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Abstract

Glioblastoma multiforme (GBM), the most aggressive and malignant glioma, has a poor
prognosis. Although patients with GBM are treated with surgery, chemotherapy, and radiation
therapy, GBM is highly resistant to treatment, difficult to treat, and expensive. In this study,
we analyzed the Gene Expression Profiling Interactive Analysis dataset, the Cancer Genome
Atlas dataset, and the Gene Expression Omnibus array data. ZBTB7A (also called
FBI1/POKEMON/LRF) was found to be highly expressed in low-grade GBM, but
significantly reduced in patients with GBM. ZBTB7A is a transcription factor that plays an
important role in many developmental stages, including cell proliferation. The activation of
epithelial-mesenchymal transition (EMT) in cancer is a key process in cancer progression and
metastasis. Erythrocyte membrane protein band 4.1 Like 5 (EPB41L5) is an essential protein
for EMT progression and metastasis in various types of cancer. We found that ZBTB7A-
depleted U87 cells exhibited GBM progression and metastasis. Based on RNA sequencing
data, ZBTB7A directly binds to the promoter of the EPB41L5 gene, reducing its expression
and inhibiting GBM progression. We demonstrated that ZBTB7A dramatically inhibited GBM
tumor growth through transcriptional repression of EPB41L5. Thus, both ZBTB7A and
EPB41L5 may be potential biomarkers and novel therapeutic targets for GBM treatment.
Taken together, we discovered the role of a novel tumor suppressor, ZBTB7A, that directly
inhibits GBM progression, and EPB41L5 is a therapeutic target protein for patients with GBM

and an essential protein for the development of GBM therapeutics.
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Introduction

The most common and fatal primary tumor is glioblastoma multiforme (GBM), the highest
grade (IV) human brain tumor'. Despite surgical interventions such as chemotherapy and
radiation therapy, GBM is now resistant to all treatments and is a fatal type of brain tumor
with a 14-16 months survival rate>. The development of resistance to standard treatment
regimens is a major cause of low survival'®'% and because GBM is highly invasive and
aggressive, the patient’s prognosis is poor, despite various drug treatment options'*'*,
According to cohort molecular profiling studies, genetic abnormalities frequently occur in
specific gene sets such as PTEN, TP53, and IDH]1 in patients with GBM". Thus, survival or
guide treatment decisions of patients with GBM are difficult to predict'¢, suggesting that there
are other factors contributing to aberrant gene expression because of the molecular
heterogeneity of tumor tissue. Therefore, the development of novel therapeutic strategies to
increase the survival rate of GBM requires the analysis of gene, protein, and molecular
mechanisms through gene profiling, and it is critical to identify key GBM diagnostic markers.

ZBTB7A, also known as FBI1, POKEMON, or LRF, is a member of the POK family and a
pleiotropic transcription factor containing zinc fingers and protein 7A'"'°. Transcription
factors of the POK family act as transcription activators or repressors by specifically binding
to DNA elements located on the DNA-binding domain of target genes®’, and can also repress
transcription by recruiting corepressor complexes?'. In addition, overexpression of ZBTB7A
is associated with tumorigenesis and metastasis in various human cancers®’. For example,
ZBTB7A inhibits transcription by directly binding to GLUT3, PFKP, and PKM, all of which
are important factors in glycolysis, as well as the promoter of the androgen receptor gene in
prostate cancer’**%°. In addition, ZBTB7A acts as a tumor suppressor; the loss of ZBTB7A
in a PTEN-deficient environment promotes tumor growth in mouse prostate cancer**. However,
the mechanisms of gene regulation by ZBTB7A in GBM cells remain unknown.

EPB41L5 (Erythrocyte membrane protein band 4.1 Like 5) is a mesenchymal-specific protein
induced during EMT (Epithelial-mesenchymal transition) that promotes the disruption of cell-
cell adhesion kinetics?’. Overexpression of EPB41L5 in epithelial cells causes ZO-1

disorganization as it destabilizes E-cadherin and affects the tightness of cell junctions®?*.



EPB41LS5 is highly expressed in gastric, kidney, and breast cancers and promotes invasion,
metastasis, and EMT>*3, It is also considered a key factor in the metastasis of various types
of cancer by promoting EMT, proliferation, migration, and invasion in esophageal squamous
cell carcinoma®’. However, the role and function of EPB41L5 in GBM remain unclear.

In this study, we confirmed that the expression of ZBTB7A was very low in GBM through
the analysis of The Cancer Genome Atlas (TCGA) dataset, and the decreased expression of
ZBTB7A was correlated with lower survival rates of GBM. Interestingly, ZBTB7A is
associated with cell migration and upregulation of ZBTB7A significantly reduced migration,
invasion, and proliferation in GBM. It was found to ZBTB7A negatively regulates GBM tumor
progression by directly binding to the promoter of EPB41L5, an important gene involved in
cell mobility, and repressing its transcription. Our study revealed a novel tumor suppressor
role for ZBTB7A, which directly inhibits GBM tumorigenesis. GBM was brought to power
by ZBTB7A, helping achieve high-performing visual effects. Our findings revealed a novel
tumor suppressor role for ZBTB7A, which directly inhibits the tumorigenesis of GBM. In
addition, we discovered that EPB41L5 is a key marker of GBM tumorigenesis, which is
regulated by the transcriptional repression of ZBTB7A. Therefore, we suggest that the co-

regulation of ZBTB7A and EPB41LS5 is an essential therapeutic strategy for treating GBM.



Materials and methods

1. Cells, plasmids, and reagents

Human A172, LN18, LN229, U118, U343, U373, and U87 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Biowest, L0103) supplemented with 10% fetal bovine
serum (FBS; Biowest, S1480) and 1% antibiotics (Hyclone, SV30010). All cells were cultured
at 37 °C in a 5% CO> incubator.

Effectene transfection reagent was purchased from QIAGEN (301427). The Myc-tagged
ZBTB7A constructs were subcloned into the pSGS5 vector. The pCDH-CMV-MCS-EF1-Puro
overexpression vector was purchased from System Biosciences (CD510B-1).

The shRNAs were obtained from Mission-shRNA (Sigma-Aldrich). Stably overexpressed
LN229, U343, and knockdown US87 cells were cultured under puromycin selection (1.5

pg/mL). The shRNA clone IDs are listed in Table 1.

2. In vitro migration, invasion, colony-forming, and proliferation assay

After stably overexpressed LN229, U343, and knockdown U87 cells reached approximately
70% confluence, cells were wounded with a 200 pL pipette tip, washed with DPBS, and
incubated at 37°C. Wound healing assay was observed for 12 h and 24 h at the scraping line.
Wound healing was observed for 12 h and 24 h, and the area around the scratched line was
photographed.

Invasion assay was performed using an 8.0 pum pore polycarbonate membrane insert (Corning,
353097). Transwell inserts coated with Matrigel (Corning, 354234) were used, and 2 x 10*
cells/well were plated in the upper chamber. The lower chamber was filled with 600 pL of
serum-free medium. After incubation for 48 h, cells infiltrated with 100% methanol were fixed.
After staining with 1% crystal violet (Sigma-Aldrich, V5265), the infiltrated cells were
observed under a microscope.

For the colony-forming assay, 1 x 10° cells were plated in 6-well plates. After culturing the
cells at 37°C for 2 weeks, colonies formed on each of the three plates were measured.

Cell proliferation was assessed according to the manufacturer’s protocol (Invitrogen, C35011)

using the CyQuant Direct Cell Proliferation Assay Kit. All experiments were performed in



triplicate and cell proliferation was determined using a VICTOR™ X3 Multilabel Plate Reader

(PerkinElmer).

3. Western blot analysis

Cells were harvested by washing and scraping with cold phosphate-buffered saline (PBS) for
western blotting. The cells were lysed with lysis buffer for 30 min on ice. Lysates were
centrifuged at 13,000 rpm for 20 min at 4 °C, and the protein concentration of the supernatant
was measured using Pierce 660 nm Protein Assay Reagent (Thermo, 22660).

Total cell lysate proteins were separated using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. The separated proteins were transferred to nitrocellulose membranes.

The transferred membranes were blocked by incubation for 1.5 h in 5% w/v non-fat Difco
skim milk (BD Biosciences, 232100) blocking buffer.

The primary antibodies were incubated together for 3 h or overnight at 4 °C. After washing,
the secondary antibody was incubated for 1.5 h.

Results were visualized by the developer after western blot analysis. The antibodies used
were anti-ZBTB7A (Abcam, ab70208), anti-EPB41L5 (Thermo, PA5-58009), anti-B-actin
(Sigma-Aldrich, A5441), anti-Myc (MBL, M192-3), anti-N-cadherin (sc-59987), anti-p-
catenin (sc-7963), anti-Vimentin (sc-32322) (Santa Cruz Biotechnology), and anti-Snail (Cell

Signaling, 3879S). All secondary antibodies were purchased from Thermo (31430 and 31460).

4. RNA extraction and quantitative polymerase chain reaction

Total RNA was isolated using an AccuPrep Universal RNA Extraction Kit (BIONEER, K-
3141) according to the manufacturer’s instructions. Total RNA was converted to cDNA by
cDNA synthesis using the PrimeScript RT Reagent Kit (Takara, 2680A).

For real-time quantitative polymerase chain reaction (QPCR), primer sequences used for the
ZBTB7A4, EPB41L5, APOE, MDK, MMP9, IL27RA, SEMA3A, FGF7, ILIB, PAK3, ADAMIS,
SERPINF1, TGFB2, HYALI, THBSI1, IL33, ITGA2, ACVRLI, CXCLS, S10044, TMEM100,
DACT3, HGF, GLIPR2, SNAIl, EFNAI, POLRIB, CDH2 (N-cadherin), CTNNB]I (p-catenin),
VIM (Vimentin), and GAPDH genes are listed in Table 1.



gPCR was performed using a real-time PCR kit (ELPIS Bio, EBT-1801), and all samples
were normalized using AACt method. All expression values are expressed as fold change, and

the reaction was repeated three times.

5. Luciferase reporter gene assay

The human EPB4IL5 gene promoter was prepared and purified by PCR amplification of
human genomic DNA from HEK293T cells for a specific region (-900 to 100 nucleotides) of
the EPB41L5 gene. It was cloned into the pGL4.21 (luc2P/Puro) vector (Promega, E6761)
using Kpnl and Xhol restriction enzymes.

Luciferase analysis of the EPB41L5 reporter gene and f-galactosidase gene was transiently
transfected with 100 ng and 400 ng per well, respectively. After incubation for 24 h, the
luciferase assay system (Promega, E1501) was used according to the manufacturer’s
instructions. The colorimetric substrate ortho-nitrophenyl-galactoside was used to measure [3-
galactosidase activity at 405 nm absorbance. Normalization was expressed as luciferase

activity/B-galactosidase activity (fold change).

6. Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assay was performed on U343 cells, stably
overexpressed U343 cells and ZBTB7A-knockdown U87 cells using the Pierce Magnetic ChIP
Kit (Thermo, 26157). Nuclear lysates were precipitated with anti-ZBTB7A, anti-Myc, normal
rabbit (sc-2027), and mouse (sc-2025) IgG (Santa Cruz Biotechnology) overnight at 4 °C with
A/G magnetic beads. DNA obtained following the manufacturer’s instructions was analyzed
using qPCR. The ChIP primers (-833/-649, -314/-177, -202/-58, and -130/-56) used for gPCR

are shown in Table 1.

7. Animal studies
At the University of Ulsan College of Medicine, all mouse experiments were performed
under an approved protocol (2020-12-353). This study was conducted in accordance with the

guidelines of the International Animal Care and Use Committee guidelines.



Briefly, stably overexpressed U343 (5 x 10°) cells were collected and injected
subcutaneously into the flank of female BALB/c-nu mice. After 5 weeks, all mice were
sacrificed.

Tumor volume was measured every 2—3 days and calculated using the formula V = (L x
W?)/2 (L; longer, W; width). Subsequently, the tumor was excised, weighed, and photographed.

The cells used for the orthotopic xenograft mouse model were stable knockdown U87 (1 x
10°) cells, which were injected into the right hemisphere. After 4 weeks, all mice were
sacrificed. For all animal experiments, mice were randomly allocated to each experimental

group.

8. Immunohistochemistry analysis

The immunohistochemistry (IHC) detection kit was purchased from Abcam (ab64264).
Experiments were performed according to the manufacturer’s instructions. Anti-ZBTB7A,
anti-EPB41L5, and Ki67 (Abcam, ab16667) were diluted 1:300.

Images were analyzed using Image] software (Java 1.8.0_112, NIH) and an IHC profiler

(special plug-in).

9. Analysis of dataset for human samples and cell lines

Various tumor/normal differential expression data were obtained from the Gene Expression
Profiling Interactive Analysis (GEPIA) database (http://gepia.cancer-pku.cn/index.html). Data
on human TCGA-GBM (n = 538), TCGA-GBMLGG (n = 667), overall survival, and
correlation were obtained from the GlioVis database (http://gliovis.bioinfo.cnio.es/).

Affymetrix Human Genome U133A Array (GPL96) CEL files were obtained from the Freije
dataset from Gene Expression Omnibus (GEO) with accession number GSE4412. The
Affymetrix ID used was 213299 at.

Human glioma cancer cell line (n = 59) expression data were obtained from the Cancer Cell
Line Encyclopedia (CCLE) database (https://sites.broadinstitute.org/ccle/).

The target gene prediction data bound by ZBTB7A were obtained from the ChIP-Atlas

database (https://chip-atlas.org/).



The predicted ZBTB7A binding motif sequence and the promoter sequence of EPB41L5 were
analyzed using JASPAR (https://jaspar.genereg.net/) and the Eukaryotic Promoter Database
(EPD; https://epd.epfl.ch//index.php).

10. mRNA-sequencing analysis

Total RNA was isolated using Trizol reagent (Invitrogen, 15596018), and RNA quality and
quantification were performed using an Agilent 2100 bioanalyzer (Agilent Technologies) and
an ND-2000 Spectrophotometer (Thermo).

Library preparation was performed using the NEBNext Ultra II Directional RNA-Seq Kit
(NEW ENGLAND BioLabs, E7760L). Using a Poly(A) RNA Selection Kit, mRNA was
extracted (LEXOGEN, 157.96) and used according to the manufacturer's instructions for
cDNA synthesis and shearing. Indexing was performed using Illumina indices 1-12 and was
enriched by PCR.

The mean fragment sizes were evaluated, and libraries were checked using a TapeStation HS
D1000 Screen Tape (Agilent Technologies). Quantification was performed using the StepOne
Real-Time PCR System (Life Technologies), and high-throughput sequencing was performed
using NovaSeq 6000 (Illumina).

FastQC was used to control the quality of the raw sequencing data, and adapters and low-
quality reads (<Q20) were removed using FASTX Trimmer and BBMap. TopHat was used
to map the trimmed reads to the reference genome, and fragments per kilobase per million read
(FPKM) values were used to estimate gene expression levels. FPKM values were normalized
using EdgeR in R (R Development Core Team).

Data mining and graphical visualization were performed using Microsoft Excel (Office 365),

GSEA (GSEA 4.1.0, Broad Institute), and EXDEGA (Ebiogen).

11. Statistical analysis
Statistical significance was determined using Student’s #-test or one-way ANOVA. Prism
(Prism 8.0.1, GraphPad) and Excel (Microsoft) were used. All values are reported as the mean

+ SD. p-value < 0.05 were considered significant (*p < 0.05, **p < 0.01, ***p < 0.001).



12. Availability of data and materials
The raw mRNA-seq data reported in this document has been deposited with GEO under
accession number GSE196320, available at https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE196320.



Table 1. List of primer for shRNA, qPCR, ChIP

— —
HECR
shZBTB7A#1 Sigma-Aldrich TRCN0000137332 ZBTB7A F : CATCTGCGAGAAGGTCATCCA
ShZBTB7A#2  Sigma-Aldich  TRCN0000136851 R : AGGTCGTAGTTGTGGGCAAAG
shZBTB7A#3 Sigma-Aldrich TRCNO0000137998 EPBAILS F : GAAAGAAGGCCCAGCAAACG
shZBTB7A#4 Sigma-Aldrich TRCNO0000138671 R : AGATCTCATCCCCCAAGCCT
shZBTB7A#5 Sigma-Aldrich TRCN0000138519 F: GTTGCTGGTCACATTCCTGG
. . APOE
shZBTB7A#6 Sigma-Aldrich TRCNO0000138716 R : GCAGGTAATCCCAAAAGCGAC
F : CGCGGTCGCCAAAAAGAAAG
MDK
R : TACTTGCAGTCGGCTCCAAAC
—
=<0l MPo F : TGTACCGCTATGGTTACACTCG
833/-649 F : AATGGCAAACCCTCACTGCC R : GGCAGGGACAGTTGCTTCT
R : ACGAGATACGACAGACAACCA IL27RA F: GACCCTTGGGCGACTTGAA
F : GAATCTAGCAGCCAGCTCCA R : TCTGGAGGTGTAACTCGGAGG
-314/-177 : SEMA3A F : GTGCCAAGGCTGAAATTATCCT
R : TCCGCGGCTGGTTTAAGE R : CCCACTTGCATTCATCTCTTCT
F : CAGCGCCCCTTTAAACCAG F : TCCTGCCAACTTTGCTCTACA
-202/-58 FGF7
R : GAGCGCTCCGCTCTTAAAC R : CAGGGCTGGAACAGTTCACAT
1B F : ATGATGGCTTATTACAGTGGCAA
-130/-56 F: CCGGTTTCTCTCCAGTCGE R : GTCGGAGATTCGTAGCTGGA
R : TAGACGCCGAGAAATGGCG PAKS F : CCAGGCTTCGCTCTATCTTCC
R : TCAAACCCCACATGAATCGTATG
F : GTCACAGTTCCACGGAAGATT
ADAM18
R : CAGCATATCCTTGGTAATGGCA
SERPINF1 F : TTCAAAGTCCCCGTGAACAAG
R : GAGAGCCCGGTGAATGATGG
F : CAGCACACTCGATATGGACCA
TGFB2
R : CCTCGGGCTCAGGATAGTCT
: ATAT Al
HYAL1 F: CG GGCCCAAGGCTTTAG
R : ACCACATCGAAGACACTGACAT
F : AGACTCCGCATCGCAAAGG
THBS1
R : TCACCACGTTGTTGTCAAGGG
L33 F : GTGACGGTGTTGATGGTAAGAT
R : AGCTCCACAGAGTGTTCCTTG
1TGA2 F : CCTACAATGTTGGTCTCCCAGA
R : AGTAACCAGTTGCCTTTTGGATT
F : CGAGGGATGAACAGTCCTGG
ACVRL1
R : GTCATGTCTGAGGCGATGAAG
F: GCCAAGGAGTGCTAAAGA
CXCL8
R : AACCCTCTGCACCCAG (%
F:TTCTTGGTTTGATCCTGACTGCT
S100A4
R: TGTCCCTGTTGCTGTCCAAG
F : TGCTGTGGTTGTCTTCATCG
TMEM100
R: CTCTCCCGTCTCTTGGCTTTC
F: Al TCGTCTGCTTTA
DACT3 CCCAGCGTCGTCTGC
R : CGATTCGCTCTCCCCGTAAC
HGF F : ACCCTGGTGTTTCACAAGCA
R : GCAAGAATTTGTGCCGGTGT
F : ATGGGCAAGTCAGCTTCCAAA
GLIPR2
R : GCCTCAGAATACTGTTGAGCCT
SNAI F : ACCCTGGTGTTTCACAAGCA
R : GCAAGAATTTGTGCCGGTGT
EFNAT F : TCAGGCCCATGACAATCCAC
R : GTGACCGATGCTATGTAGAACC
F : TCCGAATGTTGATTATGCCTCG
POLR1B
R : TGACAGCGGAATGTTCTTCCC
F : CCATCACTCGGCTTAATGGT
CDH2
R : GATGATGATGCAGAGCAGGA
: AGCTTCCAGACA TATCAT
CTNNBT F : AGCTTCCAGACACGCTATC,
R : CGGTACAACGAGCTGTTTCTAC
VIM F : CCCTCACCTGTGAAGTGGAT
R

RECEClIIElaRIve C7clc]




Results

ZBTB7A expression was decreased in GBM cells and patients

We investigated the RNA expression of ZBTB7A4 in GBM patients using various databases.
Profiling of various tumor samples and normal brain (NB) tissues from the TCGA and the
Genotype-Tissue Expression (GTEx) projects in GEPIA confirmed that ZBTB7A4 expression
was lower in GBM and lower-grade glioma tissues than in NB tissues (Fig. 1A—C). Analysis
of TCGA-GBM and TCGA-GBMLGG datasets using the GlioVis database revealed that
ZBTB7A expression was significantly decreased in GBM, and it was confirmed that the
expression of ZBTB7A4 was decreased in high-grade tumors. (Fig. 1D, E). In addition, GEO
profiling revealed that the expression of ZBTB7A in the Freije dataset (GSE4412) was
decreased in GBM, as was observed in the TCGA-GBMLGG dataset (Fig. 1F). Furthermore,
the prognosis of patients with GBM was poor in the GBM patients with ZBTB7A4
downregulation (Fig. 1G) according to Kaplan—Meier survival analysis based on the TCGA-
GBMLGG dataset.

To determine whether the expression of ZBTB7A was decreased in GBM tissues compared
to NB tissues based on the results of the analysis of various databases, we performed THC
using tissue microarrays (TMAs). The expression of ZBTB7A was significantly decreased in
GBM tissues (Fig. 2A). The expression of ZBTB7A4 was confirmed using the CCLE database
before the in vitro experiment, and ZBTB7A expression was found to be relatively low in
LN229, LN18, A172, and U343 cells and relatively high in U118 and U87 cells (Fig. 2B). In
addition, when the CCLE database was used to analyze ZBTB7A protein expression in the
GBM cell line, nearly identical results were obtained (Fig. 2C).

Based on these results, the expression of ZBTB7A is decreased in both GBM cell lines and
GBM patients, and decreased expression of ZBTB7A at the mRNA and protein levels indicates

a poorer prognosis.

10



Transcripts Per Million (TPM)
1 1 1
¥
e ot
\’\’
ST R
g,
‘\t.\
i~
1
T ——
. e, SUE
————— e
’ = S,
o
e o
\"\“
S
+
e
e
R
.
i
i, S
R e

B Cc @ Tumor M Normal
@ Tumor W Normal
g
: . g
§% ¥
i 3 2\
Es —~
£2 )" Al @ e
3 = {1 I B
S E =& | RS
E / Y
: B %‘% ‘
] a
NE /= |
c 3 u S
s 2> i
g2 >
ES | 1 | | p l
e E < & &
O RO . FREL R R ML L O E N OO0l O A F LD
?o&o#cb@e&oz&o&éo O<b‘\£\a EE& éz\?\{’o X Vy&a oquq(gQQv &"6‘3‘@&}?&&@9\@“60 ¥ 5
D —_— G
s . = 12 100% ZBTB7A High (n = 592)
§a e 2 ZBTB7A Low (n =75)
TN . = & p-value = 0.0008
5 1ha 5§ 10 — 75%
H K 2 S
g - g2
3 45 3 3 50% ~
2 : ; %
E E 6 25% il
X 4 X L
& F E ,
..
] . ] 0%
= 2 - r T
NB GBM m % o 50 100 150 200
Histology Grade Survival time (Months)

Fig. 1 ZBTB7A expression was decreased in GBM patients

A, B ZBTB7A4 expression in cancers. ZBTB7A expression profiles across tumor samples
compared to NB samples for 33 TCGA tumor types using GEPIA. The mean log,(TPM+1)
was used as the signature score. Each point on the dot plot represents the sample, and the
height of the bars in the bar plot represents the median expression of a specific tumor type or
NB. C Median ZBTB7A expression in tumor and NB samples in the interactive bodymap
(GEPIA). D mRNA expression of human ZBTB74 in NB and GBM samples from TCGA-
GBM (GlioVis). NB, n = 10; GBM, n = 528. NB — GBM, p = 3.1E-13. E mRNA expression
levels of ZBTB74 in gliomas grades II, III, and IV in TCGA-GBMLGG (GlioVis). Grade I,
n=226;111,n=224;1V,n=150. 1 - 111, p = 6.4E-01; 1 - IV, p=7.8E-12; lII - 1V, p = 4 4E-
09. F mRNA ZBTB7A4 expression analysis using Freije dataset (GEO; GSE4412). Grade 111, n
=26; 1V, n=59. G Kaplan—Meier curves representing the survival of patients with low versus

high expression of ZBTB74 in TCGA-GBMLGG (GlioVis). *p < 0.05, ***p < 0.001.
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Fig. 2 ZBTB7A expression was decreased in GBM cells

A THC analysis of TMAs in human NB and GBM samples using anti-ZBTB7A antibody. NB,
n =4; GBM, n = 4. B Analysis of the ZBTB7A expression profiles in glioma cell lines using
CCLE. C ZBTB7A protein expression levels in GBM cells. Scale bars: 50 pm. *p < 0.05.
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ZBTB7A-knockdown promotes GBM tumorigenesis in vitro

We examined the tumorigenicity of U87 cells, a cell line with relatively high expression of
ZBTB7A, after transfection with ZBTB7A shRNA or control shRNA lentiviral plasmid (Fig.
3A; Control shRNA and shZBTB7A#1-6) to determine the probable role of ZBTB7A in GBM
development. In addition, we overexpressed ZBTB7A in LN229 and U343 cells, which have
relatively low ZBTB7A expression. To investigate the tumorigenicity of ZBTB7A-depleted
U87 cells, we assessed the protein and mRNA expression levels of ZBTB7A (Fig. 3B, C).

To gain insight into the mechanism of action of ZBTB7A, we performed mRNA sequencing
analysis. Of the 1124 genes, 597 were upregulated and 527 were downregulated (DEG analysis)
(Fig. 3D). We also performed gene ontology analysis of 1124 upregulated and downregulated
genes. These results showed that multicellular organisms were enriched for genes involved in
processes, cell motility, and the movement of cellular components (Fig. 3E). GSEA revealed
that all genes involved in the three processes were more enriched in the GBM group than in
the control group when ZBTB7A was knocked down (Fig. 3F), suggesting that ZBTB7A is
generally involved in biological processes related to cell motility.

When the expression of ZBTB7A was knockdown, cell proliferation was significantly
increased in ZBTB7A-knockdown US87 cells (Fig. 4A), and cell migration and invasion also
increased in ZBTB7A-knockdown U87 cells compared with control U87 cells (Fig. 4B, C).
Additionally, we performed colony-forming assay. As a result, colony formation significantly
increased in ZBTB7A-knockdown U87 cells (Fig. 4D). Therefore, our results suggest that

ZBTB7A acts as a tumor suppressor in GBM.

13



A us7 B us7 c us7
N
15
shZBTB7A @ 6\;‘ 6\3 ° ek
& & & s T
Scramble #1  #2 #3 #4  #5  #6 & & 5 < —
#1:CDS @ 1.0 4
#2:3'UTR 3
#4:3UTR 205
| G S G S S— G— S | o[-actin #5:CDS apactin g
#6 : CDS
o
2
z 0.0
o 0.
4
@ N
& & &
& L L
S P
& &
D P DEG : 1124 (597 / 527) E Gene Ontology
GO_POSITIVE_REGULATION_OF_MULTICELLULAR_ORGANISMAL_PROCESS
° GO_POSITIVE_REGULATION_OF _DEVELOPMENTAL_PROCESS
‘g GO_CELL_MOTILITY
= GO_REGULATION_OF _CELLULAR_COMPONENT_MOVEMENT
; 5 C Y GO_REGULATION_OF _CELL_DIFFERENTIATION
2 ° GO_BIOLOGICAL_ADHESION
2 ° GO_SIGNALING_RECEPTOR_BINDING
GO_REGULATION_OF_PHOSPHORUS_METABOLIC_PROCESS
GO_REGULATION_OF _CELL_DEATH
04 GO_NEGATIVE_REGULATION_OF_RESPONSE_TO_STIMULUS
10 5 0 5 10 0 s 10 15 2 25 0 ¥ 4 4
log; (Fold change) -log (FOR gvalue)
F GO_POSITIVE_REGULATION_OF GO_REGULATION_OF_CELLULAR_
MULTICELLULAR_ORGANISMAL_PROCESS GO_CELL_MOTILITY COMPONENT_MOVEMENT
8 015! [V NES=148 (§ 0.25 » il NES =2.11 @ 025 N NES =2.03
° o FDR=004 o f = FDR=0.00 5 FDR = 0.00
8 N p-value = 0.04 8 ., p-value = 0.00 § ~ p-value = 0.00
@ J . » H
- ¢ ; - e 2
E 0.00 N E 0.00 T § 0.00 |
£ | - £-005 . s £ -005 -
; (WL
§ JUCKPODIRACTA DD = A T T ey
shZBTB7A#1 Scramble shZBTB7A#1 Scramble shZBTB7A#1 Scramble

Fig. 3 ZBTB7A-knockdown is associated with cell motility and the movement of cellular
components

A Expression of ZBTB7A-knockdown U87 cells. B Western blot analysis of ZBTB7A in
shZBTB7A U87 cells. C Western blot and qPCR analysis of ZBTB7A silencing in U87 cells.
D Differentially expressed gene analysis of mRNA-seq of shZBTB7A US87 cells (red dots;
upregulated genes, blue dots; downregulated genes, FC £ 1.5 and p-value < 0.05). E Gene
Ontology enrichment analysis for up- and downregulated genes scramble versus shZBTB7A.
F GSEA reveals differences in the expression of genes involved in cell migration. NES

(normalized enrichment score), FDR (fold discovery rate), ***p < 0.001.
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Fig. 4 ZBTB7A-knockdown promotes cell proliferation, migration, invasion, and colony
formation in U87 cells

A Cell proliferation assay was performed after shZBTB7A U87 cells for 3 d. B Migration
assay of shZBTB7A U87 cells after 12 h. C Transwell invasion assay of shZBTB7A U87 cells
after 48 h. D Effect of ZBTB7A-knockdown on colony formation in shZBTB7A U87 cells.
**p <0.01, ***p <0.001.
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ZBTB7A-overexpressing suppresses GBM tumorigenesis in vitro

To confirm the previous results, we expressed ZBTB7A in LN229 and U343 cells, which
have relatively low expression levels of ZBTB7A. The protein and mRNA expression levels
of ZBTB7A were assessed in ZBTB7A-expressing LN229 and U343 cells (Fig. 5A, B; cells
with overexpression: pCDH ZBTB7A and control cells: pPCDH CTR).

To analyze the biological function of ZBTB7A in GBM cells, we performed various cell-
based assays, such as cell proliferation, migration, invasion, and colony-forming assay in
ZBTB7A-overexpressing LN229 and U343 cells. As shown in Fig. 5C, cell proliferation was
decreased in ZBTB7A-overexpressing GBM cells compared to that in control cells. The
migration, invasion, and colony formation ability of GBM cells were significantly decreased
in ZBTB7A-overexpressing GBM cells compared to control cells (Fig. 5D-F), indicating that
ZBTB7A inhibits tumorigenesis in GBM cells.
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Fig. 5 ZBTB7A-overexpressing inhibits cell proliferation, migration, invasion, and colony
formation in LN229 and U343 cells

A Western blot analysis of ZBTB7A expression in pCDH ZBTB7A LN229 and U343 cells. B
mRNA level of ZBTB7A4 in pCDH ZBTB7A LN229 and U343 cells. C Cell proliferation assay
was performed after pPCDH ZBTB7A U343 cells for 3 d. D Migration assay of pPCDH ZBTB7A
LN229 and U343 cells after 24 h. E Transwell invasion assay of pCDH ZBTB7A LN229 and
U343 cells after 48 h. F Effect of ZBTB7A overexpression on colony formation in pCDH
ZBTB7A LN229 and U343 cells. *p <0.05, **p <0.01, ***p <0.001.
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EPB41LS5 is the target gene of ZBTB7A in GBM cells and patients

Next, we analyzed the genes related to these three processes in ZBTB7A-knockdown GBM
cells. The upregulated genes overlapping with ZBTB7A were knocked down in three
processes, and 18 genes were upregulated in all processes (Fig. 6A). The expression of 18
overlapping genes was confirmed using a heatmap (Fig. 6B). Therefore, 18 genes were
upregulated when ZBTB7A expression was low, suggesting that there is an inverse correlation
between the expression of ZBTB7A and the 18 target genes. To confirm the mRNA
sequencing data, the mRNA expression levels of 18 target genes were analyzed in ZBTB7A-
knockdown and overexpression cells using gPCR (Fig. 6C, D).

Also, we analyzed the target genes of ZBTB7A in ZBTB7A-knockdown cancer cells using
the ChIP-Atlas database and predicted that the target gene binds to suppress tumorigenesis as
a transcription factor. We found that EPB41L5, a protein essential for cell migration and
involved in EMT (Fig. 6E).

In addition, correlation analysis was performed on the TCGA-GBM dataset to confirm that
the 18 target genes obtained from our mRNA-seq data had an inverse correlation with
ZBTB7A, even in patient samples. We confirmed the inverse correlation of MDK, IL33, and
EPB41L5 with ZBTB7A for three of the 18 target genes (Fig. 7A, B). Therefore, we examined
whether the mRNA levels of MDK, IL33, and EPB41L5 increased in ZBTB7A shRNA-
expressing GBM cells. As shown in Fig. 7C, the mRNA expression of MDK, IL33, and
EPB41L5 was inversely correlated with that of ZBTB7A. In addition, the expression of
EPB41L5 mRNA was significantly decreased in ZBTB7A-overexpressing GBM cells but not
in MDK and IL33 cells (Fig. 7D). Thus, EPB41L5 expression is directly affected by ZBTB7A

expression.
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Fig. 6 EPB41L5 is the target gene of ZBTB7A in GBM cells

A The Venn diagram shows an overlap between GSEA results. B Heatmap of expression and
enrichment of 18 overlapping genes in GSEA results. C, D mRNA expression levels of 18
overlapping genes in shZBTB7A U87 cells and pCDH ZBTB7A U343 cells. E Target gene
and MACS?2 binding score of potential ZBTB7A at + 1 kb distance using ChIP-Atlas. *p <
0.05, **p <0.01, ***p < 0.001.
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A

Gene Symbol Fold change estimate statistic p.value parameter conf.low conf.high method alternative

APOE 42780 -0.04 -0.91 0.37 536.00 -0.12 0.05 Pearson's product-moment correlation  two.sided
MDK 5319 -0.19 -4.58 0.00 536.00 -0.27 -0.11 Pearson’s product-moment correlation  two.sided
MMP9 4310 -0.05 -1.16 0.25 536.00 -0.13 0.03 Pearson'’s product-moment correlation  two.sided
IL27RA 3.537 0.11 2.67 0.01 536.00 0.03 0.2 Pearson's product-moment correlation  two.sided
SEMA3A 3.023 0.02 0.53 0.60 536.00 -0.06 0.11 Pearson’s product-moment correlation  two.sided
FGF7 2.701 0.02 0.53 0.60 536.00 -0.06 0.11 Pearson's product-moment correlation  two.sided
IL1B 2612 0.06 1.43 0.15 536.00 -0.02 0.15 Pearson’s product-moment correlation  two.sided
PAK3 2.609 0.10 2.38 0.02 536.00 0.02 0.19 Pearson's product-moment correlation  two.sided
ADAMS8 2.597 0.17 3.88 0.00 536.00 0.08 0.25 Pearson’'s product-moment correlation  two.sided
SERPINF1 2.593 0.01 0.28 0.78 536.00 -0.07 0.1 Pearson's product-moment correlation  two.sided
TGFB2 2.480 0.03 0.80 043 536.00 -0.05 0.12 Pearson’s product-moment correlation  two.sided
HYAL1 2243 0.12 2.89 0.00 536.00 0.04 0.21 Pearson's product-moment correlation  two.sided
THBS1 2114 0.06 1.40 0.16 536.00 -0.02 0.14 Pearson’s product-moment correlation  two.sided
IL33 2111 -0.20 -4.63 0.00 536.00 -0.28 -0.11 Pearson's product-moment correlation  two.sided
EPB41LS 2.082 -0.20 -4.67 0.00 536.00 -0.28 0.1 Pearson’s product-moment correlation  two.sided
ITGA2 2077 0.14 3.39 0.00 536.00 0.06 0.23 Pearson's product-moment correlation  two.sided
ACVRL1 2027 0.09 21 0.04 536.00 0.01 0.17 Pearson’s product-moment correlation  two.sided

CXCL8 Gene not available for this dataset
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Fig. 7 EPB41L5 inversely correlates with ZBTB7A in patients

A Correlation of 18 overlapping genes with ZBTB7A in the TCGA-GBM dataset (GlioVis).
B Negative correlation of the gene expression levels of MDK, IL33, and EPB41L5 with
ZBTB74 (GlioVis). C, D mRNA expression levels of MDK, IL33, and EPB4IL5 in
shZBTB7A U87 cells and pCDH ZBTB7A U343 cells. ***p < 0.001.
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Additionally, we confirmed that ZBTB7A and EPB41L5 had an inverse correlation at the
protein level based on analysis of ZBTB7A-knockdown US87 cells and ZBTB7A-
overexpressing LN229 and U343 cells, respectively (Fig. 8A-D). Furthermore, the protein
expression levels of ZBTB7A and EPB41L5 were inversely correlated in GBM cell lines (Fig.
8E). The expression of EPB41L5 in tissues of patients with GBM (based on GBM TMAs) was
observed using IHC staining, and the expression of EPB41L5 increased in the high-grade
GBM tissues (Fig. 8F, G).

In a previous study, we reported that the expression of EPB41L5 induced by TGF-B1
promotes the migration and invasion of gastric cancer cells by TGF-B signaling®*. Thus, we
further confirmed whether the knockdown of ZBTB7A plays an important role in the EMT
process due to increased cellular motility. When ZBTB7A was knocked down in GBM cells,
the EMT process was induced, and the related core genes were enriched (Fig. 9A, B),
indicating that ZBTB7A-knockdown activates GBM growth-related genes for the
development and progression of GBM. Also, ZBTB7A-knockdown significantly increased
mRNA levels of related core genes including EPB41L5 (Fig. 9C). Overall, ZBTB7A controls

GBM tumorigenesis by regulating EPB41L5 expression.
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Fig. 8 ZBTB7A negatively regulates EPB41L5 in GBM cells and patients

A Western blot analysis of ZBTB7A and EPB41L5 in shZBTB7A US87 cells. B EPB4IL5
mRNA level in shZBTB7A U87 cells. C Western blot analysis of ZBTB7A and EPB41L5 in
pCDH ZBTB7A LN229 and U343 cells. D EPB41L5 mRNA level in pCDH ZBTB7A LN229
and U343 cells. E Western blot analysis of ZBTB7A and EPB41L5 in GBM cell lines. F
EPB41L5 IHC staining in increasing grades of glioma using TMA blots. G IHC analysis of
EPB41L5 expression in TMA blots. NB, n = 9; Grade [ — I, n = 30; Il — IV, n = 28. Scale
bars: 50 um. *p < 0.05, **p < 0.01, ***p <0.001.
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ZBTB7A binds to the EPB41L5 promoter to repress the transcriptional activity

To investigate whether ZBTB7A and EPB41L5 are inversely correlated, we performed a
promoter assay to confirm that ZBTB7A binds to the promoter of EPB41L5 as a transcription
factor and negatively regulates its transcriptional activity. The binding motif sequence of
ZBTB7A was confirmed using the JASPAR database, and the region where ZBTB7A binds
was predicted in the 1 kb region (-900 to 100) of the EPB41L5 promoter through the EPD
database (Fig. 10A, B). We also obtained overlapping results from the JASPAR and EPD
databases for four regions that were significant for ZBTB7A binding in the EPB41L5 promoter
(Fig. 10C). In fact, the 1 kb region of the EPB41L5 promoter was cloned into the pGL4.21
vector to perform the luciferase assay, and the ZBTB7A ORF was cloned into the Myc-tagged
pSGS5 vector for cotransfection into U343 cells with relatively low ZBTB7A expression.
ZBTB7A was transfected in a dose-dependent manner, and we confirmed a gradual decrease

in the transcriptional activity of EPB41L5 (Fig. 10D).
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JASPAR 2020_ZBTB7A binding motif_MA0750.2

" MA0750.2 ZBTB7A 7.21056 0.808217433 FP003890

Matrix ID Name Score Relative Sequence ID Start End Strand Predicted Position
score sequence
MA0750.2 ZBTB7A 9.79661 0.857700266 FP003890 798 810 - CCCCGGAAATTGG  #3 -97
MA0750.2 ZBTB7A 8.62215 0.835227377 FP003890 680 692 + AGCGGGAACTGGG #2-215
7% 9N - CACAGGCAGTGAG #1-816
MA0750.2 ZBTB7A 6.8153 0.800654323 FP003890 988 1000 - GCGGGGAAGAGCC #4 +93

>FP003890 EPB41L5_1 :+U EU:NC; range -900 to 100.
TGGGATTACAGGAGTGAGCCACCGCGCCCAGCCAAATGCCACCTTCTTAT
TGTGACCTGCTATGTAAAATCGCAAACCCTCACTGCCTGTGGTTATTCCC #1
TACTTGTACTTTTCTTTTTAGCATTTACCAATGTCTGACAGTATTTAATT
TCACTAATTTATCTCGTTTATTTTATGTCTCGTTTATATTCCTGCTATAA
CGTAAACTCCGGGAAGGATTTTTGTCTGTCTTGGTTGTCTGTCGTATCTC
GTGTCTAGAACACAGAACTCACAGTAAGTAGGCACTTCAATCAATTACCT
GTAGAATGAACGGACTGAATGTCACCTTGTTAGAGTACCCTCCTGACCAC
ACTCTGCTAAGCAGTAATCTTTTATTTCTCTTTCCCAGTTTTATTTTTCC
TCATTTACACTTAATCACCTTGTGACACCTATTTGTTTACTGTTTCCCCA
GTAGAGTGAAAGTCACTTTAACAGCAGAGATTTAAATGTATTTTAATCCC
TACAAAGGAGAAAAAGGGAGGAAATACGTGACAGGCTCTCAATAAGTATT
TGCGAAGGATTTAATCTCTTGAACGAATGGATGAATGAATCTAGCAGCCA
GCTCCACCAGCCTCCTTCGTGATAGGACTAACTGGGGTCTGTCTGCGGAC
GGGCGCCTCCTCCGCGGGCGGAGGGCCGCAGCGGGAACTGGGTTTCGGCA #2
GCGCCCCTTTAAACCAGCCGCGGACGCCCGGCTGCTGGCGCTAGTTCCAG
CCCGGCCGGGCCCGGCCTCGCCGGTTTCTCTCCAGTCGCCGCGCCGGCCA #3
ATTTCCGGGGCGGTGTCATCGCCCGTTTAAGAGCGGAGCGCTCCGCCCTG
GCGGAGCTGGGAGGGAGCTTTAAGGGGTGGACGGGCGGGAGGTCGGG
TCCGGGGATTAGAGCCGGTGGGCTCGTTGTGGGCGCCATTTCTCGG
CGTCTACCGAGGAGCCGCCCCTTTCTCAGCCTTGCTCGGCTCTTCCCCGC #4

<0.001.
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Fig. 10 ZBTB7A inhibits transcriptional activity of EPB41L5
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A, B Schematic of the 1 kb EPB41L5 gene promoter and the ZBTB7A binding element within
the ZBTB7A binding motif of JASPAR. C EPB41L5 promoter sequence from -900 to 100

region (EPD). D ZBTB7A suppresses EPB41L5 promoter activity by luciferase assay. ***p



To analyze transcriptional activity, the 1 kb full-length EPB41L5 (-900 to 100: #1, -500 to
100: #2, -150 to 100: #3, and -40 to 100: #4) promoter regions were truncated (Fig. 11A). We
tested whether ZBTB7A inhibits transcription by binding to regions of the EPB41L5 promoter
using a ChIP assay.

ZBTB7A was significantly recruited to the #3 region of the EPB41L5 promoter in ZBTB7A-
expressing U343 cells compared to control cells (Fig. 11B). Furthermore, we measured
transcriptional activity through the transfection of EPB4IL5 promoter-deleted mutants
(EPB41L5 promoter truncated constructs) in ZBTB7A-overexpressing U343 cells or control
U343 cells. The transcriptional activity of EPB41L5 promoter wild-type/deletion mutants was
significantly reduced in ZBTB7A-overexpressing U343 cells compared to the control group,
and when the -150 to 100 promoter regions (#3) were truncated, the transcriptional activity
was drastically reduced in the ZBTB7A-overexpressing U343 cells and control cells (Fig.
11C). Based on these results, we confirmed that the promoter region, including the EPB41L5
#3 (-150 to 100) position, was a significant ZBTB7A binding region.

To further confirm whether the EPB41L5 #3 (-150 to 100) position is the ZBTB7A binding
region, the EPB41L5 promoter construct (#3-WT) or the specific binding sequence deleted
form of the EPB41L5 promoter construct (#3-MT) was transfected into ZBTB7A-
overexpressing U343 cells or control cells, and promoter activity was assessed using a
luciferase assay. The transcriptional activity of the ZBTB7A binding sequence deleted in the
EPB41L5 promoter (#3-MT) was not significantly different between ZBTB7A-expressing
U343 cells and control cells compared with the wild-type EPB41L5 promoter (#3-WT) (Fig.
11D).

In addition, we performed a luciferase assay to determine whether transcriptional activation
of EPB41L5 was increased by ZBTB7A-knockdown. The transcriptional activation of
EPB41L5 was greatly increased in the -150 to 100 region (#3) of the EPB41L5 promoter but
not in the #3 mutant promoter after ZBTB7A-knockdown (Fig. 11E).
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Fig. 11 ZBTB7A binds specifically to the EPB41L5 promoter

A Predicted binding site to which the ZBTB7A motif can bind in the EPB41L5 promoter
region (-900 to 100) (EPD). B The upper panel shows the region amplified using ChIP primers
in the EPB41L5 promoter. The lower panel shows the amount of DNA precipitated using anti-
ZBTB7A or IgG. C Repression by ZBTB7A in the EPB41L5 promoter required a binding
motif of ZBTB7A, as shown by a luciferase assay. The left panel shows the relative cleavage
of the EPB41L5 promoter. D Of the four potential ZBTB7A binding sites of the EPB41L5
promoter, the most important (the ZBTB7A#3 position) was deleted. Transcriptional activity
of the depleted promoter was determined via luciferase assay. E The transcriptional activity
of the EPB4IL5 promoter with deletion of the #3 position in shZBTB7A U87 cells was

investigated by luciferase assay. n.s; not significant, **p <0.01, ***p < (0.001.

27



Next, we investigated whether R399L binds to the EPB41L5 promoter region through site-
directed mutagenesis of R399L in the zinc finger domain of ZBTB7A. ChIP assays were
performed in U343 cells transfected with the empty control vector, wild-type (wt) Myc-
ZBTB7A, and mutant-type (mt) Myc-ZBTB7A. mtZBTB7AR399L failed to bind to position
#3 of the EPB41L5 promoter (Fig. 12A). As expected, mtZBTB7AR399L did not inhibit the
transcriptional repression of EPB41L5 compared to wtZBTB7A, and the wt/mt Myc-ZBTB7A
protein was normally expressed in all cells (Fig. 12B).

We also confirmed that mtZBTB7AR399L failed to repress the transcriptional activity of
EPB41L5. We examined the transcriptional activity in the GBM cell lines LN229, U343, U118,
and U87 transfected with the empty vector, wtZBTB7A, and mtZBTB7A (Fig. 12C). Thus,
we suggest that ZBTB7A negatively regulates the transcriptional activity of EPB41L5 by
binding to the ZBTB7A #3 position of the EPB41L5 promoter.
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Fig. 12 Mutation of ZBTB7A rescues the transcriptional activity of EPB41L5

A The domain structure of the ZBTB7A protein and the design of the ZBTB7A zinc finger

mutant R399L. Then, Myc ZBTB7A wt and mt were transfected in U343 cells to show the

amount of DNA precipitated by Myc antibody or IgG, and the -202/-58 region was amplified

with a ChIP primer. B Protein levels of

Myc ZBTB7A wt and mt in LN229, U343, U118 and

U87 cells. C To determine the ability of ZBTB7A R399L to repress the activity of the

EPB41L5 promoter, we performed luciferase assays in LN229, U343, U118, and U87 cells.

*#p < 0.01, ***p < 0.001.
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ZBTB7A-knockdown increases the transcriptional activation of EPB41L5

To confirm the same results when ZBTB7A-knockdown, the mRNA expression of EPB41L5
and ZBTB7A was confirmed in shZBTB7A-expressing U87 cells, and the transcriptional
activity of EPB41L5 was measured in shZBTB7A-expressing U87 cells that target the 3’UTR
EPB41L5 promoter, mtZBTB7A expression greatly induced the transcriptional activity of
EPB41L5. The activities of wtZBTB7A and the control were similar (Fig. 13A-C).
Additionally, a ChIP assay was performed in shZBTB7A-expressing U87 cells cotransfected
with the EPB41L5 promoter and wtZBTB7A or mtZBTB7A. In the previous experiments,
mtZBTB7A failed to bind the EPB4IL5 promoter, and wtZBTB7A did not bind the #3

mutation region of the EPB41L5 promoter (Fig. 13D).
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0.001.
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ZBTB7A-overexpressing suppresses GBM tumorigenesis in vivo

To confirm that ZBTB7A had the same inhibitory effect on GBM cell migration, invasion,
and colonization, control cells (pCDH CTR) and ZBTB7A-expressing U343 cells (pCDH
ZBTB7A) were injected subcutaneously into nude mice, and the tumor weight was monitored
every 2 days for 6 weeks. As expected, tumor growth on ZBTB7A-expressing U343 cells was
further reduced compared to that in control cells (Fig. 14A, B).

In addition, we confirmed whether the tumor volume and weights were suppressed in
ZBTB7A-expressing U343 cells compared to the control cells (Fig. 14C, D). The survival rate
was also higher in ZBTB7A-expressing U343 cells than in the control group (Fig. 14E) and
whether the protein expression of ZBTB7A was normal in the ZBTB7A-expressing tumor
using Western blotting (Fig. 14F).

We conducted the expression of EPB41L5 was significantly decreased in ZBTB7A-
overexpressing tumor tissues (Fig. 14G, H). Based on these results, we suggest that ZBTB7A

acts as a transcriptional repressor that inhibits tumorigenesis by targeting EPB41L5 in GBM.
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Fig. 14 ZBTB7A-overexpressing inhibits tumorigenesis

A Schematic diagram and photograph of a subcutaneous tumor experiment using nude mice.
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(n =4 mice/group). C The weight of each tumor was measured. (# = 8 mice/group). D Tumor
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E The survival rate of a mouse model injected subcutaneously with pCDH ZBTB7A U343
cells. F Western blot analysis of ZBTB7A and EPB41L5 in pCDH ZBTB7A U343
subcutaneous tumors. G IHC analysis of pPCDH ZBTB7A U343 subcutaneous tumors using
IHC profiler (» = 5 mice/group). H IHC staining using anti-ZBTB7A, EPB41L5, Ki67
antibodies and H&E staining. Scale bars: 50 um, 20 pm. *p <0.05, **p < 0.01, ***p <0.001.
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ZBTB7A-knockdown increases GBM tumorigenesis through the transcriptional
activation of EPB41L5

We conducted the following experiment to determine whether ZBTB7A-knockdown
promotes EMT and tumorigenesis in GBM. The protein and mRNA expression of EMT
markers (N-cadherin, B-catenin, and Vimentin) was confirmed in shZBTB7A US87 cells, and
both protein and mRNA levels were increased (Fig. 15A, B). When the correlation between
ZBTB7A and EMT markers was analyzed using patient samples from the TCGA-GBM and
TCGA-GBMLGG datasets, ZBTB7A and EMT markers showed a significant negative
correlation (Fig. 15C).

In addition, we monitored the development and progression of tumors derived from
shZBTB7A-expressing GBM cells in an orthotopic xenograft mouse model. Control U87 and
shZBTB7A U87 cells were injected into the right corpus striatum of the mouse brain. After
observation for 4 weeks, the GBM tumor volume was significantly increased in a mouse
injected with shZBTB7A-expressing U87 cells compared to that in the control mice, and the
protein expression levels of ZBTB7A and EPB41L5 in GBM tumor tissues were inversely
correlated (Fig. 15D, E). As a result of confirming the expression of EMT markers together
with EPB41L5 through IHC analysis, it was also significantly increased (Fig. 15F). Taken
together, our results show that the knockdown of ZBTB7A induces transcriptional activation

of EPB41L5 and promotes GBM tumorigenesis via the EMT process.
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A, B Expression of EMT markers by Western blot and qPCR analyses in shZBTB7A U87
cells. C Correlation analysis between ZBTB7A and EMT markers using TCGA-GBM
(GlioVis). D, E Schematic of the experimental procedure of orthotopic GBM nude mouse
models injected with shZBTB7A#4 U87 cells and Western blot analysis of ZBTB7A and
EPB41L5 of tumor sample (n = 4 mice/group). F H&E staining and IHC staining of anti-
ZBTB7A, EPB41L5, and EMT marker (N-cadherin, B-catenin, and Vimentin) in orthotopic
GBM nude mouse models injected with shZBTB7A#4 U87 cells. Scale bars: 20 um. *p < 0.05,
**p <0.01, ***p <0.001.
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Discussion

GBM is a highly mobile, invasive, and lethal primary tumor that is resistant to all therapies
and has a poor prognosis®’. Although the frequent occurrence of genetic abnormalities has
been reported in various cohort profiling studies, survival is difficult to predict. This result
implies that there are other factors influencing abnormal gene expression. ZBTB7A, a
transcriptional activator or repressor known to play an important role in tumorigenesis and
metastasis in various human cancers, is downregulated in GBM*. ZBTB7A is required for the
regulation of tumor growth in cancers, including GBM. However, it is not clear how ZBTB7A
functions as a transcriptional activator or repressor of tumor growth in GBM cells.

In our study, ZBTB7A provided insight into the mechanism of a tumor suppressor in GBM,
and its deficiency significantly increased the tumor growth of GBM. In particular, among the
various targets regulated by ZBTB7A, the EPB41L5 gene, which is involved in cell migration
and the EMT process, was discovered through ChIP-Atlas and mRNA-seq analyses. In a
previous study, we reported that EPB41L5 was induced by TGF- signaling in gastric cancer
and increased cell mobility and invasiveness and the expression of various EMT markers™*.

Therefore, because the expression of ZBTB7A is low in GBM, we confirmed that GBM
growth is regulated through overexpression of ZBTB7A. ZBTB7A inhibited the migration,
invasion, and proliferation of GBM cells. However, the growth of GBM tumors was promoted
by ZBTB7A-knockdown, and GBM tumor volume was significantly increased in the in vivo
mouse GBM model. In addition, we subcutaneously injected ZBTB7A-overexpressing U343
cells into nude mice. ZBTB7A overexpression did not promote tumor growth in vivo in GBM
models, but it suppressed the expression of EPB41L5, a target of ZBTB7A. Furthermore,
shZBTB7A-expressing U87 cells enhanced GBM tumorigenesis in an in vivo orthotopic
xenograft mouse model of GBM.

To clarify our findings, mRNA sequencing analysis was performed to confirm the
mechanism by which ZBTB7A, a transcriptional repressor, inhibits tumorigenesis by targeting
EPB41L5 in GBM. When ZBTB7A was depleted in GBM cells, tumor migration and EMT-

related gene expression were significantly increased. In this process, we verified once again
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that EPB41L5 is an important target and confirmed that the survival rate of patients with GBM
decreased with increasing EPB41L5 expression.

To demonstrate the transcriptional regulation of EPB41L5 by ZBTB7A as a transcriptional
repressor, we predicted that the promoter of EPB41L5 had a ZBTB7A motif and found that
ZBTB7A negatively regulated the transcription level of EPB41L5 by binding directly to -97
bp (EPB41L5 #3 position) close to the EPB41L5 transcription start site. In addition, we clearly
showed that the ZBTB7A-EPB41L5 axis could play a central role in promoting tumor growth
in GBM by cooperatively promoting the EMT process. However, while we have demonstrated
that the ZBTB7A-EPB41L5 axis significantly promotes GBM tumor growth, we do not yet
understand how this axis is activated depending on the cellular microenvironment. Therefore,
we considered the correlation between tumorigenesis and the tumor microenvironment
essential for the growth of GBM cells through epigenetic regulation of the target gene with
ZBTB7A.

Chromatin modification by the epigenome is important in determining the transcriptional
activation of EPB41L5 by ZBTB7A, and ZBTB7A regulates the expression of target genes by
recruiting epigenetic modifiers of corepressors, such as BCoR, NCoRs, HDACs, SIN3A, and
MBD3***, Based on the report that ZBTB7A recruits various corepressors, we suggest that
ZBTB7A is a central corepressor complex and has the potential to regulate transcription by
controlling chromatin remodeling in the EPB41L5 promoter. In addition, GBM tumorigenesis
is determined by the secretomes of the tumor microenvironment through epigenetic regulation
of corepressors and coactivators by ZBTB7A. As a result, ZBTB7A-mediated EPB41L5

inhibition should be considered as a therapeutic strategy for GBM.

38



10.

11.

12.

References

Sung, G. J. et al. Inhibition of TFEB oligomerization by co-treatment of melatonin
with vorinostat promotes the therapeutic sensitivity in glioblastoma and glioma stem
cells. J Pineal Res 66, ¢12556 (2019).

Rodon, L. et al. Active CREBI1 promotes a malignant TGFbeta2 autocrine loop in
glioblastoma. Cancer Discov 4, 1230-1241 (2014).

Auzmendi-Iriarte, J. et al. Characterization of a new small-molecule inhibitor of
HDACG in glioblastoma. Cell Death Dis 11, 417 (2020).

Attwood, K. M. et al. Raloxifene prevents stress granule dissolution, impairs
translational control and promotes cell death during hypoxia in glioblastoma cells.
Cell Death Dis 11, 989 (2020).

Cosset, E. et al. Glut3 Addiction Is a Druggable Vulnerability for a Molecularly
Defined Subpopulation of Glioblastoma. Cancer Cell 32, 856-868 €855 (2017).
Brennan, C. W. ef al. The somatic genomic landscape of glioblastoma. Cell 155, 462-
477 (2013).

Fang, R. et al. EGFR/SRC/ERK-stabilized YTHDF2 promotes cholesterol
dysregulation and invasive growth of glioblastoma. Nat Commun 12, 177 (2021).
Yang, F. ef al. Synergistic immunotherapy of glioblastoma by dual targeting of IL-6
and CD40. Nat Commun 12, 3424 (2021).

Choudhary, S. et al. Genomic analyses of early responses to radiation inglioblastoma
reveal new alterations at transcription,splicing, and translation levels. Sci Rep 10, 8979
(2020).

Tan, M. S. Y. et al. A STAT3-based gene signature stratifies glioma patients for
targeted therapy. Nat Commun 10, 3601 (2019).

Guo, M. et al. SFRP2 induces a mesenchymal subtype transition by suppression of
SOX2 in glioblastoma. Oncogene 40, 5066-5080 (2021).

Tao, W. ef al. Dual Role of WISP1 in maintaining glioma stem cells and tumor-

supportive macrophages in glioblastoma. Nat Commun 11, 3015 (2020).

39



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Ho, K. H. et al. miR-4286 is Involved in Connections Between IGF-1 and TGF-beta
Signaling for the Mesenchymal Transition and Invasion by Glioblastomas. Cell Mol
Neurobiol https://doi.org/10.1007/s10571-020-00977-1 (2020).

Hasan, T. ef al. Interleukin-8/CXCR?2 signaling regulates therapy-induced plasticity
and enhances tumorigenicity in glioblastoma. Cell Death Dis 10, 292 (2019).

Kim, J. H. et al. SON drives oncogenic RNA splicing in glioblastoma by regulating
PTBP1/PTBP2 switching and RBFOX2 activity. Nat Commun 12, 5551 (2021).
Freije, W. A. et al. Gene expression profiling of gliomas strongly predicts survival.
Cancer Res 64, 6503-6510 (2004).

Singh, A. K. et al. Role of ZBTB7A zinc finger in tumorigenesis and metastasis. Mol
Biol Rep 48, 4703-4719 (2021).

Stogios, P. J., Downs, G. S., Jauhal, J. J., Nandra, S. K. & Prive, G. G. Sequence and
structural analysis of BTB domain proteins. Genome Biol 6, R82 (2005).

Costoya, J. A. Functional analysis of the role of POK transcriptional repressors. Brief
Funct Genomic Proteomic 6, 8-18 (2007).

Lee, D. K., Suh, D., Edenberg, H. J. & Hur, M. W. POZ domain transcription factor,
FBI-1, represses transcription of ADHS5/FDH by interacting with the zinc finger and
interfering with DNA binding activity of Sp1l. J Biol Chem 277,26761-26768 (2002).
Ramos Pittol, J. M., Oruba, A., Mittler, G., Saccani, S. & van Essen, D. Zbtb7a is a
transducer for the control of promoter accessibility by NF-kappa B and multiple other
transcription factors. PLoS Biol 16, 2004526 (2018).

Maeda, T. et al. Role of the proto-oncogene Pokemon in cellular transformation and
ARF repression. Nature 433, 278-285 (2005).

Liu, X. S. et al. ZBTB7A acts as a tumor suppressor through the transcriptional
repression of glycolysis. Genes Dev 28, 1917-1928 (2014).

Wang, G. et al. Zbtb7a suppresses prostate cancer through repression of a Sox9-
dependent pathway for cellular senescence bypass and tumor invasion. Nat Genet 485,
739-746 (2013).

Gupta, S. et al. Emerging role of ZBTB7A as an oncogenic driver and transcriptional

repressor. Cancer Lett 483, 22-34 (2020).

40



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Han, D. ef al. ZBTB7A Mediates the Transcriptional Repression Activity of the
Androgen Receptor in Prostate Cancer. Cancer Res 79, 5260-5271 (2019).

Bao, S., Ji, Z., Shi, M. & Liu, X. EPB41L5 promotes EMT through the ERK/p38
MAPK signaling pathway in esophageal squamous cell carcinoma. Pathol Res Pract
228, 153682 (2021).

Gosens, 1. et al. FERM protein EPB41L5 is a novel member of the mammalian CRB-
MPP5 polarity complex. Exp Cell Res 313, 3959-3970 (2007).

Hirano, M., Hashimoto, S., Yonemura, S., Sabe, H. & Aizawa, S. EPB41L5 functions
to post-transcriptionally regulate cadherin and integrin during epithelial-mesenchymal
transition. J Cell Biol 182, 1217-1230 (2008).

Hashimoto, A. et al. ZEB1 induces EPB41L5 in the cancer mesenchymal program
that drives ARF6-based invasion, metastasis and drug resistance. Oncogenesis 5, €259
(2016).

Wu, D. et al. TGF-betal-mediated exosomal Inc-MMP2-2 increases blood-brain
barrier permeability via the miRNA-1207-5p/EPB41L5 axis to promote non-small cell
lung cancer brain metastasis. Cell Death Dis 12, 721 (2021).

Otsuka, Y. et al. High expression of EPB41L5, an integral component of the Arf6-
driven mesenchymal program, correlates with poor prognosis of squamous cell
carcinoma of the tongue. Cell Commun Signal 14, 28 (2016).

Handa, H., Hashimoto, A., Hashimoto, S. & Sabe, H. Arf6 and its ZEB1-EPB41L5
mesenchymal axis are required for both mesenchymal- and amoeboid-type invasion
of cancer cells. Small GTPases 9, 420-426 (2018).

Jeong, M. H. et al. EPB41L5 Mediates TGFbeta-Induced Metastasis of Gastric Cancer.
Clin Cancer Res 25, 3617-3629 (2019).

Yee, P. P. et al. Neutrophil-induced ferroptosis promotes tumor necrosis in
glioblastoma progression. Nat Commun 11, 5424 (2020).

Maeda, T. Regulation of hematopoietic development by ZBTB transcription factors.

Int J Hematol 104, 310-323 (2016).

41



37.

38.

Guidez, F. et al. Histone acetyltransferase activity of p300 is required for
transcriptional repression by the promyelocytic leukemia zinc finger protein. Mo/ Cell
Biol 25, 5552-5566 (2005).

Yang, Y. et al. Pokemon (FBI-1) interacts with Smad4 to repress TGF-beta-induced

transcriptional responses. Biochim Biophys Acta 1849, 270-281 (2015).

4 2



Abstract (in Korean)

V4 A A o] AL op A ol v Al Aol ulE el W R A EE (GBM)S ¢ 57} £4] &ttt GBM
A= e, o1 o 3 WAbd QWS FEl A ESHAITE GBM 2 A= did

H
H
A g o] ol A w57t o] ] AL vl §-o] Wol] &t} & Ao A] Gene Expression Profiling

A

Interactive Analysis (GEPIA), Cancer Genome Atlas 2 Gene Expression Omnibus (GEO)

array H|O|EJA|EES #43It}t. ZBTB7A (FBII/POKEMON/LRF 2}illk: $hiE W&
o Aot F oA = A HH A T GBM Al A= S| 3FeF 2 E o] Q)=
° 2 ¥ A h ZBTBTA & Al X S48 ¥ 83t @ i dAo A Fa3t ks

St AA} Q1AFo|t}, EMT (Epithelial-Mesenchymal Transition)] €73 8= ¢ x13 2

FF ol A EMT A8 2 golo] BEHel gudolth, $2 Us7 AE A

ZBTB7A A3 o] GBM 23 4 Aol =S Frdtth= A g Th. RNA-seq Hlo|E =

ol
)
=

A
719k 0. 2 ZBTB7A += EPB41L5 - 2] 2 R of 215 A gtsto] wd & 7hAaA

il

o,

H
GBM 78S A3t} -2 ZBTB7A 7} EPB41LS 9] ZAF 9 A
Ao AAdth= e Sk wekA, ZBTBT

A
1522 98 A vpol oAl AR AR EHe] B F ek AwH o
A

il

E
S

o

O

GBM

o\

9} EPB41L5 + GBM

el GBM AW S A4 H 0% A A= FY A AX2 ZBTBIA 9] 4 T2

U781 31 EPB41L5 S GBM 3HAE 913 x| 5 3% 4 whul A 2 8ol g}

_I%

ZAleo]: ZBTB7A, EPB41L5, Glioblastoma, Tumorigenesis, EMT

4 3



	Introduction
	Materials and methods
	Results 
	Discussion 
	Reference
	Abstract (in Korean)


<startpage>8
Introduction 1
Materials and methods 3
Results  10
Discussion  37
Reference 39
Abstract (in Korean) 43
</body>

