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Abstract 

Background Glioma stem cells (GSCs) are responsible for glioma recurrence and drug resistance, yet the mecha‑
nisms underlying their maintenance remains unclear. This study aimed to identify enhancer‑controlled genes involved 
in GSCs maintenance and elucidate the mechanisms underlying their regulation.

Methods We analyzed RNA‑seq data and H3K27ac ChIP‑seq data from GSE119776 to identify differentially expressed 
genes and enhancers, respectively. Gene Ontology analysis was performed for functional enrichment. Transcription 
factors were predicted using the Toolkit for Cistrome Data Browser. Prognostic analysis and gene expression cor‑
relation was conducted using the Chinese Glioma Genome Atlas (CGGA) data. Two GSC cell lines, GSC‑A172 and 
GSC‑U138MG, were isolated from A172 and U138MG cell lines. qRT‑PCR was used to detect gene transcription levels. 
ChIP‑qPCR was used to detect H3K27ac of enhancers, and binding of E2F4 to target gene enhancers. Western blot 
was used to analyze protein levels of p‑ATR and γH2AX. Sphere formation, limiting dilution and cell growth assays 
were used to analyze GSCs growth and self‑renewal.

Results We found that upregulated genes in GSCs were associated with ataxia‑telangiectasia‑mutated‑and‑Rad3‑
related kinase (ATR) pathway activation, and that seven enhancer‑controlled genes related to ATR pathway activation 
(LIN9, MCM8, CEP72, POLA1, DBF4, NDE1, and CDKN2C) were identified. Expression of these genes corresponded to 
poor prognosis in glioma patients. E2F4 was identified as a transcription factor that regulates enhancer‑controlled 
genes related to the ATR pathway activation, with MCM8 having the highest hazard ratio among genes positively cor‑
related with E2F4 expression. E2F4 bound to MCM8 enhancers to promote its transcription. Overexpression of MCM8 
partially restored the inhibition of GSCs self‑renewal, cell growth, and the ATR pathway activation caused by E2F4 
knockdown.

Conclusion Our study demonstrated that E2F4‑mediated enhancer activation of MCM8 promotes the ATR pathway 
activation and GSCs characteristics. These findings offer promising targets for the development of new therapies for 
gliomas.
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Introduction
Gliomas are common tumors of the central nervous 
system that can be classified into four grades based on 
histological features according to the World Health 
Organization (WHO) [1, 2]. Low-grade gliomas (LGG) 
are WHO grade I and II gliomas, with less proliferative 
and invasiveness and better prognosis. High-grade glio-
mas (HGG) contain WHO grade III and IV gliomas, and 
generally have a poor prognosis. Although the prognosis 
for LGG patients is favourable, there is a risk of recur-
rence and transformation to HGG.

Gliomas are highly heterogeneous tumors that are 
believed to originate from normal neural stem cells 
(NSCs) or progenitor cells [3, 4]. Glioma stem cells 
(GSCs) are an important subpopulation in glioma with 
self-renewing capability and multidirectional differen-
tiation potential, which are involved in constructing the 
heterogeneity of glioma microenvironment [5–7]. The 
clinical significance of GSCs lies in their important con-
tribution on key factors leading to poor prognosis of gli-
oma including radioresistance, chemoresistance, invasion 
and recurrence [6, 8, 9]. However, the mechanism under-
lying GSCs maintain the stemness characteristics is still 
not fully understood. Elucidating the molecular mecha-
nisms that maintain the properties of GSCs is essential 
for dissecting the development of glioma and improving 
therapeutic approaches.

Enhancers are segments of DNA sequences with tran-
scriptional regulatory functions that are important for 
cis-regulatory control of gene expression [10]. Enhanc-
ers bind to transcription factors through sequence-spe-
cific transcription factor recognition and binding sites. 
Enhancers exist in at least three states including active, 
primed and poised enhancers [11]. Acetylation of lysine 
27 on histone 3 (H3K27ac) is a key hallmark in distin-
guishing active enhancers from inactive enhancers and 
this feature is significantly elevated in active enhancers 
[10]. Poised enhancers are marked by elevated trimeth-
ylation at lysine 27 of histone H3 (H3K27me3) [12]. Tran-
scription factors not only play key roles in regulating the 
activation of enhancers, but also combine with active 
enhancers to promote transcription of target genes. 
Active enhancers are considered to be cell specificity. 
Enhancer-centered regulation is one of the research hot-
spots for glioma progression. It has been reported that 
the CREB-binding protein (CBP) and the Bromodomain 
and Extra-Terminal (BET) inhibitors can reverse the 
abnormal activation of oncogene enhancers thus inhibit-
ing glioma progression in the H3.3K27M-mutant gliomas 
[13]. Temozolomide significantly enhances H3K27ac lev-
els at the enhancer of interleukin-8 (IL-8) locus to pro-
mote its expression, which in turn IL-8 promotes the 
acquisition of stem cell properties such as self-renewal 

and chemoresistance of glioma cells [14]. However, sys-
tematic mechanisms by which enhancer-binding tran-
scription factors regulate glioma progression remain a 
territory that has not been elucidated in detail.

In this study, we demonstrated that function of the 
upregulated genes in GSCs was associated with the 
ataxia-telangiectasia-mutated-and-Rad3-related kinase 
(ATR) pathway activation, and identified enhancer-
regulated genes related to the ATR pathway activation. 
Subsequently, the key transcription factor regulating 
enhancer-regulated genes associated with the ATR path-
way activation was screened and validated. Finally, we 
explored the impact of the key transcription factor on 
regulating GSCs traits by affecting the ATR pathway 
activation. This study attempts to provide a theoretical 
foundation for the discovery of effective ATR pathway 
inhibition targets for glioma.

Materials and methods
Differential gene identification and functional enrichment
RNA-seq data from the GEO dataset with accession 
number GSE119776 was utilized to identify differen-
tially expressed genes between GSCs and NSCs. The 
GSE119776 dataset consists of 44 GSC samples with 
RNA-seq data and 9 NSC samples with RNA-seq data. 
The Limma package in R was used to perform differential 
expression analysis, with cutoff of |log2 fold change|> 1.0 
and P-value < 0.05.

For functional enrichment, upregulated genes in GSCs 
were subjected to Gene Ontology (GO) analysis using 
Metascape (https:// www. metas cape. org/). The results 
were then visualized using circos package in R. Enrich-
ment with P-value < 0.05 was considered statistically 
significant.

Differential H3K27ac signal and enhancer identification
H3K27acChIP-seq data of GSCs (n = 43) and NSCs 
(n = 9) were downloaded from GSE119776 for the analy-
sis of H3K27ac signals. The differential H3K27ac signals 
were identified using the Limma package in R, with a 
threshold set at |log2 fold change|> 1.0 and P-value < 0.05. 
The findPeaks package in HOMER was used to ana-
lyze the H3K27ac peaks, which were then visualized 
using the Integrative Genomics Viewer (https:// igv. org). 
Locus enriched with H3K27ac signals were identified as 
enhancers. Gene closest to an enhancer center was anno-
tated using the annotatePeaks package in HOMER.

Prognostic analysis
Hazard ratios of genes were calculated based on the tran-
scription profile and clinical data of glioma in the Chi-
nese Glioma Genome Atlas (CGGA; http:// www. cgga. 
org. cn/). Hazard ratios and 95% confidence intervals (CI) 

https://www.metascape.org/
https://igv.org
http://www.cgga.org.cn/
http://www.cgga.org.cn/
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were calculated using Cox proportional hazard models. 
The mRNAseq_693 dataset from the CGGA database 
was used to analyze the effect of E2F4 and TFDP1 expres-
sion on overall survival in all WHO grades, WHO grade 
II, III and IV primary and recurrent glioma patients. 
P-value < 0.05 was considered significant.

Transcription factor prediction
Toolkit for Cistrome Data Browser (http:// dbtoo lkit. cistr 
ome. org/) was employed to predict transcription factors 
with default parameters.

Expression correlation analysis
To determine the expression correlation among genes, 
the mRNAseq_693 dataset in CGGA database was uti-
lized. A significant positive correlation was defined as a 
correlation coefficient (R) > 0.4 and P-value < 0.05.

Cell culture
Two glioma cell lines, A172 and U138MG, were pur-
chased from American Type Culture Collection (ATCC, 
USA). A172 and U138MG cells were cultured in DMEM 
(Gibco, USA) supplemented with 10% FBS (Gibco, USA) 
and 1% penicillin–streptomycin (Gibco, USA) at 37  °C 
in 5%  CO2. The human neural stem cells (hNSCs; Invit-
rogen, USA), derived from H9 human embryonic stem 
cells, were cultured in StemPro NSC SFM medium 
(Thermo Fisher, USA) at 37 °C in 5%  CO2.

GSCs isolation
GSCs were isolated from A172 and U138MG cells 
according to the previous study [15], by culturing A172 
and U138MG cells in the serum-free DMEM (Gibco, 
USA) supplemented with 2% B27 (Gibco, USA), 20  ng/
mL epidermal growth factor (EGF; Gibco, USA) and 
20  ng/mL basic fibroblast growth factor (bFGF; Gibco, 
USA) [16, 17]. The medium was refreshed every three 
days, and cells were observed every day by an inverted 
phase-contrast microscope (Leica DMIRB, Italy). Spheri-
cal cells after three passages were validated by detecting 
the expression of the stemness marker CD133 [18] by 
Western blot. GSCs isolated from A172 and U138MG 
cells were named GSC-A172 and GSC-U138MG, 
respectively.

GSCs transfection
siRNA target E2F4 (si-E2F4), siRNA control (si-ctrl), the 
MCM8 overexpression plasmid (OE-MCM8) and empty 
plasmid (OE-ctrl) were purchased from GenePharma 
(Shanghai, China). Cells were seeded in 6-well plates and 
allowed to reach 80% confluence before transfection with 
Lipofectamine 3000 (Invitrogen, USA), following the 
manufacturer’s instructions.

Quantitative Real‑time PCR (qRT‑PCR)
Total RNA was extracted from hNSCs, GSC-A172 and 
GSC-U138MG cells using TRIzol reagent. cDNA was 
synthesized from 1  μg of total RNA using the Primer-
Script™ RT Reagent Kit (TaKaRa, China). qRT-PCR was 
performed using the SYBR Premix Ex Taq (TaKaRa, 
China). RNA expression levels were normalized to the 
internal reference gene (GAPDH) and quantified using 
the  2−ΔΔCt method. The sequences of primers for qRT-
PCR as following:

DBF4, forward, 5’-GGG CAA AAG AGT TGG TAG 
TGG-3’; reverse, 5’-ACT TAT CGC CAT CTG TTT 
GGATT-3’.

HUS1, forward, 5’-GAA TGC CAG GGC TTT GAA 
AATC-3’; reverse, 5’-CAC AAT GCG GCT ACT GCT 
TG-3’.

NDE1, forward, 5’-TCT GGC GAT GAC CTA CAA 
ACA-3’; reverse, 5’-CTG CGT CTC CAA TTC AGC TT-3’.

POLA1, forward, 5’-AGA AGC TCG CAG TGA CAA 
AAC-3’; reverse, 5’-AGG TGG TGG AGT TAT TTG 
AGGT-3’.

MCM8, forward, 5’-AAT GGA GAG TAT AGA GGC 
AGAGG-3’; reverse, 5’-CAG AAG TAC GTT TTC CTG 
TGGT-3’.

E2F4, forward, 5’-CAC CAC CAA GTT CGT GTC 
CC-3’; reverse, 5’-GCG TAC AGC TAG GGT GTC A-3’.

GAPDH, forward, 5’-GGA GCG AGA TCC CTC CAA 
AAT-3’; reverse, 5’-GGC TGT TGT CAT ACT TCT 
CATGG-3’.

Chromatin immunoprecipitation (ChIP)
Cells were crosslinked with 1% formaldehyde to pre-
serve the protein-DNA interactions, followed by 
sonication to fragment the chromatin. The resulting 
chromatin was immunoprecipitated with anti-H3K27ac 
(ab4729, Abcam, USA), anti-E2F4 (#40,291, Cell Sign-
aling, USA) or anti-IgG (ab171870, Abcam, USA) at 
4  °C overnight. The precipitated DNA fragments were 
purified using a gel extraction kit (QIAGEN, Germany), 
and subjected to qPCR analysis. Primer sequences for 
ChIP-qPCR were listed as following:

CDKN2C-E1, forward, 5’-GCA TCA CTC TCC TTC 
CTC GG-3’; reverse, 5’- AGG TCG TAA CGA TTG CCC 
AG-3’.

CDKN2C-E2, forward, 5’-ACG TCG GGA AAC TTG 
GTC TC-3’; reverse, 5’- GGA AGG CTT GGG TTG GCT 
AT-3’.

MCM8-E1, forward, 5’-CGT TTC AGC ACC ACG 
AAG TC-3’; reverse, 5’- CTC AAA GAA GCG GCA AGA 
CG-3’.

MCM8-E2, forward, 5’-GCG CGG TCA TCC TAT CTT 
GT-3’; reverse, 5’- CTT CGC GAC GCT TTT ACG AC-3’.

http://dbtoolkit.cistrome.org/
http://dbtoolkit.cistrome.org/
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Sphere formation, limiting dilution and cell growth assay
For sphere formation, cells were seeded into 96-well 
plates at a density of 1000 cells per well. Cell spheres 
were observed by an inverted phase-contrast microscope 
(× 400) (Leica DMIRB, Italy), and the diameter of the cell 
spheres was measured using the ImageJ software on the 
seventh day post-seeding.

For limiting dilution assay, serial dilutions of the sin-
gle-cell suspensions were prepared in a 96-well plate 
(20, 40, 60, 80, 100, 120 or 140 cells per well), with each 
well containing a final volume of 200 μL complete cul-
ture medium. The plates were incubated for two weeks 
at 37 °C in 5%  CO2. Extreme Limiting Dilution Analysis 
(https:// bioinf. wehi. edu. au/ softw are/ elda/) was used to 
calculate the sphere formation efficiency.

For cell growth assay, cells were plated in 24-well plates 
at a density of 1 ×  105 cells per well, and incubated for 
one week at 37  °C in 5%  CO2. Cells were observed by 
an inverted phase-contrast microscope (Leica DMIRB, 
Italy). A hemocytometer was used to count the cell 
number.

Western blot
GSCs were lysed using RIPA buffer (Sigma-Aldrich, 
USA). Protein concentration was determined using a 
BCA protein assay kit (Thermo Fisher Scientific, USA). 
Equal amounts of protein (30 μg) were resolved by SDS-
PAGE and transferred onto a polyvinylidene difluoride 
(PVDF) membrane (Millipore, USA). The membrane was 
blocked with 5% non-fat dry milk for 1 h at room temper-
ature, and then incubated overnight at 4 °C with primary 
antibodies. Then, the membrane was incubated with HRP 
Anti-Rabbit IgG antibody (1:5000 dilution, ab288151, 
Abcam, USA) for 1  h at room temperature. Proteins 
were visualized using an ECL detection system (Thermo 
Fisher Scientific, USA), and the intensity of the target 
band was quantified using ImageJ software. The primary 
antibodies were listed as follows: anti-CD133 (1:5000 
dilution, ab19898, abcam, USA), anti-p-ATR (phospho 
T1989) (1:5000 dilution, ab223258, abcam, USA), anti-
γH2AX (1:5000 dilution, ab81299, abcam, USA) and anti-
GAPDH (1:5000 dilution, ab8245, abcam, USA).

Statistical analysis
All data are expressed as the mean ± SEM. Statistical 
analysis was performed using Student’s t-test or one-
way analysis of variance followed by Tukey’s post-hoc 

test. P-value of less than 0.05 was considered statistically 
significant.

Results
Upregulated genes in GSCs were associated with activation 
of ATR pathway
GSCs play a crucial role in promoting glioma pro-
gression. To elucidate the mechanisms regulating the 
GSCs traits, we conducted gene expression comparison 
between GSCs and NSCs. Our analysis revealed that 596 
genes were significantly upregulated, while 432 genes 
were significantly downregulated in GSCs as compared to 
NSCs (Fig. 1A). Then, we conducted GO analysis to gain 
insights into the function of upregulated genes in GSCs. 
As depicted in (Fig. 1B), the top ten GO terms revealed 
that the upregulated genes were closely linked to RNA 
and DNA metabolism, RNA modification and localiza-
tion, regulation of nervous system development, and cel-
lular component morphogenesis. Intriguingly, “activation 
of ATR in response to replication stress” was significantly 
enriched (Fig.  1B). ATR pathway plays important roles 
in the regulation of various processes such as apoptosis, 
DNA damage repair and drug resistance in glioma [19–
21]. There were twenty-seven genes with elevated expres-
sion in GSCs were clustered in the “activation of ATR in 
response to replication stress” term (Fig. 1C). To validate 
this finding, we selected five genes (DBF4, HUS1, NDE1, 
POLA1, and MCM8) out of the twenty-seven genes for 
qRT-PCR verification, based on their known roles in the 
ATR signaling and DNA damage responses [22–26]. The 
expression of the five genes was obviously enhanced in 
GSC-A172 and GSC-U138MG cells compared to hNSCs 
(Fig.  1D/E). In summary, our study highlighted the 
enrichment of the upregulated genes in GSCs compared 
to hNSCs in the “activation of ATR in response to repli-
cation stress” term.

Enhancer‑controlled genes are associated with ATR 
pathway activation in GSCs
To further investigate the regulatory mechanisms of 
genes associated with ATR pathway activation, we ana-
lyzed the differences in H3K27ac modifications between 
GSCs and NSCs using GSE119776 dataset. A total of 
16,747 H3K27ac signals were significantly different 
between GSCs and NSCs, of which 5726 signals were 
significantly elevated in GSCs (Fig. 2A). Enhancers were 
annotated via enrichment of H3K27ac signals. Genes 

Fig. 1 Upregulated genes in GSCs were related to ATR pathway activation. A Differential gene expression analysis was performed between GSCs 
and NSCs based on GSE119776 dataset. Differentially expressed genes were filtered with |log2 fold change|≥ 1.0 and P‑value < 0.05. B The top ten 
GO terms of upregulated genes in GSCs. A P‑value < 0.05 indicates significant enrichment. C Heatmap of the 27 upregulated genes clustered in the 
“activation of ATR in response to replication stress” term. (D/E) qRT‑PCR analysis was performed to determine the expression levels of DBF4, HUS1, 
NDE1, POLA1 and MCM8 in hNSCs, GSC‑A172 and GSC‑U138MG cells. **P‑value < 0.01 by Student’s t‑test, vs. hNSCs

(See figure on next page.)

https://bioinf.wehi.edu.au/software/elda/
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Fig. 1 (See legend on previous page.)
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nearest to the center of enhancer regions on the genome 
were assigned as enhancer-controlled genes. In the pre-
sent study, 2171 genes were identified as genes with ele-
vated enhancer H3K27ac signaling in GSCs (Fig. 2B). By 
intersecting the genes with increased enhancer H3K27ac 
signaling and the upregulated gene enriched in the “acti-
vation of ATR in response to replication stress” term, 
we identified seven genes, including LIN9, MCM8, 
CEP72, POLA1, DBF4, NDE1 and CDKN2C (Fig.  2B). 
The H3K27ac tag counts of the seven intersecting genes 

were markedly higher in GSCs than in NSCs (Fig.  2C). 
CDKN2C was chosen for validation of the H3K27ac 
modification as it displaying the highest H3K27ac tag 
counts (Fig. 2C). The enhancers of CDKN2C were divided 
into two regions (E1 and E2) based on the intensity of the 
H3K27ac signal (Fig.  2D). H3K27ac signal at the region 
E1 and E2 of the CDKN2C locus was significantly higher 
in GSCs than NSCs (Fig.  2D). Subsequently, we used 
ChIP-qPCR to detect the levels of H3K27ac in region E1 
and E2. As expected, the enrichment of anti-H3K27ac in 

Fig. 2 Characterization of enhancer‑controlled genes in “activation of ATR in response to replication stress” term. A Differential analysis of H3K27ac 
signal in GSCs vs. NSCs based on GSE119776 dataset. The cutoff value was |log2 fold change|≥ 1.0 and P‑value < 0.05. B Venn diagram showing 
the intersection of genes with increased enhancer H3K27ac signaling (purple) and upregulated gene enriched in “activation of ATR in response 
to replication stress” term (yellow). C Comparison of H3K27ac modification levels at the LIN9, MCM8, CEP72, POLA1, DBF4, NDE1 and CDKN2C loci 
in GSCs vs. NSCs. Statistical analysis was performed using Student’s t‑test. D Distribution of H3K27ac peaks at the CDKN2C locus was determined 
using GSE119776 dataset. Regions with significantly elevated H3K27ac signal in GSCs were labelled as region E1 and E2. E ChIP‑qPCR analysis of 
anti‑H3K27ac enrichment of region E1 and E2. **P‑value < 0.01 by one‑way analysis of variance, vs. hNSCs
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region E1 and E2 of GSC-A172 and GSC-U138MG cells 
was significant compared to hNSCs (Fig.  2E). In gen-
eral, LIN9, MCM8, CEP72, POLA1, DBF4, NDE1 and 
CDKN2C emerged to be the genes controlled by enhanc-
ers enriched in the “activation of ATR in response to rep-
lication stress” term.

Enhancer‑controlled genes associated with ATR pathway 
activation increase the prognostic risk in glioma patients
To evaluate the prognostic risk related to the enhancer-
controlled genes associated with ATR pathway activation, 
we calculated the hazard ratio and 95% confidence inter-
val (CI) of the overall survival of glioma patients using 
Cox proportional hazard models. The seven investigat-
ing genes have a hazard ratio greater than one and are 
ranked in descending order of hazard ratio: LIN9 (hazard 
ratio = 1.28), MCM8 (hazard ratio = 1.27), CEP72 (hazard 
ratio = 1.19), POLA1 (hazard ratio = 1.16), DBF4 (hazard 
ratio = 1.10), NDE1 (hazard ratio = 1.06) and CDKN2C 
(hazard ratio = 1.01) (Fig.  3). Overall, the expression 
of LIN9, MCM8, CEP72, POLA1, DBF4, NDE1 and 
CDKN2C increase the prognostic risk for patients with 
glioma.

E2F4 was screened as the transcription factor regulating 
enhancer‑controlled genes clustered in “activation of ATR 
in response to replication stress” term
To further explore the mechanism underlying the 
expression of enhancer-controlled genes clustered in 
“activation of ATR in response to replication stress” 
term, we predicted the transcription factors of LIN9, 
MCM8, CEP72, POLA1, DBF4, NDE1 and CDKN2C 
using the Toolkit for Cistrome Data Browser. The poten-
tial transcription factors were arranged in descend-
ing order by GIGGLE scores, and the top twenty were 
displayed in Fig. 4A. The top two transcription factors, 

E2F4 and TFDP1, were selected for prognostic analysis 
using CGGA. The expression of E2F4, but not TFDP1, 
is associated with poor overall survival of all WHO 
grades in both primary and recurrent glioma patients 
(Fig. 4B/C). E2F4 expression has no significant effect on 
overall survival in patients with WHO grade II glioma 
or WHO grade IV recurrent glioma (Fig. S1A, B and F). 
Patients with WHO grade III glioma or WHO grade IV 
primary glioma with high E2F4 expression have a poor 
overall survival (Fig. S1C, D and E). TFDP1 expres-
sion has no significant effect on the overall survival of 
patients with WHO grade II, III and IV primary and 
recurrent gliomas (Fig. S2). Moreover, E2F4 expression 
is increasing with the WHO glioma grade (Fig. 4D).

The correlation between E2F4 and LIN9, MCM8, 
CEP72, POLA1, DBF4, NDE1 or CDKN2C expression 
in glioma tissues was analyzed using CGGA. A sig-
nificant positive correlation was defined as R > 0.4 and 
P-value < 0.05. Our analysis revealed a significant posi-
tive correlation between E2F4 and MCM8, POLA1, 
DBF4, NDE1 or CDKN2C expression in primary glio-
mas (Table  1). In recurrent gliomas, E2F4 showed a 
significant positive correlation with the expression of 
MCM8, DBF4 and CDKN2C (Table 1). The expression 
of MCM8, DBF4 and CDKN2C displayed a significant 
positive correlation with E2F4 expression in both pri-
mary and recurrent glioma tissues (Table 1).

Furthermore, we conducted qRT-PCR analysis to 
measure E2F4 expression. The results showed that E2F4 
was significantly upregulated in GSC-A172 and GSC-
U138MG cells compared to hNSCs (Fig.  4E). Taken 
together, these findings suggested that E2F4 may serve 
as a transcription factor regulating enhancer-controlled 
genes clustered in the “activation of ATR in response to 
replication stress” term.

Fig. 3 Forest plots of hazard ratios and 95% confidence intervals (CI) for the overall survival of glioma patients of the genes LIN9, MCM8, CEP72, 
POLA1, DBF4, NDE1 and CDKN2C
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E2F4 combined with the enhancer of MCM8 to promote 
MCM8 transcription
Among the genes (MCM8, DBF4 and CDKN2C) that 
showed a significant positive correlation with E2F4 
expression in both primary and recurrent tissues 
(Table  1), MCM8 displayed the highest hazard ratio 

(hazard ratio = 1.27 for MCM8, hazard ratio = 1.10 for 
DBF4, and hazard ratio = 1.01 for CDKN2C) (Fig.  3), 
making it the focus of this study. For that reason, we 
wanted to further investigate the effect of E2F4 on 
MCM8 transcription. To achieve this, we knocked 
down E2F4 in two GSC cell lines (GSC-A172 and 
GSC-U138MG), which were confirmed by qRT-PCR 
(Fig. 5A). Transfection of si-E2F4 significantly inhibited 
MCM8 expression (Fig. 5B).

Then, we analyzed H3K27ac peaks at the MCM8 
locus using GSE119776 dataset, and identified the 
enhancer regions (region E1 and E2) of MCM8 that 
were upregulated in GSCs compared to NSCs (Fig. 5C). 
The binding of E2F4 to MCM8 enhancer regions in 
GSC-A172 and GSC-U138MG cells was demonstrated 
by ChIP-qPCR (Fig.  5D/E). We used ChIP-qPCR to 
detect the effect of E2F4 knockdown on the H3K27ac 
levels of MCM8 enhancer regions. Knockdown of E2F4 
resulted in a significant downregulation of H3K27ac 
levels of MCM8 enhancer regions in GSCs (Fig. 5F/G). 
The above results indicated that transcription factor 
E2F4 interacts with the enhancer of MCM8 and pro-
motes its transcription.

Fig. 4 Prediction and clinical characterization of transcription factors regulating enhancer‑controlled genes associated with ATR pathway 
activation. A Potential transcription factors for the genes LIN9, MCM8, CEP72, POLA1, DBF4, NDE1 and CDKN2C were ranked by the GIGGLE scores. 
B/C Overall survival of all WHO grades primary and recurrent glioma patients was analyzed based on the expression of E2F4 (B) and TFDP1 (C), 
which were identified as the potential transcription factors. Patients were grouped into high and low groups according to the median expression 
levels. The data were obtained from the Chinese Glioma Genome Atlas (CGGA) database. D Differential analysis of E2F4 was performed in different 
WHO glioma grades. Statistical significance was analyzed using one‑way analysis of variance. E The expression of E2F4 was analyzed using qRT‑PCR 
in hNSCs, GSC‑A172 and GSC‑U138MG cells. **P‑value < 0.01 by Student’s t‑test, vs. hNSCs

Table 1 Pearson’s correlation coefficients of E2F4 and LIN9, 
MCM8, CEP72, POLA1, DBF4, NDE1 or CDKN2C expression in 
glioma tissues using the Chinese Glioma Genome Atlas (CGGA) 
database

Gene Primary gliomas Recurrent gliomas

R P‑value R P‑value

LIN9 0.382 1.31E‑12 0.333 7.50E‑08

MCM8 0.489 9.02E‑21 0.403 4.41E‑11

CEP72 0.273 6.47E‑07 0.332 8.59E‑08

POLA1 0.474 1.83E‑19 0.364 3.31E‑09

DBF4 0.513 5.09E‑23 0.49 2.32E‑16

NDE1 0.476 1.33E‑19 0.338 4.79E‑08

CDKN2C 0.553 3.3E‑27 0.403 4.03E‑11
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MCM8 overexpression restored the inhibition of GSCs 
growth, self‑renewal and ATR activation induced by E2F4 
knockdown
In order to gain insights into whether E2F4 and MCM8 
affect the GSCs characteristics, we examined the effects 
of E2F4 knockdown and MCM8 overexpression on GSCs 
cell growth, self-renewal and ATR pathway activation. 
We verified the efficiency of MCM8 overexpression by 
qRT-PCR (Fig.  6A). Knockdown of E2F4 hindered the 
self-renewal ability of GSCs, as evidenced by the reduc-
tion in sphere diameter (Fig.  6B/C) and stem cell fre-
quency (Fig.  6D/E) after knockdown of E2F4. However, 
co-transfection of si-E2F4 and OE-MCM8 plasmid 
increased sphere diameter and stem cell frequency com-
pared to transfection of si-E2F4 alone, indicating that 
overexpression of MCM8 counteracted the self-renewal 
capacity impaired by E2F4 knockdown (Fig.  6B-E). In 
addition, E2F4 knockdown substantially reduced GSCs 
cell growth, which was partially restored by overexpres-
sion of MCM8 (Fig. 6F/G).

To dissect the roles of MCM8 and E2F4 in the acti-
vation of ATR pathway, we examined the protein lev-
els of the phosphorylated form of the ATR activation 
marker (p-ATR) and the DNA damage marker (γH2AX) 

upon E2F4 knockdown and MCM8 overexpression. 
Our results showed that E2F4 knockdown upregulated 
γH2AX expression, but downregulated p-ATR levels, 
which could be partially rescued by overexpression of 
MCM8 (Fig. 6H/I). Together, these results corroborated 
that E2F4 knockdown inhibited GSCs cell growth, self-
renewal and ATR pathway activation, which could be 
counteracted by MCM8 overexpression.

Discussion
GSCs exhibit a potent tumor initiation capability and 
play a dominant role in the malignant progression of glio-
mas, such as recurrence, chemo- and radio-resistance 
of gliomas [27–29]. Nonetheless, the molecular mecha-
nism underlying the characteristics of GSCs is still elu-
sive. Our data pinpoint the E2F4 as transcription factor 
that regulates enhancer-controlled genes related to ATR 
activation (LIN9, MCM8, CEP72, POLA1, DBF4, NDE1 
and CDKN2C). Furthermore, we have demonstrated that 
E2F4 promotes MCM8 transcription by binding to its 
enhancer, thereby regulating the GSCs traits by influenc-
ing ATR activation.

In this study, we compared the transcription pro-
files of GSCs and NSCs, and identified 596 genes were 

Fig. 5 E2F4 promoted MCM8 transcription by binding to its enhancer. A qRT‑PCR analysis was used to measure E2F4 expression in GSCs transfected 
with si‑ctrl or si‑E2F4. **P‑value < 0.01 by one‑way analysis of variance, vs. si‑ctrl. B qRT‑PCR analysis was used to measure MCM8 expression in 
GSCs transfected with si‑ctrl or si‑E2F4. **P‑value < 0.01 by Student’s t‑test, vs. si‑ctrl. C H3K27ac peaks at the MCM8 locus of GSCs and NSCs. The 
upregulated enhancer regions in GSCs compared to NSCs were marked as region E1 and E2. D/E ChIP‑qPCR analysis of anti‑E2F4 enrichment at 
region E1 and E2 in GSCs. **P‑value < 0.01 by Student’s t‑test, vs. IgG group. F/G ChIP‑qPCR was used to detect the enrichment of anti‑H3K27ac on 
the enhancer regions of MCM8 in GSCs transfected with si‑ctrl or si‑E2F4. **P‑value < 0.01 by Student’s t‑test, vs. si‑ctrl group
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upregulated in GSCs, among which 27 genes were 
enriched in the “activation of ATR in response to repli-
cation stress” term. Ataxia-telangiectasia-mutated-and-
Rad3-related kinase (ATR) is a vital cell cycle checkpoint 
protein [30]. When DNA replication stress or damage 
occurs, ATR is recruited to the damaged site and acti-
vated by multiple regulatory proteins, leading to cell 
cycle arrest, DNA damage repair and other biological 
processes [31, 32]. Activation of ATR pathway is crucial 
for maintaining genomic stability and promoting cell 

survival [33]. Notably, activation of ATR pathway signifi-
cantly promotes tumor cell survival, while having mini-
mal impact on normal cells [34]. ATR pathway plays a 
pivotal role in glioma progression. For example, Myc tar-
geted CDK18 affects the interaction of ATR-RAD9 and 
ATR-ETAA1, and promotes ATR activation, thus pro-
moting homologous recombination and PARP inhibitor 
resistance in glioma [19]. Silencing ACTL6A can induce 
glioma cell apoptosis by inhibiting the ATR/CHK1 path-
way [20]. NUSAP1 enhances ATR stability by promoting 

Fig. 6 MCM8 overexpression counteracted the effects of E2F4 knockdown on GSCs traits. A qRT‑PCR analysis was used to measure MCM8 
expression in OE‑ctrl and OE‑MCM8 groups. **P‑value < 0.01 by one‑way analysis of variance, vs. OE‑ctrl. B/C Tumor sphere formation of GSCs 
transfected with si‑ctrl, si‑E2F4 or co‑transfected with si‑E2F4 and OE‑MCM8 plasmid. **P‑value < 0.01 by one‑way analysis of variance, vs. si‑ctrl. 
##P‑value < 0.01 and #P‑value < 0.05 by one‑way analysis of variance, vs. si‑E2F4. D/E Limiting dilution assay of GSCs transfected with si‑ctrl, si‑E2F4 
or co‑transfected with si‑E2F4 and OE‑MCM8 plasmid. F/G Relative cell growth of GSCs transfected with si‑ctrl, si‑E2F4 or co‑transfected with si‑E2F4 
and OE‑MCM8 plasmid. **P‑value < 0.01 by one‑way analysis of variance, vs. si‑ctrl. ##P‑value < 0.01 by one‑way analysis of variance, vs. si‑E2F4. 
H/I Western blot of p‑ATR and γH2AX in GSCs transfected with si‑ctrl, si‑E2F4 or co‑transfected with si‑E2F4 and OE‑MCM8 plasmid
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its sumoylation and inhibiting its ubiquitin-dependent 
degradation, thereby promoting resistance to temozolo-
mide and doxorubicin in glioma [21]. Further elucidation 
of more detailed ATR pathway-related regulatory mecha-
nisms in glioma needs to be explored.

Abnormal epigenetic regulation can induce various 
cancers. Enhancer abnormally activation, as an impor-
tant pathway of epigenetic regulation, is a key mechanism 
leading to increased gene expression. In recent years, the 
mechanisms of enhancer regulation in glioma progres-
sion have received considerable attention. For example, 
research has found that in the H3.3K27M-mutant glioma 
cells, PRC2 complex is sequestered on poised enhancers, 
which leads to the silencing of tumor suppressor genes 
by enhancing H3K27me3 modification on their loci [35]. 
Changes in the activity of an enhancer on 20q13.33 led 
to abnormal expression of multiple genes associated 
with glioma risk (e.g., RTEL1, RTEL1-TNFRSF6B, SRMS 
and GMEB2) [36]. Enhancers have different existence 
states. Research has confirmed that enhancers can trans-
form into each other among at least three states (active, 
primed and poised states), among them, those with tran-
scription activation functions are active enhancers [11]. 
Active enhancers have typical local chromatin marks, 
exhibiting high levels of H3K27ac deposition [10]. In 
glioma, the expression of IL-8 is promoted by upregu-
lating H3K27ac at the enhancer locus of the IL-8 gene, 
which is beneficial for maintaining the GSCs character-
istics [14]. However, a more detailed understanding of 
enhancer regulation of glioma progression, especially the 
mechanism underlying GSCs traits, is still unclear. In this 
study, we aimed to determine which genes among those 
enriched in the “activation of ATR in response to replica-
tion stress” term were regulated by enhancers. Analysis 
of H3K27ac levels across the genome is a viable strategy 
for identifying active enhancers [37]. Thus, we analyzed 
H3K27ac signals at the genome-wide level in GSCs and 
NSCs, and identified 5726 upregulated signals.

The regulation of target genes by enhancers is uncer-
tain in direction and location [38, 39]. In this study, the 
gene closest to the center of an enhancer was considered 
to be an enhancer-controlled gene. We identified seven 
enhancer-controlled genes related to the ATR pathway 
activation (LIN9, MCM8, CEP72, POLA1, DBF4, NDE1 
and CDKN2C). Notably, the expression of these genes 
increased the prognostic risk in glioma patients, suggest-
ing their potential clinical significance and value for fur-
ther research.

The promotion of target gene transcription by enhanc-
ers is a result of the collaboration of enhancers and 
transcription factors [40, 41]. The mechanism by which 
enhancers regulate the stem cell characteristics of GSCs 
through interacting with transcription factors remains 

unclear. In this study, E2F4 was selected as a transcrip-
tion factor regulating the enhancer-controlled genes 
related to ATR pathway activation. E2F transcription 
factor 4 (E2F4) is a member of the E2F family and plays 
a pro- or anti-tumorigenic role in a variety of cancers. 
E2F4 represses the MAPK signaling pathway by binding 
with EZH2, thereby inhibiting the progression of acute 
myeloid leukemia [42]. High expression of E2F4 is an 
unfavorable prognostic factor in oral squamous cell car-
cinoma [43]. E2F4 accelerates the progression of colorec-
tal cancer by promoting AGAP2-AS1 expression [44]. In 
hepatocellular carcinoma, E2F4 promotes the prolifera-
tion, migration and invasion of hepatocellular carcinoma 
cells by upregulating CDCA3 [45]. The role and mecha-
nism of E2F4 in glioma are still not well understood. It 
has been reported that E2F4 expression is upregulated 
in glioblastoma cells [46]. Knockdown of E2F4 reduces 
the levels of proneural markers, but upregulates the lev-
els of mesenchymal markers in proneural GSCs [47]. At 
present, there are few studies on the regulation of GSCs 
traits by E2F4. We found that E2F4 expression in GSCs 
was significantly higher than that in NSCs, and it was 
identified as an unfavorable prognostic factor for glioma 
patients. Furthermore, the higher WHO glioma grading, 
the higher the expression of E2F4, suggesting that E2F4 
might play a role in the malignant progression of gliomas.

There was a strong positive correlation between E2F4 
expression and the expression of MCM8, DBF4 and 
CDKN2C in both primary and recurrent glioma tissues, 
with the most prominent impact on patient progno-
sis being observed for MCM8. Subsequently, we dem-
onstrated that E2F4 promotes MCM8 transcription by 
binding to its enhancer. Minichromosome maintenance 
8 (MCM8), a homologous recombination repair fac-
tor, plays a crucial role in regulating the initiation and 
extension of DNA replication [26]. MCM8 contributes 
to the progression of various cancers, such as cholan-
giocarcinoma, osteosarcoma, gastric cancer and glioma 
[48–51]. Abnormal upregulation of MCM8 expression 
is observed in glioma, and high expression of MCM8 
is associated with poor prognosis [51]. MCM8 is regu-
lated by the EGFR signaling, and promotes the growth 
and tumorigenicity of GSC through its interaction with 
DNA replication initiation factors [52]. In this study, we 
demonstrated that overexpression of MCM8 rescues the 
decline of self-renewal and cell growth induced by E2F4 
knockdown.

Given the enrichment of MCM8 in the “activation of 
ATR in response to replication stress” term, we sought 
to investigate the impact of aberrant MCM8 and E2F4 
expression on the ATR pathway activation in the pre-
sent study. ATR pathway is essential for maintaining the 
genomic stability and integrity and thus cell survival [33]. 
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When DNA replication stress or DNA damage occurs, 
the ATR is recruited to the DNA damage site and sub-
sequently activated to form the p-ATR, which promotes 
DNA damage repair [53, 54]. Phosphorylation at T1989 
is crucial for the activation of ATR, making p-ATR a 
marker of the ATR pathway activation [55]. γH2AX is 
the tag for DNA double-strand breaks (DSBs) [56]. Fol-
lowing the appearance of DSBs, H2AX rapidly becomes 
phosphorylated to form γH2AX and clusters at DSB sites 
to form foci. γH2AX foci are quantitatively the same as 
DSBs [57]. High levels of γH2AX represent a great accu-
mulation of DSBs and a poor ability of the cell to repair 
DSBs. Therefore, we evaluated the levels of p-ATR and 
γH2AX in this study. In the present study, silencing 
of E2F4 led to a decrease in p-ATR levels, suggesting a 
reduction in the ability of DNA damage repair in GSCs. 
In addition, silencing of E2F4 led to an upregulation of 
γH2AX levels, suggesting that the accumulation of DSBs 
and the decreased ability of DNA damage repair in GSCs. 
Considered from this perspective, the decrease in p-ATR 
levels and the increase in γH2AX levels following silenc-
ing of E2F4 both demonstrated the diminished ability of 
DNA damage repair and the ATR pathway activation in 
GSCs. Overexpression of MCM8 partially counteracted 
the decrease in p-ATR levels and increase in γH2AX 
levels induced by E2F4 knockdown in GSCs. ATR is 
frequently expressed at high levels in cancer stem cells 
playing a crucial role in maintaining their stemness [58]. 
For instance, knockdown of ATR impairs the stemness 
characteristics of colon cancer cells, suppressing their 
tumorigenic ability [59]. These results suggest that E2F4 
controls the upregulation of MCM8 transcription, which 
in turn promotes cell growth and self-renewal of GSCs 
via activation of ATR pathway. The roles and mechanisms 
of E2F4 and MCM8 in maintaining the characteristics of 
GSCs and regulating gliomas progression still needs to be 
further explored at the in vivo level.

Conclusion
In summary, this present study suggested that E2F4 pro-
moted MCM8 transcription by binding to its enhancer, 
which in turn activated the ATR pathway to promote the 
growth and self-renewal of GSCs. The findings presented 
herein indicated that E2F4 and MCM8 represent promis-
ing therapeutic targets for the treatment of gliomas.
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