 18 19 P=0.623
Female 33 17 16

Age
<50 22 10 12 P=0.371
>50 48 25 23

WHO grade
I 20 15 5 P<0.001
Il 25 13 12
v 25 7 18

IDH status
Wild 52 20 32 P=0.017
Mutant 18 15 3

1p/19q status
Codeletion 12 8 4 P=0.019
Non-codeletion 58 27 31

H3F3A status
Wild 18 13 5 P=0.033
Mutant 52 22 30

MGMT status
Methylation 43 28 15 P=0.014
Unmethylation 27 7 20

The high expression of circZEB1 was defined as the expression level higher than
the median expression level of circZEB1

2 CircZEB1 expression was detected by qRT-PCR and ranked from low to high

Cell culture and GSCs isolation

Primary glioma stem cells (GSCs) were isolated from
6 patients derived WHO grade IV specimens (GSC103,
GSC107, GSC108, GSC109, GSC111 and GSC112),
and the clinical data of 6 GBM specimens are detailed
in Table S1. Briefly, freshly excised GBM tissue was
digested and isolated into single cells using type IV col-
lagenase, and then free cells were cultivated in serum-
free DMEM with 2% B27, 20 ng/mL recombinant human
(rh) basic fibroblast growth factor (rh-FGF) and 20 ng/
mL rh-epidermal growth factor (rh-EGF) (Gibco, Gaith-
ersburg, MD, USA) at 37 °C, 5% CO, atmosphere for two
weeks. All GSCs have passed mycoplasma and short tan-
dem repeat (STR) DNA profiling test. All GSCs used in
this study were cultivated for less than 20 passages for
experiments.

Construction and transfection of lentiviral vector

The overexpression of circZEB1, LBH and FUS was
constructed by the Gene-Chem (Shanghai, China) len-
tivirus-based vectors, and the silencing of circZEBI,
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LBH and FUS using RNAi-mediated lentiviral vectors
(Gene-Chem). MiR-128-3p mimics, inhibitors, and nega-
tive controls were obtained by Thermo Fisher Scientific
(Thermo Fisher Scientific, Waltham, MA, USA). The
lentivirus transfection efficacy was validated by qPCR
or western blotting. All siRNA sequences are shown in
Table S2.

gRT-PCR (real-time quantitative reverse transcription PCR)
Total RNAs from GSCs or tissues were extracted using
the MiniBEST Universal RNA Extraction Kit (TaKaRa,
Kyoto, Japan). The amount and quality of isolated RNAs
were tested with Nanodrop (Thermo Fisher Scientific).
Construct cDNA libraries with Prime-Scrip RT reagent
kit (TaKaRa, Shiga, Japan). The circRNA and mRNA were
reverse transcribed, and then the SYBR Green Master
Mix (TaKaRa) was performed using PCR LightCycler480
(Roche Diagnostics, Basel, Switzerland). MiR-128-3p
expression levels were measured using TagMan Univer-
sal Master Mix II (Applied Biosystems, Foster City, CA,
USA). The B-actin was used as an endogenous control.
The primers used here are shown in Table S3.

RNase R assay

RNase R can degrade the activity of linear RNA but is
ineffective against circular RNA. RNase R assay was
used to determine the circular structure of circular RNA.
Incubate 2 pg total RNA with 5U/ug RNase R (Epicen-
tre Technologies, Madison, W1, USA) for 30 min at 37 °C.
The expression of Linear RNAs and circular RNAs were
then detected by qRT-PCR.

Western blotting

Total cell protein extraction kit (KeyGen Biotechnol-
ogy, Nanjing, China) was used to extract total GSCs
protein. Protein quantification and denaturation, SDS-
PAGE electrophoresis, followed by transfer of protein to
PVDF membrane, blocked with 2% bovine serum albu-
min (Beyotime Biotechnology, Beijing, China), with a
primary antibody against the protein of LBH, TNFa or
stem markers (Abcam Technology, Cambridge, UK) at
4 °C overnight. The bands were then incubated with the
secondary antibody for 1 h at room temperature, and the
bands were detected with a chemiluminescent ECL kit
(ProteinTech, Chicago, Illinois, USA). All results were
quantified by Image] software (National Institutes of
Health, Bethesda, MD, USA).

Immunohistochemistry (IHC)

Paraffin-embedded sections of tumor specimens were
treated with primary antibody LBH (1:100; Abcam),
FUS(1:100; Abcam) and Ki-67 (1:100; Abcam). The
sections are then processed with an IHC labeling kit
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(MaxVision Biotechnology, Fuzhou, China) and pho-
tographed with a light microscope (Olympus, Tokyo,
Japan). German immunohistochemistry score (GIS) was
used to evaluate staining intensity and expression level.

Immunofluorescence (IF)

Cells are incubated with the primary antibody over-
night at 4 °C. Fluorescent probe-conjugated secondary
antibodies were then added, incubated for 1 h at room
temperature, and DAPI solution was used for nuclear
counterstaining (SigmaAldrich, St. Louis, MO, USA).
Finally, the results of the experiment were visualized with
a confocal laser scanning microscope (Olympus).

Cell viability assays

GSCs were seeded into 96-well plates at a density of 1000
cells/well and cultured for 0, 24, 48, 72, 96, and 120 h,
respectively. Cell viability was measured with the MTS
assay kit (Promega, Madison, W1, USA) according to the
manufacturer’s recommendations.

Transwell assay

Due to the suspension neurospheres of GSCs, we firstly
digested spherical GSCs to individual cells before per-
forming invasion assays. The 3x 10* GSCs were seeded
into the upper chamber (Corning, Corning, NY, USA)
and treated with a Matrigel filter (BD Biosciences, San
Jose, CA, USA). The medium in the lower chamber
was treated with 20% fetal bovine serum. Then we used
4% paraformaldehyde to fix the invasion cells after 20 h
incubation. Crystal violet (Beyotime, Biotechnology) was
used to stain the cells, and visualized by a light micro-
scope (Olympus).

5-Ethynyl-20-deoxyuridine (EDU) assay

Due to the suspension neurospheres of GSCs, we firstly
digested spherical GSCs to individual cells before per-
forming Edu assays. Then GSCs are seeded into 24-well
plates at 1x 10° cells/well for 20 h. Perform EDU staining
with the EDU Assay Kit (KeyGen) according to the man-
ufacturer’s recommendations. GSCs were photographed
by laser scanning confocal microscopy (Olympus) and
the percentage of edu-positive cells was calculated.

Neurosphere formation assay

GSCs were seeded in 24-well plates at 200 cells/well,
cultured in a fresh medium for 7 days, and after neuro-
sphere formation, photographed under a light micro-
scope (Olympus) to calculate the relative size of the
neurospheres.
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In vitro limiting dilution assay

The GSCs were seeded in 96-well plates based on 1, 10,
20, 30, 40, 50 cells/well, and each density was replicated
for 10 times. Then we could count the neurospheres
number and figure out the neurosphere formation
efficiency by the Extreme Limiting Dilution Analysis
(http://bioinf.wehi.edu.au/software/elda) after 7 days.

Luciferase reporter assay

GSCs are seeded into 96-well plates at a density of 5000
cells/well per well, and luciferase reporter plasmids
(circZEB1-wt and circZEB1-mt, LBH-3'-UTR-wt and
LBH-3'-UTR-mt) are constructed with Gene-Chem.
GSCs are co-transfected with luciferase reporter plas-
mids and incubated for 48 h. Cells are then lysed and
tested for luciferase and renal luciferase activity with a
dual luciferase reporter assay system (Promega, USA)
according to the manufacturer’s instructions.

Chromatin immunoprecipitation (ChIP) assays

Perform chip analysis using the chip analysis kit (Beyo-
time Biotechnology) according to the manufacturer’s
instructions. Chromatin complexes are immunopre-
cipitated by anti-LBH antibody or normal rabbit IgG
(Abcam). The immunoprecipitated DNA was then
extracted and purified by qPCR. Primers for ChIP are
shown in Table S3.

RNA immunoprecipitation (RIP) assay

RIP assays were performed using the EZ-Magna RIP
RNA-binding Protein Immunoprecipitation Kit (Mil-
lipore, Darmstadt, Germany). GSCs are lysed in RIP
buffer and incubated with magnetic beads conjugated
to anti-LBH antibody, anti-FUS antibody, or negative
control IgG (Abcam). The RNA was isolated by treating
the immunoprecipitated protein-RNAs complex with
proteinase K and then purified. The expression of circ-
ZEB1 in the precipitants was detected by qPCR.

RNA pull-down assay

The interaction between circZEB1 and LBH was exam-
ined using the RNA Protein pull-down Kit (Thermo
Fisher Scientific) according to the manufacturer’s
guidelines. Briefly, biotinylated circZEB1 or antisense
RNA is co-incubated with GSCs and magnetic bead-
ing extracts. Then, the protein is washed, purified, and
examined with Western blotting. f-actin was used as a
control.

RNA stability detection
Block the formation of denovo RNA from GSCs with
2 pg/ml actinomycin D (Sigma-Aldrich). Total RNA
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was extracted at 12, 24, 36, 48 and 60 h, and the expres-
sion of circZEB1 was detected by qRT-PCR. After
treatment of actinomycin D, the circZEB1 half-life as
50% RNA levels can be calculated.

Xenograft experiments

Xenograft experiments were performed as described
before. Female BALB/c nude mice, 6 weeks old, were
purchased from Beijing Weishenghe Laboratory Animal
Technology Co., Ltd. (Beijing, China), and all mice were
housed under specific sterile conditions at the Labora-
tory Animal Center of China Medical University. All
animal experiments were approved by the Animal Care
Committee of China Medical University. The ethics num-
ber was provided by Institutional Animal Care and Use
Committee (IACUC). IACUC Issue No0.2022083. The
GSCs with stable knockdown or overexpression of circ-
ZEB1, LBH or circZEB1 overexpression combined with
LBH knockdown were injected (5x 10* cells per mouse)
in situ by a stereotactic apparatus (n=>5, per group) into
the mouse skull, at the lateral 2 mm and the anterior
2 mm to the junction of the coronal and sagittal lines of
the mouse skull. The survival time of mice in each group
was recorded. Finally, mouse brain tissue was removed
immediately on the day of death for H&E staining and
immunohistochemistry (IHC) staining. Tumor volume
was calculated according to the formula: V=(LxW?)
(V=tumor volume, L=the longest diameter of tumor,
and W =the shortest diameter of tumor). Survival analy-
sis was calculated by Kaplan—Meier curve.

Bioinformatics analysis

The expression data of circRNA in glioma were obtained
from the GEO (Gene Expression Omnibus) dataset.
Based on the Cancer Genome Atlas (TCGA, http://cance
rgenome.nih.gov) and the Chinese Glioma Genome
Atlas (CGGA, http://www.cgga.org.cn) datasets, the
mRNA expression, WHO grade, isocitrate dehydroge-
nase (IDH) status (IDH 1/2) of LBH, survival time and
status of glioma patients of can be obtained. Then, Gene-
set enrichment analysis (GSEA, http://www.broadinsti
tute.org/gsea/index.jsp) and GSVA were used to detect
the enrichment of biological processes or signaling path-
ways with high and low expression of LBH. TargetScan
(https://www.targetscan.org), miRwalk (http://mirwalk.
umm.uni-heidelberg.de), and miRDB (https://mirdb.org)
were used to predict possible miRNAs targeting LBH.
Starbase (https://rnasysu.com/encori/) and circBase
(www.circbase.org) to predict possible circular RNAs as
miRNA sponges. Besides, Starbase and RBPmap (https://
rbpmap.technion.ac.il/) databases were used to predict
the proteins binding to circular RNAs.
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Statistical analysis

All experiments were repeated at least three times, and
results were expressed as mean+SD. The t-test, chi-
square test or one-way ANOVA were used for statisti-
cal significance comparison between groups. Pearson
correlation analysis was used to analyze the correla-
tion between the two groups. Survival differences were
assessed using log-rank test and Kaplan—Meier analysis.
SPSS 23.0 software (IBM, Armonk, NY, USA) or Graph-
Pad Prism 8.0 software (GraphPad software Inc, San
Diego, C.A, USA) were used for statistical analysis, and
the difference was statistically significant when the two-
tailed P value was < 0.05.

Results

CircZEB1 was upregulated in glioblastoma tissues

and correlated with the progression and poor prognosis
To identify novel and differentially expressed circRNAs
in GBM, we conducted analysis about circRNA gene chip
GSE109569 from GEO database. Utilizing limma for dif-
ferential gene analysis, we identified 2871 downregulated
circRNAs and 3377 upregulated circRNAs. All upregu-
lated and downregulated circRNAs have been organ-
ized in Supplementary Fig. 4. The revised heatmap was
presented in Fig. 1a. In our previous research, ZEB1 has
emerged as a pivotal transcription factor in gliomas, play-
ing a crucial role in promoting glioma cell invasion and
metastasis, glioma oncogenesis and progression, as well
as regulating cell differentiation and migration. Notably,
there have been no reported studies investigating the
role of circRNAs derived from the ZEB1 gene in gliomas.
Consequently, we delved deeper into exploring ZEB1-
derived circRNAs. Among this vast array of circRNAs,
we focused on 27 ZEB1-derived circRNAs for detection
and prioritization. We have compiled all circRNAs origi-
nating from ZEB1 in Table S5. Ultimately, we uncovered
the top five most significantly upregulated circRNAs,
including hsa_circ_0048099, hsa_circ_0000230, hsa_
circ_0048096, hsa_circ_0051866 and hsa_circ_0044459.
Then we performed qRT-PCR using clinical specimen
tissues and found that hsa_circ_0000230 (circZEB1) was
most upregulated in GBM (Fig. S1a). The volcano plots
showed circZEB1 was significantly upregulated in GBM

(See figure on next page.)
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(Fig. 1b). Derived from the ZEB1 gene locus and gen-
erated from its exon 9, the sequence of circZEB1 was
further validated by Sanger sequencing (Fig. 1c). We cul-
tured six GBM patient derived GSCs (GSC103, GSC107,
GSC108, GSC109, GSC111, GSC112) and detected the
circZEB1 expression using qPCR. Our results showed
the highest circZEB1 expression was in GSC112 and
GSC108, while it was in GSC111 and GSC103 with low-
est circZEB1 expression (Fig. 1d). Therefore, we per-
formed functional assays using GSC108 and GSC112 as
circZEB1 knockdown group, while GSC111 and GSC103
were used as circZEB1 overexpression group. Then, we
performed agarose gel electrophoresis assays and found
that circZEB1 was only amplified from cDNA in GSC112
and GSC111 (Fig. le, f). The RNase R assays revealed that
circZEB1 was resistant to RNase R treatment, while the
linear RNAs ZEB1 were dramatically decreased (Fig. 1g,
h). Moreover, FISH assays proved that circZEB1 was pri-
marily localized in the cytoplasm in GSCs (Fig. 1i). The
qPCR results demonstrated that circZEB1 expression was
much higher in GBM than normal brain tissues, and the
expression increased with higher tumor grade (Fig. 1j).
Besides, the Kaplan—Meier survival analysis proved that
patients with higher circZBE1 expression had shorter
survival time than those with lower circZEB1 expres-
sion (Fig. 1k). Taken together, circZEB1 was a significant
upregulated circRNA in GBM with the poor prognosis in
GBM patients.

CircZEB1 promoted malignant phenotype and stemness

of GSCs in vitro

We verified the efficiency of circZEB1 knockdown and
overexpression by qPCR detection (Fig. 2a, b). Then,
MTS assays revealed the GSCs viabilities were decreased
after circZEB1 knockdown, while increased after circ-
ZEB1 overexpression (Fig. 2c—f). Edu assays showed
circZEB1 knockdown inhibited the ratio of Edu posi-
tive cells, which was promoted by circZEB1 overexpres-
sion in GSCs (Fig. 2g, h). Moreover, transwell assays
proved the GSCs invasion capacity was restrained after
circZEB1 knockdown but strengthened after circZEB1
overexpression (Fig. 2i, j). Besides, we performed neuro-
sphere formation assays and ELDA assays to detect the

Fig. 1 CircZEB1 was upregulated in glioblastoma tissues and correlated with the progression and poor prognosis. a, b Heatmap (a) and Volcano
plots (b) displaying the differentially expressed circRNAs between normal brain tissue and GBM. ¢ Schematic diagram depicting circZEB1

genomics information and results of Sanger sequencing. d gPCR showing expression of circZEB1 in GSCs derived from six patients. e, f Agarose

gel electropphoresis of gPCR on circZEB1 expression in GSC112 and GSC111. GAPDH was used as a linear control. g, h The expression of ZEB1

and circZEB1 after RNase R treatment. i FISH assays showing the localization of circZEB1 in GSCs. Scale bar=50 um. j circZEB1 expression in different
glioma grades and normal brain tissues. k Kaplan-Meier survival curve showing survival rates of patients with high or low circZEB1 expression. All
data were expressed as mean + SD, and each experiment was performed in triplicate. *p <0.05; **p < 0.01; ***p <0.001
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self-renewing ability of GSCs. The neurosphere forma-
tion and self-renewing capacities were inhibited after
circZEB1 knockdown in GSC108 and GSC112, while
obviously promoted after circZEB1 overexpression in
GSC103 and GSC111 (Fig. 2k—p). In order to better dem-
onstrate the capability of neurosphere formation, we
have provided multiple fields of sphere in supplementary
Fig. 4. Our results revealed the number of neurospheres
formed under multiple fields of view was significantly
reduced after circZEB1 knockdown, while when circ-
ZEB1 was overexpressed, the number of neurospheres
formed under multiple fields of view is significantly
increased. We further conducted western blotting assays
to detect the stemness of GSCs through stemness mark-
ers, including NANOG, NESTIN, OCT4, SOX2 and
CD133. Our results demostrated these stemness markers
observably decreased after circZEB1 knockdown, while
increased after circZEB1 overexpression (Fig. 2q, r).
Taken together, we concluded that circZEB1 promoted
malignant phenotype and stemness of GSCs.

LBH promoted malignant phenotype and stemness

of GSCs in vitro

Our previous study proved that LBH promoted angio-
genesis in glioma, but the role of LBH in GSCs malignant
phenotype and stemness needed to be further explored
[21]. QPCR and western blotting assays were carried out
to detect the lentiviral-based transfection efficiency of
LBH (Fig. S1b—d). Our results of MTS (Fig. 3a—d), Edu
(Fig. 3e, f) and transwell assays (Fig. 3g, h) revealed that
the cell viability, proliferation ability and invasion capac-
ity were decreased after LBH knockdown in GSC112
and GSC108, while increased after LBH overexpression
in GSC111 and GSC103. Besides, we conducted neu-
rosphere formation and ELDA assays to detect GSCs
self-renewing abilities. Our results demonstrated that
the size of neurosphere was obviously restrained after
LBH knockdown, while promoted after LBH overex-
pression (Fig. 3i—n). Moreover, western blotting assays
showed that the GSCs stemness markers were inhibited
after LBH knockdown, but facilitated after LBH over-
expression (Fig. 30, p). Therefore, we concluded that

(See figure on next page.)
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LBH significantly promoted malignant phenotype and
stemness of GSCs.

LBH promoted TNF-a transcription and led to NF-kB
signaling pathway activation

To further explore the exact underlying mechanism of
LBH in GSCs, we performed GSEA analysis based on
CGGA and TCGA datasets. We found TNF-a mediated
NEF-kB signaling was significantly enriched in the LBH
high expression groups (Fig. 4a, b). Both the qPCR and
ELISA assays showed that the expression and secretion of
TNF-a were obviously decreased after LBH knockdown,
while increased after LBH overexpression (Fig. 4c—f).
The luciferase reporter assays revealed that the lucif-
erase activity of pGL3-TNF-a-wt was obviously attenu-
ated after LBH knockdown, while enhanced after LBH
overexpression. However, the luciferase activity of pGL3-
TNF-a-mt showed no change (Fig. 4g—j). Moreover, we
conducted western blotting assays to detect the down-
stream markers of NF-«B signaling, including p-p65
and p-IkBa. Our results revealed these markers were
obviously downregulated after LBH knockdown, while
upregulated after LBH overexpression in GSCs (Fig. 4Kk,
1). To investigate whether LBH influenced the malignant
phenotype of GSCs by promoting TNF-a expression, we
conducted rescue experiments using anti-TNF-a treat-
ment. MTS assays indicated that anti-TNF-a treatment
could rescue the cell viability enhanced by LBH overex-
pression (Fig. S2a, b). Furthermore, EdU and transwell
assays demonstrated that anti-TNF-a treatment inhib-
ited the proliferation and invasion abilities facilitated by
LBH overexpression in GSCs (Fig. S2c—f). Neurosphere
formation and ELDA assays revealed that anti-TNF-a
treatment restrained the increased neurosphere size and
self-renewing capacity induced by LBH overexpression in
GSCs (Fig. S2g—j). Western blotting assays showed that
anti-TNF-a treatment could mitigate the expression of
stemness markers promoted by LBH overexpression in
GSCs (Fig. S2k). Collectively, these findings suggest that
anti-TNF-a treatment can counteract the malignant phe-
notype of GSCs induced by LBH overexpression, and
that LBH activates NF-«B signaling by promoting TNF-a

Fig. 2 CircZEB1 promoted malignant phenotype and stemness of GSCs in vitro. a, b The expression of circZEB1 in GSCs after lentiviral-based
transfection. c—f MTS assays showing cell viabilities in GSCs after circZEB1 knockdown or overexpression. g, h Edu assyas displaying the proliferation
of GSCs after circZEB1 knockdown or overexpression. i, j Transwell assays depicting the invasion abilities of GSCs after circZEB1 knockdown

or overexpression. k-p Neurosphere formation and ELDA assays showing the neurosphere formation abilities (k, I) or the GSCs self-renewing
capacities (m-p) after circZEB1 knockdown or overexpression. g, r Western blotting detecting the stemness markers expression after circZEB1
knockdown or overexpression. All data were expressed as mean +SD, and each experiment was performed in triplicate. *p < 0.05; **p <0.01;

***p<0.001
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Fig. 3 LBH promoted malignant phenotype and stemness of GSCs in vitro a-d MTS assays displaying GSCs viabilities after LBH knockdown (a, b)
or overexpression (c, d). e-h Edu and transwell assays showing the GSCs proliferation (e, f) and invasion (g, h) capacities after LBH knockdown

or overexpression. i-n Neurosphere formation and ELDA assays indicating the GSCs neurosphere formation (i, j) and self-renewing (k-n) capacities
after LBH knockdown or overexpression. o, p Western blotting detecting the stemness markers expression after LBH knockdown or expression. All
data were expressed as mean + SD, and each experiment was performed in triplicate. *p < 0.05; **p <0.01; ***p <0.001
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Fig. 4 LBH promoted TNF-a transcription and led to NF-kB signaling pathway activation. a, b CGGA and TCGA analysis showing TNF-a mediated
NF-kB signaling in LBH higher expression group. c—f gPCR (c, d) and ELISA (e, f) assays detecting the TNF-a expression after LBH knockdown

or overexpression in GSCs. g—j Luciferase report assays showing the luciferase promoter activities of TNF-a after LBH changes in GSCs. k, | Western
blotting detecting the downstream markers of NF-kB signaling in GSCs. All data were expressed as mean +SD, and each experiment was performed

in triplicate. *p <0.05; **p<0.01; ***p<0.001

transcription. Collectively, LBH could active NF-«B sign-
aling through promoting TNF-a transcription.

CircZEB1 acted as a miRNA sponge of miR-128-3p

and upregulated LBH expression

We analyzed the miRDB, Targetscan, Starbase and
Tarbase to explore the potential miRNA sponged by
circZEB1. We found two miRNAs (hsa-let-7b-5p,

hsa-miR-128-3p) after taking the intersection (Fig. 5a).
Then we performed qPCR to detect the expression of
LBH after miRNAs knockdown or overexpression. Our
results showed LBH expression increased after miR-
128-3p inhibitor treatment, while decreased after miR-
128-3p mimic treatment (Fig. 5b). However, there were
no changes after let-7b-5p knockdown or overexpression
(Fig. 5¢). Western blotting revealed the LBH expression
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were promoted after miR-128-3p-inhibitor treatment,
while inhibited after miR-128-3p-mimic treatment
(Fig. 5d, e). The luciferase reporter assays demonstrated
the luciferase activity of LBH-wt was obviously increased
after miR-128-3p-inhibitor treatment, while decreased
after miR-128-3p-mimics treatment. However, there
were no changes in LBH-mt group (Fig. 5f—h). Besides, all
the qPCR, luciferase reporter and anti-AgO, RIP assays
proved miR-128-3p was sponged by circZEB1 (Fig. 5i—
0). Moreover, western blotting showed that the LBH
expression was inhibited after circZEB1 knockdown,
while reversed after miR-128-3p-inhibitor treatment in
GSC112 (Fig. 5p). The opposite results could be obtained
after miR-128-3p-mimic treatment in GSC111 (Fig. 5q).
Besides, all the M TS, Edu, transwell and neurosphere for-
mation assays indicated that miR-128-3p-mimic could
inhibited the cell viability, proliferation, invasion and
neurosphere size promoted by circZEB1 overexpression
(Fig. S3a—h). Western blotting assays showed stemness
markers could be rescued by miR-128-3p-mimic after
circZEB1 overexpression treatment (Fig. S3i). There-
fore, we concluded that circZEB1 acted as a miR-128-3p
sponge and upregulated LBH expression.

CircZEB1 promoted the proliferation of GSCs via LBH
Subsequently, we performed relative rescue experiments
to verify whether circZEB1 promoted GSCs proliferation
via LBH. All the MTS, Edu, transwell, neurosphere for-
mation and ELDA assays revealed that LBH knockdown
could reverse the cell viability, proliferation capacity,
invasion ability and self-renewing ability strengthened
by circZEB1 overexpression (Fig. 6a-j). Western blot-
ting showed that LBH knockdown could counteract the
expression of stemness markers promoted by circZEB1
overexpression (Fig. 6k). Taken together, circZEB1 could
promoted the malignant phenotypes and stemness of
GSCs via LBH.

FUS bound to and upregulated circZEB1 expression

in GSCs, while LBH transcriptionally regulated FUS
expression

To further explore the potential RBPs interacting with
circZEB1, we used CSCD and Starbase to predict and

(See figure on next page.)
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found six candidate RBPs, including DGCRS, UPFI,
IGF2BP1, FUS, LIN28B5 and QKI (Fig. 7a). We searched
related studies and found that QKI could inhibit GSCs
proliferation, which was not suitable for our work [23].
Therefore, we performed qPCR assays to detect circZEB1
expression using DGCRS8, UPF1, IGF2BP1, FUS and
LIN28B5 knockdown or overexpression treatment. Our
results demonstrated that FUS could regulate the expres-
sion of circZEB1 in both knockdown and overexpres-
sion groups (Fig. 7b, c). There were eight binding sites
for FUS on circZEB1 according to the prediction of the
RBPmap database (Fig. 7d). We detected the expression
of FUS after lentiviral-based transfection using qPCR
and western blotting (Fig. Sle—g). Then the results of RIP
assays revealed the circZEB1 enrichment was decreased
after FUS knockdown, while increased after FUS overex-
pression (Fig. 7e, f). Besides, the RNA pull-down assays
showed the FUS immunoprecipitation with circZEB1
through western blotting in GSCs (Fig. 7g, h). The RNA
stability assays demonstrated that FUS knockdown obvi-
ously shortened the half-life of circZEB1 in GSC112, and
FUS overexpression could prolong the circZEB1 half-life
in GSC111 (Fig. 7i, j). All the luciferase reporter, qPCR
and western blotting assays proved that LBH knockdown
could inhibit the luciferase activity and expression of
FUS, while the opposite results could be obtained in LBH
overexpression group (Fig. 7k—p). Therefore, FUS bound
to and maintained the stability of GSCs, while transcrip-
tionally regulated by LBH.

The FUS/circZEB1/miR-128-3p/LBH feedback loop
promoted GSCs tumorigenesis in vivo

Finally, we carried out orthotopic xenografts to verify the
tumorigenesis of circZEB1 and LBH in vivo. Compared
with the control group, the tumor volumes were obvi-
ously increased in circZEB1 overexpression group, while
decreased in circZEB1 knockdown group. Besides, the
tumor volumes were significantly decreased in circZEB1
overexpression and miR-128-3p mimic group, circZEB1
overexpression and LBH knockdown group and circZEB1
overexpression and anti-TNF-a group in comparison
with the circZEB1 overexpression (Fig. 8a, b). Then we
performed IHC to detect LBH, TNF-q, FUS and Ki67 on

Fig. 5 CircZEB1 acted as a miRNA sponge of miR-128-3p and upregulated LBH expression. a Identification of miRNAs potentially regulating LBH
based on miRDB, Targetscan, Starbase and Tarbase databases. b, ¢ gPCR detecting the LBH expression after miR-128-3p or let-7b-5p changes. d, e
Western blotting showing the LBH expression after miR-128-3p inhibitor or mimic treatment. f-h Luciferase report assays showing the luciferase
promoter activities of LBH after miR-128-3p inhibitor or mimic treatment. i gPCR detecting miR-128-3p expression after circZEB1 changes. j gPCR
detecting circZEB1 expression after miR-128-3p changes. k-m Luciferase report assays showing the luciferase promoter activities of circZEB1
after miR-128-3p changes. n, o RIP assays showing the integration of circZEB1 and miR-128-3p. p, g Western blotting showing the LBH expression
after miR-128-3p inhibitor or mimic treatment. All data were expressed as mean + SD, and each experiment was performed in triplicate. *p < 0.05;

**p<0.01; **p<0.001
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Fig. 6 CircZEB1 promoted the proliferation of GSCs via LBH. a=j All the MTS (a, b), Edu (c, d), transwell (e, f), neurosphere formation (g, h) and ELDA
(i, j) assays showing the cell viabilities, proliferation, invasion and GSCs self-renewing capacities were rescued by LBH knockdown treatment. k,
Western blotting showing LBH knockdown could rescue the stemness markers expression promoted by circZEB1 overexpression. All data were
expressed as mean +SD, and each experiment was performed in triplicate. *p < 0.05; **p < 0.01; ***p <0.001

tumor tissues. The expression of these markers was pro-
moted after circZEB1 overexpression, while decreased
after circZEB1 knockdown, miR-128-3p mimic, LBH
knockdown and anti-TNF-a treatment (Fig. 8c). The
Kaplan Meier survival analysis indicated the MST of circ-
ZEBI1 overexpression was the shortest, while it was pro-
longed after circZEB1 knockdown, miR-128-3p mimic,
LBH knockdown and anti-TNF-a treatment. The dia-
gram showed that the FUS/circZEB1/miR-128-3p/LBH
feedback loop promoted GSCs tumorigenesis in GSCs.

Discussion

Glioma stem cells play vital roles in GBM due to their
tumorigenesis, chemotherapy and radiotherapy resist-
ance and recurrence [24]. Recently, more and more
studies have found that circRNAs participate in a series
of malignant tumors [25, 26]. Therefore, exploring the
underlying mechanism between circRNAs and cancer
stem cells warrants further investigation and may pro-
vide promising targets for cancers [27]. For instance,
the HIF-1la/circ-CDYL-COL14A1 axis could promote
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lung metastasis of cancer stem cells from hepatocellu-
lar carcinoma [28]. CircSLC4A7 could promote gastric
cancer stem cells progression by interacting with HSP90
and activating NOTCHI1 signaling pathway [29]. Cir-
cRNF10 facilitated glioma stem cells progression by the
circRNF10/ZBTB48/IGF2BP3 feedback loop [30]. Our
study identifies a novel circRNA termed circZEB1 highly
expressed in GSCs with a poor prognosis. We describe
that circZEB1 upregulates TNF-a expression and actives

NEF-«kB signaling, which may provide an effective target
for anticancer therapy.

Additionally, there are also many other biological
mechanisms of circRNAs affecting the GBM progress,
including functioning as a scaffold, promoting angiogen-
esis, regulating the tumor microenvironment and encod-
ing proteins [31, 32]. For instance, circLREN5 could bind
to PRRX2 protein and promoted its degradation, which
inhibited the progression of GBM [33]. CircNEIL3 could
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promote glioma progression and macrophage immuno-
suppressive polarization through stabilizing IGF2BP3
[34]. Moreover, circMET could encode a 404-amino-acid
MET variant to promote glioblastoma tumorigenesis
[35]. Therefore, there may be other downstream factors
regulated by circZEB1 and warrant further investigation
in the future.

As a transcription cofactor, LBH is involved in a
series of pathogenesis and pathological process [36]. For
instance, LBH could be inhibited by miR-31 host gene
to drive oral carcinoma oncogenicity [37]. Our previous
study has reported that LBH promotes glioma angiogen-
esis via VEGFA-mediated ERK signaling pathway [21].
In this work, we discover that LBH can facilitate GSCs
proliferation and stemness via upregulating TNF-a and
FUS. Herein, it is quite crucial to furtherly uncover the
mechanism of LBH in regulating GSCs. TNF-a mediated
NF-kB signaling is also involved in physiological process
and cancers. A recent study reported TNF-a/ NF-«xB
could be repressed by khasianine to ameliorate psoriasis-
like skin inflammation [38]. And TNF-a/NF-kB signal-
ing could be inhibited by OTUDL1 to sensitize ccRCC to
TKIs [39]. Furthermore, several studies have reported
that FUS could bind to circRNAs and promote cancer
progression. FUS could interact with circTBC1D14 to
promote autophagy in triple-negative breast cancer [40].
Our results in vivo tumorigenesis assays indicated that
LBH could promote TNF-a expression and increase brain
tumor growth in mice.

In summary, we report a novel mechanism of circZEB1
in the process of GSCs and provide a potential target for
therapy.
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