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Abstract

Background: Dysregulation of microRNAs has been frequently implicated in the pro-

gressionof humandiseases, including glioma. This study aims to explore the interaction

between E2F transcription factor 1 (E2F1) andmiR-107 in the progression of glioma.

Methods: Expression of miR-107 in glioma tissues and cells was examined. Putative

binding sites between E2F1 and the promoter region of miR-107, and between miR-

107 and cyclin D1 (CCND1) mRNAwere predicted via bioinformatic systems and vali-

dated via chromatin immunoprecipitation and luciferase reporter gene assays. Altered

expression of miR-107, E2F1, and CCND1 was introduced in A172 and T98G cells to

examine their roles in cell growth and the activity of the Wnt/β-catenin signaling. In

vivo experiments were performed by injecting cells in nudemice.

Results: miR-107 was poorly expressed, whereas E2F1 and CCND1 were highly

expressed in glioma tissues and cells. E2F1 bound to the promoter region of miR-107

to induce transcriptional repression, and miR-107 directly bound to CCND1 mRNA

to reduce its expression. Overexpression of miR-107 reduced proliferation, migration

and invasion, and augmented apoptosis of glioma cells, and it reduced activity of the

Wnt/β-catenin pathway. The anti-tumorigenic roles of miR-107 were blocked by E2F1

or CCND1 overexpression. Similar results were reproduced in vivo where miR-107

overexpression or E2F1 inhibition blocked tumor growth in nudemice.

Conclusion: This study suggested that E2F1 reduces miR-107 transcription to induce

CCND1upregulation,which leads to progression of gliomaviaWnt/β-catenin signaling
activation.
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1 INTRODUCTION

Glioma is the most frequent and aggressive type of primary tumor

of the central nervous system (CNS) and a major cause of brain

cancer-related deaths (Chen et al., 2017; Ludwig & Kornblum, 2017).
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According to World Health Organization (WHO) classification, there

are four grades of gliomas (grades I–IV): grade I and II are non-

malignant tumors, grade III tumors are malignant and grade IV tumors,

termed glioblastomas (GBMs), are the most malignant and fatal (Louis

et al., 2016; Tamtaji et al., 2020). Current clinical treatments for glioma
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mainly include surgery, radiotherapy, adjuvant chemotherapy, targeted

therapy, and immunotherapy (Weller et al., 2013). However, progno-

sis of patients with glioma, especially for those with GBM, remains

unfavorable, and the median survival time of these patients is 15–

23 months (Ostrom et al., 2014; Shergalis et al., 2018). There has been

an urgent need for the development of more effective therapeutic

options for glioma.

The molecular profiling of cancer has arisen due to the clinical val-

ues of key molecules in diagnosis, prognosis, and therapy of patients

(Diamandis & Aldape, 2017). MicroRNAs (miRNAs) are a subclass of

short non-coding RNAs approximately 22 nucleotides long and they

are emerging molecules in the field of cancer research owing to their

involvements in fundamental cellular processes and potent regulation

on target mRNAs (Harrandah et al., 2018). The prognostic and diag-

nostic values of miRNAs in glioma have aroused increasing concerns

(Zhou et al., 2018). miR-107 has been demonstrated as a candidate

tumor suppressor in several human malignancies such as colorectal

cancer (Fu et al., 2019) and cervical cancer (Li et al., 2019). More-

over, miR-107 has been reported to be poorly expressed in glioma cells

(Zhen et al., 2019), and downregulation of miR-107 was correlated

with invasiveness, proliferation, and stem-like properties of glioma

cells (Wu et al., 2020; Yang et al., 2017). This body of evidence sug-

gested that miR-107 may serve as a tumor suppressor in glioma. E2F

transcription factor 1 (E2F1) is a member of the E2Fs family of tran-

scription factors thatmediate transcription activity of genes implicated

in development, differentiation, proliferation, and apoptosis (Muller

et al., 2001). Downregulation of E2F1 by miRNAs has been observed

to be associated with reduced proliferation of glioma cells (Huang &

Chi, 2019; Xia et al., 2019). Interestingly, miR-107 was found to bind

to E2F1 mRNA to regulate its expression (Carroll et al., 2012). More-

over, in addition to serving as miRNA targets, as a transcription fac-

tor, E2F1 can also regulate the transcription activity of specific tran-

scripts including miRNA (Aguilar et al., 2021; Li et al., 2019). The inte-

gratedbioinformatic analyses in thepresent study suggested thatE2F1

had a potential binding relationship with the promoter region of miR-

107 which in turn had a binding sequence with the 3ʹuntranslated
region (3ʹUTR) of cyclin D1 (CCND1) mRNA. CCND1 has recently

been revealed to be highly expressed in glioma and reduced cancer cell

apoptosis (Sun et al., 2020). Therefore, this study hypothesized that

there might be an E2F1/miR-107/CCND1 axis involved in the patho-

genesis of glioma. Altered expression of these molecules was induced

in glioma cells for in vitro and in vivo experiments to validate this

hypothesis.

2 MATERIALS AND METHODS

2.1 Ethical approval

This research was approved by the Ethics Committee of the Second

Affiliated Hospital of Nanchang University and was performed in com-

pliance with the Declaration of Helsinki. All eligible participants signed

a written informed consent. The animal experiments adhered to the

Guide for the Care and Use of Laboratory Animals (NIH, Bethesda,

Maryland, USA).

2.2 Sample collection

Glioma tissue samples were obtained from the neurosurgery depart-

ment of the Second Affiliated Hospital of Nanchang University. Sam-

ples from23patientswith glioma treated fromJanuary2018 toAugust

2019 were included. All samples were confirmed as glioma tissues

by pathological examination. Another 10 normal brain tissues col-

lected from patients who underwent intracranial surgery for cranio-

cerebral injury were collected as control samples. All tissue samples

were instantly frozen in liquid nitrogen and stored at −80°C until fur-

ther use.

2.3 Immunochemistry

The tissue samples were embedded in paraffin, cut into 5-μm sections,

dewaxed in xylene, and rehydrated in alcohol. After treatmentwith cit-

rate buffer for antigen retrieval and treatment with 1% bovine serum

albumin for 1 h, the sectionswere hybridizedwith anti-CCND1 (1:200;

Abcam Cat: ab16663; RRID: AB_443423; Abcam Inc., Cambridge, MA,

USA) at 4°C overnight and then incubated with horseradish perox-

idase (HRP)-labeled immunoglobulin G (IgG, 1:1,000; Abcam Cat#:

ab6721; RRID: AB_955447; Abcam Inc) at 25°C for 1 h. The staining

was developed by 3,3′-diaminobenzidine (Boster Biological Technol-

ogy Co., Ltd., Wuhan, Hubei, China). The nuclei were stained by hema-

toxylin (Servicebio,Wuhan, Hubei, China). After that, the section slides

were sealed and observed under amicroscope.

2.4 Cell culture and treatment

A normal brain glial cell line Heb was procured from Jennio-bio

Co., Ltd (Guangzhou, Guangdong, China), glioma cell lines U251 and

A172 were procured from Cell Bank of Chinese Academy of Sci-

ences (Shanghai, China), and glioma T98G cells were procured from

American Type Culture Collection (Manassas, VA, USA). All cells

were cultured in high-glucose Dulbecco’s modified Eagle’s medium

supplemented with 10% fetal bovine serum (FBS, Gibco Company,

Grand Island, NY, USA) at 37°C with 5% CO2. After adherence, the

cells were digested in 0.25% trypsin (Hyclone Company, Logan, UT,

USA).

The lentivirus (LV) packaging systems including LV5-GFP (carrying

gene overexpressing plasmid) and pGLVU6/GFP [carrying short hair-

pin RNA (shRNA)] were procured from Genechem Co., Ltd. (Shang-

hai, China). Negative control (NC)-mimic, miR-107 mimic, shRNA

of E2F1 (sh-E2F1), overexpressing vector of E2F1 (oe-E2F1) and

CCND1 (oe-CCND1) were provided by GenePharma Co., Ltd. (Shang-

hai, China). The LV packages-carried target plasmids were transfected

into HEK293T cells. According to the transfection combinations, the

cells were allocated into NC mimic group, miR-107 mimic group,
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miR-107 + oe-NC group, miR-107 + oe-E2F1 group, and sh-E2F1 +

oe-CCND1 group. In detail, glioma cells in good growth conditionwere

digested in trypsin and resuspended to 5 × 104 cells/ml. The cell sus-

pension was cultured in 6-well plates (2 ml per well) at 37°C overnight.

After that, the cells in eachwellwere transfectedwith the LVpackages-

carried target plasmids in 1 ml culture medium (MOI: 5–10). Inter-

ference of two target genes was achieved by infecting cells with two

LV packages concomitantly. After 48 h, the supernatant was collected.

The LV particles in the supernatant were diluted, and the virus titer

was examined. Exponentially growing viruswas collected. Stably trans-

fected cell colonies were screened by puromycin resistance, and the

stable transfectionwas further validatedbyenzymedigestionandelec-

trophoresis, reverse transcription-quantitative polymerase chain reac-

tion (RT-qPCR), and sequencing.

2.5 Chromatin immunoprecipitation (ChIP)-qPCR

The glioma cells were fixed in methanol for 10 min for DNA-protein

crosslinking. The cells were fractured via ultrasonication to obtain

chromatin fragments. The fragments were centrifuged at 4°C for

10 min at 12,000 rpm to collect the supernatant into two tubes. The

tube was incubated with anti-IgG (negative control) (1:2500; Abcam

Cat#: ab6785; RRID: AB_955241; Abcam Inc. ) or anti-E2F1 (1:1000,

AbcamCat#: ab112580; RRID: none; Abcam Inc.) at 4°Covernight. The

DNA-protein complex was precipitated using Protein A agarose and

was centrifuged for 5 min at 12,000 rpm to discard the supernatant.

The non-specific binding complexes were washed away, and the spe-

cific binding ones were de-crosslinked at 65°C overnight. The DNA

fragments were extracted using phenol/chloroform, purified, and col-

lected. Enriched fragments in themiR-107promoterwere examinedby

qPCR.

2.6 TOP/FOP flash assay

The wild-type (TOP) and mutant-type (FOP) LEF/TCF reporter genes

were cloned to the pGL3 luciferase constructs (Promega Corp., Madi-

son, WI, USA). Cells in each group were cultured in 48-well plates at a

density of 2 × 104 cells per well for 24 h. Each well was loaded with

0.2 μg TOP/FOP flash and 1 ng Renilla (pRLTK) luciferase-encoding

plasmid (Promega) according to the instructions of a Lipofectamine

3000 kit (Thermo Fisher Scientific Inc.,Waltham,MA, USA). After 24 h,

the luciferase intensity and Renilla signals were detected using a dual-

luciferase reporter gene kit (Promega) according to the kit’s instruc-

tions. The calculation formulawas as follows: TOP-flash/FOP-flash (Liu

et al., 2021; Lu et al., 2018).

2.7 Immunofluorescence staining

Thegliomacellswere seededon slides and fixedwith4%paraformalde-

hyde (PFA) for 10 min. Thereafter, the cells were incubated with

anti-β-catenin (1:200; Abcam Cat#: ab223075; RRID: none; Abcam

Inc.) at 4°C overnight and warm-incubated with Alexa Fluor® 647-

conjugated secondary antibody (1:500; AbcamCat#: ab150075; RRID:

AB_2752244; Abcam Inc.) for 1 h. The nuclei were stained with

Hoechst. The images were captured under an inverted microscope

(Ti2-E, Nikon Instruments Inc., Tokyo, Japan).

2.8 5-ethynyl-2′-deoxyuridine (EdU) labeling

The glioma cells were cultured in 24-well plates for 48 h. Eachwell was

loaded with 300 μl renewed culture medium containing 5-ethynyl-2′-
deoxyuridine (EdU) solution (1:1000) for 2 h. The cells were fixed with

4% PFA for 15 min, washed in phosphate-buffered saline (PBS), and

permeabilized for 10 min at room temperature. Next, the cells in each

wellwere addedwith300μl green-fluorescence (555nm)EdUreaction

mixture (C10341-3, RiboBio Co., Ltd., Guangzhou, Guangdong China)

for 30 min of warm incubation at 25°C. The nuclei were stained with

Hoechst solution (C1026, Beyotime Biotechnology Co., Ltd., Shanghai,

China) in the dark at 25°C for 15min. After two PBSwashes, the stain-

ing was observed under an invertedmicroscope.

2.9 Transwell assay

Cell migration and invasion were examined using transwell chambers

(8 μm, Corning Glass Works, Corning, NY, USA). The transfected cells

were resuspended in serum-free medium and were sorted into the

apical chambers. The basolateral chambers were loaded with 600 μl
20% FBS-containedmedium. For cell invasionmeasurement, the apical

chambers additionally were pre-coated with 50 μl Matrigel (BD Bio-

sciences, Franklin Lakes, NJ, USA). After incubation at 37◦C for 48 h,

cells migrated or invaded to the basolateral chambers were fixed with

4% PFA and stained with 0.1% crystal violet. The number of migrating

and invading cells was counted under a Nikon microscope (×200) with

five representative fields of views included.

2.10 Flow cytometry

An Annexin V-phycoerythrin (PE)/7-aminoactinomycin D (7-AAD) kit

(BD Biosciences) was used to examine cell apoptosis. The 7-AAD is

a standard flow cytometry probe used to distinguish living and non-

living cells. In short, the glioma cells were resuspended in 1 × binding

buffer and incubatedwith Annexin V-PE/7-AAD in the dark at 25°C for

15 min. Apoptosis of cells was then analyzed using a FACS Canto™II

flow cytometer (BD Biosciences) within 1 h.

2.11 Dual luciferase reporter gene assay

The specific binding sequence between miR-107 and CCND1 mRNA

was predicted from the bioinformatic system LNCIPEDIA (https:

//lncipedia.org/), and the binding relationship was validated by a

https://lncipedia.org/
https://lncipedia.org/
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TABLE 1 Primer sequences

Primers Sequence (5′−3′)

miR-107 F: AGCAGCATTGTACAGGGCTATCA

R: ATTGCGTGTCGTGGAGTCG

E2F1 F: TGCTCTCCGAGGACACTGACAG

R: TCTTGCTCCAGGCTGAGTAGAGAC

CCND1 F: ATTCTTAATGCTTCCGTCTCTC

R: GAGAGACGGAAGCATTAAGAAT

GAPDH F: ATGGGGAAGGTGAAGGTCG

R: GGGGTCATTGATGGCAACAATA

U6 F: GCGCGTCGTGAAGCGTTC

R: GTGCAGGGTCCGAGGT

Abbreviations: miR-107, microRNA-107; E2F1, E2F transcription factor 1;

CCND1, cyclin D1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

luciferase assay. In brief, the whole blood genomic DNA was extracted

and used as the template. The wild-type (WT) CCND1-3′UTR-WT

fragment containing the putative binding sequence was PCR ampli-

fied. After DNA retrieval and purification, the target fragments were

inserted into the dual luciferase reporter gene vectors. After transla-

tional amplification, the monoclon was selected for colony PCR, and

the vectors were extracted and identified by double enzyme diges-

tion and DNA sequencing. The mutant-type (MUT) sequence CCND1-

3′UTR-MUT was constructed by designing mutation fragments on

the WT sites. The CCND1-3′UTR-MUT no longer had binding rela-

tionship with miR-107. The CCND1-3′UTR-WT and CCND1 3′UTR-
MUTsequenceswere inserted into pmirGLOvectors (VT1439, BioVec-

tor Science Lab., Inc., Chongqing, China). It was confirmed that no

other mutations were introduced. Thereafter, the CCND1 3′UTR-
WT and CCND1 3′UTR-MUT luciferase vectors were co-transfected

with NC mimic or miR-107 mimic into 293T cells utilizing a Lipofec-

tamine™ 2000 kit (11668019, Thermo Fisher Scientific) according to

the instruction manual. After 24 h, the luciferase activity in the cells

was examined using a Dual-Luciferase Reporter Assay Kit (Promega).

2.12 RT-qPCR

Total RNA from tissues or cells was isolated using an RNA isolation

kit (QIAGEN, Qiagen GmbH, Hilden, Germany). mRNA wasreverse-

transcribed to cDNA using a PrimeScript RT reagent Kit (RR047A,

Takara Holdings Inc., Kyoto, Japan), whereas miRNA was reverse-

transcribed to cDNA with a miRNA First Strand cDNA Synthesis (Tail-

ing Reaction) kit (B532451-0020, Sangon Biotech Co., Ltd., Shanghai,

China). Next, real-time qPCR was conducted using a Fast SYBR Green

PCR (Applied Biosystems, Foster, CA, USA) on an ABI 7500 real-time

PCRSystem (AppliedBiosystems, Inc., Carlsbad, CA,USA). The primers

are listed in Table 1, in which glyceraldehyde-3-phosphate dehydroge-

nase (GAPDH) and U6were used as the endogenous controls. Relative

gene expression was evaluated using the 2–ΔΔCt method.

2.13 Western blot analysis

Cells were lysed in protease- and phosphatase-inhibitors-

supplemented radio-immunoprecipitation assay (RIPA) cell lysis

buffer (R0010, Solarbio Science & Technology Co., Ltd., Beijing, China)

to extract total protein. After protein concentration determination

using aBCAkit (ab102536, Abcam), an equal amount of protein sample

(50 μg) was separated by 10% SDS-PAGE and transferred onto nitro-

cellulose membranes (Beyotime). After being blocked in 5% non-fat

milk andblocked in 0.1%Tween-20, themembraneswere co-incubated

with anti-E2F1 (1:1,000; Abcam Cat#: ab112580; RRID: none; Abcam

Inc.), anti-CCND1 (1:1,000; AbcamCat#: ab16663; RRID: AB_443423;

Abcam Inc.), anti-β-catenin (1:1,000, Abcam Cat#: ab223075; RRID:

none; Abcam Inc.), anti-Wnt10B (1:1,000; Abcam Cat#: ab70816;

RRID: AB_1271486; Abcam Inc.), and anti-GAPDH (1:2,500; Abcam

Cat#: ab9485; RRID: AB_307275; Abcam Inc.) at 4°C overnight. The

next day, the membranes were incubated with HRP-labeled secondary

antibody IgG (1:20,000; Abcam Cat# ab205718; RRID: AB_2819160;

Abcam Inc.) at 25°C for 1 h. The protein blots were developed using

the enhanced chemiluminescence reagent (BB-3501, Amersham

Biosciences, Uppsala, Sweden) and were analyzed using an image

scanner (Amersham Biosciences). Protein level (relative to GAPDH)

was examined using Image J software.

2.14 Xenograft tumors in nude mice

A172 cells stably transfected with NCmimic, miR-107mimic, sh-NC+

oe-NC, sh-E2F1 + oe-NC, sh-E2F1 + oe-CCND1 were resuspended in

serum-freemedium to 2× 106 cells/ml. Twenty-five specific pathogen-

free grade nude mice (4–6 weeks old, 17–20 g) procured from SLAC

Laboratory Animal Co., Ltd. (Shanghai, China) were allocated into five

groups, n = 5 in each. After animal anesthesia using diethyl ether and

disinfection, 2 × 105 A172 cells (100 μl) with above transfections were
injected into the right hemisphere of the mice via stereotactic injec-

tion. In short, the mice were anaesthetized by 80 mg/kg pentobarbital

sodium (1%). The head was fixed, and the disinfected injection needle

with cell suspension was placed in the surgical area above the mouse

skull. An injection hole was drilled, and the injection site was located

0.62mm in front of the bregma, 1.5 mm to the right of the midline, and

3.5 mm below the dura. The needle was placed into the injection hole,

and the cell suspension was slowly injected into the brain tissue. After

injection, the needle was taken out, and the wound was disinfected

and glued with bone wax. On the 21st day after injection, the animals

were euthanized by intraperitoneal injection of 150mg/kg pentobarbi-

tal sodium. The volume of the xenograft tumors was calculated as fol-

lows: volume= length×width2/2, and the tumorweightwas examined.

2.15 Statistical analysis

SPSS21.0 (IBM Corp. Armonk, NY, USA) was applied for data anal-

ysis. Measurement data were shown as the mean ± standard
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F IGURE 1 Overexpression of miR-107 inhibits proliferation, migration, and invasion and promotes apoptosis of glioma cells. (a) Expression of
miR-107 in normal (n= 10) and glioma tissues (n= 23) examined by RT-qPCR; (b) Expression of miR-107 in normal brain glial cells (Heb) and in
glioma cell lines (U251, A172, and T98G) examined by RT-qPCR; (c) Expression of miR-107 in A172 and T98G cells after miR-107mimic
transfection examined by RT-qPCR; (d) Proliferation of A172 and T98G cells determined by the EdU labeling assay; (e)Migration and (f) invasion
abilities of A172 and T98G cells examined by the transwell assays; (g) Apoptosis rate of A172 and T98G cells determined by flow cytometry. Data
were collected from three independent experiments and presented asmean± SD. In (a), each spot indicates a sample; differences were compared
by unpaired t test (a, c, d, e, f, and g) or one-way ANOVA (b), *p< .05 versus Normal/Heb/NCmimic

deviation (SD) from three independent experiments. The unpaired t-

test was applied for comparison between every two groups. Differ-

ences among multiple groups were compared by the one- or two-way

analysis of variance (ANOVA). p< .05 indicated that the differencewas

statistically significant.

3 RESULTS

3.1 miR-107 inhibits proliferation, migration and
invasion, and promotes apoptosis of glioma cells

To examine the role of miR-107 in glioma, we first detected the

miR-107 expression in the glioma tissues. As shown in Figure 1a, a

poor-expression profile of miR-107 was detected in the glioma tis-

sues versus normal tissues. Likewise, the expression of miR-107 was

reduced in glioma cell lines (U251, A172 and T98G) compared to the

normal Heb cells (Figure 1b). Among the glioma cell lines, A172 and

T98G cells with relative low expression of miR-107 were selected for

subsequent use.

Artificial overexpression of miR-107 was introduced into A172 and

T98G cells via administration of LV-carried miR-107 mimic, and suc-

cessful transfectionwas confirmedbyRT-qPCR (Figure 1c). Thereafter,

the EdU labeling assay suggested that the DNA replication, namely,

the proliferation ability of cells, was significantly reduced after miR-

107 upregulation (Figure 1d). The transwell assay results showed that

the migration and invasion abilities of both A172 and T98G cells were

suppressed by miR-107 mimic versus mimic NC (Figure 1e,f). In addi-

tion, the apoptosis of A172 and T98G cells, according to the flow

cytometry, was significantly reduced after miR-107 overexpression

(Figure 1g).

3.2 E2F1 suppresses miR-107 transcription

E2F1 has been reported as a cancer driver in glioma (Zhi et al., 2019).

The promoter sequence of miR-107 was obtained from UCSC (https:

//genome.ucsc.edu/index.html). Intriguingly, E2F1 was predicted to

own a binding relationship with the promoter region of miR-107

at the −16 to −26 bp site according to the ALGGEN system

https://genome.ucsc.edu/index.html
https://genome.ucsc.edu/index.html
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F IGURE 2 E2F1 suppresses miR-107 transcription. (a) Potential binding sites between E2F1 and the promoter region of miR-107 (−16 to
−23 bp and−19 to−26 bp) predicted on the ALGEEN system; (b) mRNA and protein levels of E2F1 in glioma tumor tissues and in normal tissues
determined by RT-qPCR andwestern blot analysis, respectively; (c) mRNA and protein levels of E2F1 in normal brain glial cells (Heb) and in glioma
cell lines (U251, A172 and T98G) examined by RT-qPCR andwestern blot analysis, respectively; (d) Expression of E2F1mRNA andmiR-107 in
A172 and T98G cells after E2F1 overexpression examined by RT-qPCR; (e) enrichment of E2F1 at the−16 to−26 bp site at the promoter region
examined by a ChIP-qPCR assay. Data were collected from three independent experiments and presented asmean± SD. Differences were
compared by unpaired t test (b), one-way ANOVA (c), or two-way ANOVA (d,e), *p< .05 versus Normal/Heb/oe-NC

(http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo) (Figure 2a). There-

fore, we examined the expression of E2F1 in glioma tissues and

normal brain tissues. It was found that the mRNA and protein expres-

sion of E2F1 was higher in tumor tissues than in normal tissues

(Figure 2b). In agreement with this, increased expression of E2F1

was found in U251, A172, and T98G cells compared to the Heb cells

(Figure 2c).

Overexpression of E2F1 was introduced in A172 and T98G cells,

after which the miR-107 expression was significantly decreased (Fig-

ure 2d). The binding relationship between E2F1 andmiR-107 was vali-

dated via a chromatin immunoprecipitation (ChIP)-qPCR assay. Impor-

tantly, an enrichment of E2F1 fragments was found at the −16 to

−26 bp site at the promoter region of miR-107 (Figure 2e). These

results indicated that E2F1 canbind to the promoter region ofmiR-107

to repress its transcription in glioma cells.

3.3 miR-107 targets CCND1 mRNA

According to the bioinformatic analysis in the StarBase system (http://

starbase.sysu.edu.cn/), miR-107 was predicted to have a specific bind-

ing site with CCND1 mRNA (Figure 3a), which has been recently

reported to be upregulated in glioma (Sun et al., 2020). We surmised

that miR-107 possibly regulates CCND1 expression to mediate glioma

progression.

Therefore, we examined the expression of CCND1 in glioma sam-

ples. The RT-qPCR and immunochemistry (IHC) staining results indi-

cated that the level of CCND1 was higher in glioma tissues than in

normal tissues (Figure 3b,c). In cells, the RT-qPCR and western blot

assays suggested that the mRNA and protein expression of CCND1

were higher in glioma cell lines (U251, A172, T98G) than in Heb cells

(Figure 3d).

http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo
http://starbase.sysu.edu.cn/
http://starbase.sysu.edu.cn/
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F IGURE 3 miR-107 targets CCND1mRNA. (a) Binding sequence betweenmiR-107 and CCND1mRNA predicted on the StarBase system; (b)
mRNA and (c) protein levels of CCND1 in normal brain tissues (n= 10) and glioma tissues (n= 23) examined by RT-qPCR and IHC staining,
respectively; (d) mRNA and protein levels of CCND1 in normal brain glial cells (Heb) and in glioma cell lines (U251, A172, and T98G) examined by
RT-qPCR andwestern blot analysis, respectively; (e) Binding relationship betweenmiR-107 and CCND1mRNA validated through a luciferase
assay; (f) mRNA expression of CCND1 in A172 and T98G cells after oe-E2F1 ormiR-107mimic transfection examined by RT-qPCR. Data were
collected from three independent experiments and presented asmean± SD. Differences were compared by unpaired t test (b and c), one-way
ANOVA (d and f), or two-way ANOVA (e), *p< .05 versus Normal/Heb/oe-NC; #p< .05 versus NCmimic

The binding relationship between miR-107 and CCND1mRNAwas

validatedusing a luciferase assay (Figure3e). Itwas found thatmiR-107

mimic significantly reduced the luciferase activity of CCND1-3ʹUTR-
WT vector in 293T cells, whereas it had no effect on the activity of the

CCND1-3ʹUTR-MUT luciferase vector.

The RT-qPCR results also indicated that the level of CCND1mRNA

was increased in A172 and T98G cells in the setting of E2F1 overex-

pression. In addition, compared to NC mimic, transfection of miR-107

mimic significantly reduced the CCND1 expression in the glioma cells

(Figure 3f).

3.4 E2F1 regulates the miR-107/CCND1 axis to
promote malignant behaviors of glioma cells

To further validate the interactions between E2F1, miR-107, and

CCND1, theA172andT98Gcellswere concomitantly transfectedwith
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F IGURE 4 E2F1 regulates themiR-107/CCND1 axis to promotemalignant behaviors of glioma cells. Expression of miR-107, E2F1 and
CCND1mRNA, and E2F1 and CCND1 protein in (a) A172 and (b) T98G cells determined by RT-qPCR andwestern blot analysis, respectively; (c)
Proliferation of A172 and T98G cells determined by the EdU labeling assay; (d)Migration and (e) invasion abilities of A172 and T98G cells
examined by the transwell assays; (f) Apoptosis rate of A172 and T98G cells determined by flow cytometry. Data were collected from three
independent experiments and presented asmean± SD. Differences were compared by one-way (c–f) or two-way ANOVA (a,b), *p< .05 versus
miR-107mimic+oe-NC

miR-107 mimic and oe-E2F1 or oe-CCND1. Importantly, overexpres-

sion of E2F1 reduced the expression of miR-107 but increased the

level of CCND1 in A172 and T98G cells. Concomitant transfection of

oe-CCND1 did not alter the expression of E2F1 or miR-107, but only

increased the expression of CCND1 in cells (Figure 4a,b).

The malignant behaviors of cells with miR-107 mimic and oe-

E2F1/oe-CCND1 transfectionswere examined. The EdU labeling assay

results suggested that the proliferation ability of A172 and T98G cells

inhibited by miR-107 mimic was restored upon E2F1 or CCND1 over-

expression (Figure 4c). Also, the migration and invasion potentials of

cells were recovered by oe-E2F1 or oe-CCND1 according to the tran-

swell assays (Figure 4d,e). Moreover, the flow cytometry results indi-

cated that themiR-107-induced apoptosis in A172 and T98G cells was

blocked after E2F1 or CCND1 upregulation (Figure 4f).

3.5 E2F1 mediates the Wnt/β-catenin signaling
pathway

CCND1 is one of the downstream targets of the Wnt/β-catenin path-

way, but it can also regulate the nuclear translocation of β-catenin
(Xia et al., 2019). Here, we examined the nuclear translocation of
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F IGURE 5 E2F1mediates theWnt/β-catenin signaling pathway. (a) Nuclear translocation of β-catenin in A172 and T98G cells examined by
immunofluorescence staining; (b) TOP/FOP activity in A172 and T98G cells determined by the TOP/FOP flash assay; (c) Protein levels of
Wnt10B and β-catenin in A172 and T98G cells detected by western blot analysis. Data were collected from three independent experiments and
presented asmean± SD. Differences were compared by one-way ANOVA (b) or two-way ANOVA (c), *p< .05 versus miR-107mimic
+oe-NC

β-catenin using immunofluorescence staining and TOP/FOP activity

using the TOP/FOP flash assay. As shown in Figure 5a,b, either over-

expression of E2F1 or CCND1 increased the nuclear accumulation

of β-catenin as well as the activity of TOP/FOP in A172 and T98G

cells.

The nuclear levels of the Wnt/β-catenin signaling-related proteins

Wnt10B and β-catenin were further examined by western blot analy-

sis. In concert with the above results, increased nuclear protein levels

ofWnt10B and β-catenin were detected in A172 and T98G cells trans-

fectedwithmiR-107mimic+ oe-E2F1 ormiR-107mimic+ oe-CCND1

(Figure 5c).

3.6 The functions of E2F1, miR-107, and CCND1
in tumorigenesis of glioma cells in vivo

To further examine the role of E2F1/miR-107/CCND1 axis in glioma

progression, A172 cells stably transfected with NC mimic, miR-107

mimic, sh-NC + oe-NC, sh-E2F1 + oe-NC and sh-E2F1 + oe-CCND1

were injected into nude mice for in vivo validation. Importantly, either

transfection of miR-107 mimic or sh-E2F1 significantly reduced the

volume and weight of the xenograft tumors formed by A172 cells in

mice. However, overexpression of CCND1 in A172 cells restored the

growth rate andweight of the xenograft tumors which was suppressed

by sh-E2F1 (Figure 6a–c).

The expression of miR-107, E2F1, and CCND1 in the tumor tis-

sues was examined. First, the RT-qPCR results showed that miR-107

mimic reduced the expression of CCND1 in the tumor tissues. Com-

pared to sh-NC + oe-NC, transfection of sh-E2F1 + oe-NC in the

cells reduced the expression of E2F1 and CCND1 in the tumor tis-

sues. Transfection of oe-CCND1 in the cells increased CCND1 expres-

sion in tissues, whereas it did not alter the expression of E2F1 or

miR-107 (Figure 6d,e). The tumor tissues were further collected for

western blot analysis. The protein levels of Wnt10B and β-catenin
in tumor tissues were reduced by miR-107 mimic or sh-E2F1. How-

ever, further transfection of oe-CCND1 in tissues blocked the function

of sh-E2F1 and restored the protein levels of Wnt10B and β-catenin
(Figure 6e).
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F IGURE 6 The functions of E2F1, miR-107 and CCND1 in tumorigenesis of glioma cells in vivo. (a) Images of the tumors in each group; (b)
Volume and (c) weight of the xenograft tumors on the 21st day after cell injection; (d) Expression ofmiR-107 and E2F1 and CCND1mRNA in tumor
tissues examined by RT-qPCR; (e) Protein levels of E2F1, CCND1,Wnt10B, and β-catenin in tumor tissues examined bywestern blot analysis. Data
were collected from three independent experiments and presented asmean± SD. In each group, n= 5. Differences were compared by one-way
ANOVA (b,c) or two-way ANOVA (d,e), *p< .05 versus NCmimic; #p< .05 versus sh-NC+ oe-NC; and p< .05 versus sh-E2F1+ oe-NC

4 DISCUSSION

Gliomas, which represent 80% of all malignant tumors in the CNS, are

virtually incurable since the 5-year overall survival rate of the most

common but aggressive type GBM is no more than 5%, even follow-

ing the optimal treating combinations (Chen et al., 2012; Hombach-

Klonisch et al., 2018). Researchers in this field have made signifi-

cant efforts in identifying the molecular mechanisms involved in can-

cer progression. Here, this study reports that there might be an

E2F1/miR-107/CCND1 axis that mediates themalignant development

of glioma cells in vitro and in vivowith the implication ofWnt/β-catenin
signaling.

MiRNAs have emerged as key molecules having important diagnos-

tic and prognostic values in glioma (Mondal & Kulshreshtha, 2021;

Wang et al., 2019). Recent studies mainly focused on their interac-

tionswith other ncRNAs (Wu&Qian, 2019).miR-107has beendemon-

strated as a tumor expressed at low levels in several human cancers

such as colorectal cancer (Fu et al., 2019), cervical cancer (Li et al.,

2019; Rui et al., 2018), and non-small cell lung cancer (Fan et al.,

2020). However, studies have also suggested that miR-107 may con-

fer chemoresistance to cancer cells (Liang et al., 2020) and promote

growth and invasiveness of gastric cancer (Wang et al., 2019). Thismay

be attributed to the different genes they regulated. In this study, we

observed that miR-107 expression was reduced in glioma tissues and

the acquired glioma cells. Artificial upregulation of miR-107 reduced

proliferation, migration and invasion, and increased apoptosis of A172

and T98G cells. In concert with this, poor expression of miR-107 has

been found in glioma in previous reports (Su & Song, 2018; Zhen et al.,

2019). Restoration of miR-107 facilitated apoptosis, increased chemo

sensitivity, andweakened proliferation, invasiveness, and angiogenesis

of glioma cells (Chen et al., 2016; Su & Song, 2018; Wu et al., 2020).

In the study, a similar trend was reproduced in the in vivo experiments

where upregulation of miR-107 in A172 cells significantly reduced the

volume andweight of xenograft tumors.

E2F1 has been reported as an oncogene, and its downregulation

by miRNAs has been suggested to reduce malignant behaviors, such

as proliferation, invasiveness, and resistance to apoptosis of cancer

cells (Han et al., 2020; Lu et al., 2018; Peng et al., 2020). This is also

true for glioma, because upregulation of E2F1 has been correlated

with proliferation, cell cycle progression, and carcinogenesis of glioma

(Li et al., 2019; Xia et al., 2019). In addition, previous studies have

demonstrated that E2F1 can transcriptionally regulate multiple miR-

NAs, such as elevating miR-17−92 cluster, miR-15/16, miR-203, and

miR-449a/b levels, and reducingmiR-30b andmiR-1205 levels (Li et al.,

2019; Ofir et al., 2011; Tan et al., 2014; Wang et al., 2015; Yang et al.,

2009; Zhang et al., 2015). E2F1 belongs to the E2Fs family of transcrip-

tional factors which regulate a multitude of genes involved in multiple

key cellular processes. Here, we predicted the potential binding site

between E2F1 and the promoter region of miR-107 and had the bind-

ing relationship validated using a ChIP-qPCR assay. As expected, high
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F IGURE 7 A graphic abstract. E2F1 binds to the promoter region
of miR-107 to suppress its transcription, which restores the
expression of themiR-107 target gene CCND1, therefore promoting
growth andmetastasis of glioma cells

expression of E2F1was confirmed in the glioma tissues and cells, which

showed an inverse trend with miR-107. Importantly, the proliferation,

migration and invasion, and the resistance to apoptosis of cells reduced

bymiR-107mimicwere restored upon further overexpression of E2F1.

These results suggested that downregulation of miR-107 is possibly

implicated in the oncogenic events mediated by E2F1 in glioma.

The bioinformatics analysis and luciferase assay confirmed CCND1

as a target transcript of miR-107. CCND1 is a crucial cell cycle regu-

latory protein whose expression and cellular localization is frequently

transformed in tumor cells (Xie et al., 2017), and it is capable of inducing

cell proliferation, invasion, and transformation in human malignancies

(Lin, 2017). This is also true for glioma (Alqudah et al., 2013; Yamada

et al., 2018).Here,we foundCCND1washighly expressed in glioma tis-

sues and cells, and its expressionwas reduced bymiR-107, but reduced

by E2F1. Importantly, upregulation of CCND1 restored the prolifera-

tion, resistance to death, migration, and invasion of glioma cells and

augmented the malignant growth of xenograft tumors. CCND1 is one

of the important downstream targets of the Wnt/β-catenin signaling,

a master regulator in carcinogenesis (Ghanavati et al., 2020; Xia et al.,

2019). Likewise, this signaling pathway is frequently activated dur-

ing the pathogenesis of glioma (He et al., 2019). In the study by Xia

et al. (2019), CCND1 has been reported to have elevated the nuclear

translocation of β-catenin in cells. The authors suggested that CCND1
can accelerate the β-catenin of nuclear binding to the Nanog’s pro-

moter. As a transcriptional factor, Nanog possibly plays a role in the

expression and nuclear accumulation of β-catenin. However, the spe-

cific mechanism remains to be further explored. Interestingly, miR-107

has been reported to suppress the activation of the Wnt/β-catenin
signaling pathway to suppress proliferation and metastasis of can-

cer (Yao et al., 2021; Yu et al., 2018). Here, we confirmed that miR-

107 reduces nuclear translocation of β-catenin, whereas the activity

of the Wnt/β-catenin pathway was increased upon E2F1 or CCND1

overexpression.

5 CONCLUSION

In conclusion, by performing both cellular and animal experiments,

we confirmed that the transcription factor E2P1 can induce transcrip-

tional repression of miR-107 and block its inhibitory effect on CCND1,

which leads to the malignant development of glioma with the involve-

ment of the Wnt/β-catenin signaling pathway (Figure 7). This study

confirmed the oncogenic roles of E2F1 and CCND1 and the anti-

tumorigenic role of miR-107 in glioma. We hope these findings may

offer a new understanding on the molecular mechanism involved in

glioma pathogenesis.

ACKNOWLEDGMENT

We would like to thank the Key Scientific and Technological Research

Projects of Jiangxi Provincial Education Department (No. 191404) for

the funding support.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

All the data generated or analyzed during this study are included in this

published article.

TRANSPARENT PEER REVIEW

The transparent peer reviewhistory for this article is available at https:

//publons.com/publon/10.1002/brb3.2399

ORCID

HuanXie https://orcid.org/0000-0001-6863-5684

REFERENCES

Aguilar, C., Costa, S., Maudet, C., Vivek-Ananth, R. P., Zaldivar-Lopez, S.,

Garrido, J. J., Samal, A. Mano, M., & Eulalio, A. (2021). Reprogramming

of microRNA expression via E2F1 downregulation promotes Salmonella

infection both in infected and bystander cells. Nature Communications,
12(1), 3392. https://doi.org/10.1038/s41467-021-23593-z

Alqudah, M. A., Agarwal, S., Al-Keilani, M. S., Sibenaller, Z. A., Ryken, T. C., &

Assem, M. (2013). NOTCH3 is a prognostic factor that promotes glioma

cell proliferation, migration, and invasion via activation of CCND1 and

EGFR. PLOS One, 8(10), e77299. https://doi.org/10.1371/journal.pone.
0077299

Carroll, A. P., Tran, N., Tooney, P. A., & Cairns, M. J. (2012). Alternative

mRNA fates identified in microRNA-associated transcriptome analysis.

BMC Genomics [Electronic Resource], 13, 561. https://doi.org/10.1186/
1471-2164-13-561

Chen, L., Li, Z. Y., Xu, S. Y., Zhang, X. J., Zhang, Y., Luo, K., & Li, W. P. (2016).

Upregulation ofmiR-107 inhibits glioma angiogenesis andVEGF expres-

sion.Cellular andMolecular Neurobiology,36(1), 113–120. https://doi.org/
10.1007/s10571-015-0225-3

Chen, J.,McKay,R.M.,&Parada, L. F. (2012).Malignant glioma: Lessons from

genomics, mouse models, and stem cells. Cell, 149(1), 36–47. https://doi.
org/10.1016/j.cell.2012.03.009

Chen, R., Smith-Cohn,M., Cohen, A. L., &Colman,H. (2017). Glioma subclas-

sifications and their clinical significance. Neurotherapeutics, 14(2), 284–
297. https://doi.org/10.1007/s13311-017-0519-x

https://publons.com/publon/10.1002/brb3.2399
https://publons.com/publon/10.1002/brb3.2399
https://orcid.org/0000-0001-6863-5684
https://orcid.org/0000-0001-6863-5684
https://doi.org/10.1038/s41467-021-23593-z
https://doi.org/10.1371/journal.pone.0077299
https://doi.org/10.1371/journal.pone.0077299
https://doi.org/10.1186/1471-2164-13-561
https://doi.org/10.1186/1471-2164-13-561
https://doi.org/10.1007/s10571-015-0225-3
https://doi.org/10.1007/s10571-015-0225-3
https://doi.org/10.1016/j.cell.2012.03.009
https://doi.org/10.1016/j.cell.2012.03.009
https://doi.org/10.1007/s13311-017-0519-x


12 of 13 XIE ET AL.

Diamandis, P., & Aldape, K. D. (2017). Insights from molecular profiling of

adult glioma. Journal of Clinical Oncology, 35(21), 2386–2393. https://doi.
org/10.1200/JCO.2017.73.9516

Fan, Y., Li, H., Yu, Z., Dong, W., Cui, X., Ma, J., & Li, S. (2020). Long non-

codingRNAFGD5-AS1promotes non-small cell lung cancer cell prolifer-

ation through sponging hsa-miR-107 to up-regulate FGFRL1. Bioscience
Reports, 40(1), BSR20193309. https://doi.org/10.1042/BSR20193309

Fu, Y., Lin, L., & Xia, L. (2019). MiR-107 functions as a tumor suppressor

gene in colorectal cancer by targeting transferrin receptor 1. Cellular &
Molecular Biology Letters, 24, 31. https://doi.org/10.1186/s11658-019-
0155-z

Ghanavati, R., Asadollahi, P., Shapourabadi, M. B., Razavi, S., Talebi, M.,

& Rohani, M. (2020). Inhibitory effects of Lactobacilli cocktail on

HT-29 colon carcinoma cells growth and modulation of the notch

and Wnt/beta-catenin signaling pathways. Microbial Pathogenesis, 139,
103829. https://doi.org/10.1016/j.micpath.2019.103829

Harrandah, A. M., Mora, R. A., & Chan, E. K. L. (2018). Emerging microRNAs

in cancer diagnosis, progression, and immune surveillance.Cancer Letters,
438, 126–132. https://doi.org/10.1016/j.canlet.2018.09.019

Han, R., Zhao, J., & Lu, L. (2020). MicroRNA34a expression affects breast

cancer invasion in vitro and patient survival via downregulation of E2F1

and E2F3 expression. Oncology Reports, 43(6), 2062–2072. https://doi.
org/10.3892/or.2020.7549

He, L., Zhou, H., Zeng, Z., Yao, H., Jiang, W., & Qu, H. (2019). Wnt/beta-

catenin signaling cascade: A promising target for glioma therapy. Jour-
nal of Cellular Physiology, 234(3), 2217–2228. https://doi.org/10.1002/
jcp.27186

Hombach-Klonisch, S., Mehrpour, M., Shojaei, S., Harlos, C., Pitz, M., Hamai,

A., Siemianowicz, K., Likus,W.,Wiechec, E., Toyota, B.D.,Hoshyar, R., Sey-

foori, A., Sepehri, Z., Ande, S. R., Khadem, F., Akbari, M., Gorman, A. M.,

Samali, A., Klonisch, T., &Ghavami, S. (2018). Glioblastoma and chemore-

sistance to alkylating agents: Involvement of apoptosis, autophagy, and

unfolded protein response. Pharmacology & Therapeutics, 184, 13–41.
https://doi.org/10.1016/j.pharmthera.2017.10.017

Huang, Y., &Chi, C. (2019). Glioma cell proliferation is inhibited bymiR-342-

3p,miR-377 /E2F1 signaling pathway.Neoplasma,66(4), 524–531. https:
//doi.org/10.4149/neo_2018_180805N574

Li, P., Lin, X. J., Yang, Y., Yang, A. K., Di, J. M., Jiang, Q. W., Huang, J. R., Yuan,

M. L., Xing, Z. H., Wei, M. N., Li, Y., Yuan, X. H., Shi, Z., Liu, H., & Ye, J.

(2019). Reciprocal regulation ofmiR-1205 and E2F1modulates progres-

sion of laryngeal squamous cell carcinoma. Cell Death & Disease, 10(12),
916. https://doi.org/10.1038/s41419-019-2154-4

Li, G. C., Xin, L., Wang, Y. S., & Chen, Y. (2019). Long intervening noncod-

ing 00467 RNA contributes to tumorigenesis by acting as a competing

endogenousRNAagainstmiR-107 in cervical cancer cells.American Jour-
nal of Pathology, 189(11), 2293–2310. https://doi.org/10.1016/j.ajpath.
2019.07.012

Li, X., Zhang, H., & Wu, X. (2019). Long noncoding RNA DLX6-AS1 acceler-

ates the glioma carcinogenesis by competing endogenous spongingmiR-

197-5p to relieve E2F1. Gene, 686, 1–7. https://doi.org/10.1016/j.gene.
2018.10.065

Liang, Y., Zhu, D., Hou, L., Wang, Y., Huang, X., Zhou, C., Zhu, L., Wang,

Y., Li, L., Gu, Y., Luo, M., Wang, J., & Meng, X. (2020). MiR-107 confers

chemoresistance to colorectal cancer by targeting calcium-binding pro-

tein 39. British Journal of Cancer, 122(5), 705–714. https://doi.org/10.
1038/s41416-019-0703-3

Lin, J. C. (2017). Therapeutic applications of targeted alternative splicing

to cancer treatment. International Journal of Molecular Sciences, 19(1), 75.
https://doi.org/10.3390/ijms19010075

Liu, Q., He, L., Li, S., Li, F., Deng, G., Huang, X., Yang, M., Xiao, Y., Chen, X.,

Ouyang, Y., Chen, J.,Wu, X.,Wang, X., Song, L., & Lin, C. (2021). HOMER3

facilitates growth factor-mediated beta-Catenin tyrosine phosphoryla-

tion and activation to promote metastasis in triple negative breast can-

cer. Journal of Hematology & Oncology, 14(1), 6. https://doi.org/10.1186/
s13045-020-01021-x

Louis, D. N., Perry, A., Reifenberger, G., von Deimling, A., Figarella-Branger,

D., Cavenee, W. K., Ohgaki, H., Wiestler, O. D., Kleihues, P., & Ellison, D.

W. (2016). The 2016World HealthOrganization classification of tumors

of the central nervous system:A summary.ActaNeuropathologica,131(6),
803–820. https://doi.org/10.1007/s00401-016-1545-1

Lu, G., Li, Y., Ma, Y., Lu, J., Chen, Y., Jiang, Q., Qin, Q., Zhao, L., Huang, Q., Luo,

Z., Huang, S., & Wei, Z. (2018). Long noncoding RNA LINC00511 con-

tributes to breast cancer tumourigenesis and stemness by inducing the

miR-185-3p/E2F1/Nanog axis. Journal of Experimental & Clinical Cancer
Research, 37(1), 289. https://doi.org/10.1186/s13046-018-0945-6

Lu, H. J., Yan, J., Jin, P. Y., Zheng, G. H., Zhang, H. L., Bai, M., Wu, D.

M., Lu, J., & Zheng, Y. L. (2018). Mechanism of microRNA-708 target-

ing BAMBI in cell proliferation, migration, and apoptosis in mice with

melanoma via the Wnt and TGF-beta signaling pathways. Technology in
Cancer Research & Treatment, 17, 1533034618756784. https://doi.org/
10.1177/1533034618756784

Ludwig, K., & Kornblum, H. I. (2017). Molecular markers in glioma.

Journal of Neuro-Oncology, 134(3), 505–512. https://doi.org/10.1007/
s11060-017-2379-y

Mondal, I., &Kulshreshtha,R. (2021). Potential ofmicroRNA-baseddiagnos-

tics and therapeutics in glioma: A patent review. Expert Opinion on Thera-
peutic Patents, 31(1), 91–106. https://doi.org/10.1080/13543776.2021.
1837775

Muller, H., Bracken, A. P., Vernell, R., Moroni, M. C., Christians, F., Grassilli,

E., Prosperini, E., Vigo, E., Oliner, J. D., & Helin, K. (2001). E2Fs regulate

the expression of genes involved in differentiation, development, pro-

liferation, and apoptosis. Genes & Development, 15(3), 267–285. https:
//doi.org/10.1101/gad.864201

Ofir, M., Hacohen, D., & Ginsberg, D. (2011). MiR-15 and miR-16 are direct

transcriptional targets of E2F1 that limit E2F-induced proliferation by

targeting cyclin E.Molecular Cancer Research, 9(4), 440–447. https://doi.
org/10.1158/1541-7786.MCR-10-0344

Ostrom, Q. T., Bauchet, L., Davis, F. G., Deltour, I., Fisher, J. L., Langer, C. E.,

Pekmezci, M., Schwartzbaum, J. A., Turner, M. C., Walsh, K. M., Wren-

sch, M. R., & Barnholtz-Sloan, J. S. (2014). The epidemiology of glioma in

adults: A “state of the science” review. Neuro-Oncology, 16(7), 896–913.
https://doi.org/10.1093/neuonc/nou087

Peng, X., Zhang, Y., Gao, J., & Cai, C. (2020). MiR-1258 promotes the apop-

tosis of cervical cancer cells by regulating the E2F1/P53 signaling path-

way. Experimental and Molecular Pathology, 114, 104368. https://doi.org/
10.1016/j.yexmp.2020.104368

Rui, X., Xu, Y., Huang, Y., Ji, L., & Jiang, X. (2018). lncRNA DLG1-AS1 pro-

motes cell proliferation by competitively binding with miR-107 and up-

regulatingZHX1expression in cervical cancer.Cellular Physiology andBio-
chemistry, 49(5), 1792–1803. https://doi.org/10.1159/000493625

Shergalis, A., Bankhead, A. 3rd, Luesakul, U., Muangsin, N., & Neamati,

N. (2018). Current challenges and opportunities in treating glioblas-

toma.Pharmacological Reviews,70(3), 412–445. https://doi.org/10.1124/
pr.117.014944

Su, P. F., & Song, S. Q. (2018). Regulation of mTOR by miR-107 to facil-

itate glioma cell apoptosis and to enhance cisplatin sensitivity. Euro-
peanReview forMedical andPharmacological Sciences,22(20), 6864–6872.
http://doi.org/10.26355/eurrev_201810_16155

Sun, T., Xu, Y. J., Jiang, S. Y., Xu, Z., Cao, B. Y., Sethi, G., Zeng, Y. Y., Kong,

Y., & Mao, X. L. (2020). Suppression of the USP10/CCND1 axis induces

glioblastoma cell apoptosis. Acta Pharmacologica Sinica, 42, 1338–1346.
https://doi.org/10.1038/s41401-020-00551-x

Tamtaji, O. R., Mirzaei, H., Shamshirian, A., Shamshirian, D., Behnam, M., &

Asemi, Z. (2020). New trends in glioma cancer therapy: Targeting Na

(+)/H (+) exchangers. Journal of Cellular Physiology, 235(2), 658–665.
https://doi.org/10.1002/jcp.29014

Tan, W., Li, Y., Lim, S. G., & Tan, T. M. (2014). miR-106b-25/miR-17-92

clusters: Polycistrons with oncogenic roles in hepatocellular carcinoma.

World Journal of Gastroenterology: WJG, 20(20), 5962–5972. https://doi.
org/10.3748/wjg.v20.i20.5962

https://doi.org/10.1200/JCO.2017.73.9516
https://doi.org/10.1200/JCO.2017.73.9516
https://doi.org/10.1042/BSR20193309
https://doi.org/10.1186/s11658-019-0155-z
https://doi.org/10.1186/s11658-019-0155-z
https://doi.org/10.1016/j.micpath.2019.103829
https://doi.org/10.1016/j.canlet.2018.09.019
https://doi.org/10.3892/or.2020.7549
https://doi.org/10.3892/or.2020.7549
https://doi.org/10.1002/jcp.27186
https://doi.org/10.1002/jcp.27186
https://doi.org/10.1016/j.pharmthera.2017.10.017
https://doi.org/10.4149/neo_2018_180805N574
https://doi.org/10.4149/neo_2018_180805N574
https://doi.org/10.1038/s41419-019-2154-4
https://doi.org/10.1016/j.ajpath.2019.07.012
https://doi.org/10.1016/j.ajpath.2019.07.012
https://doi.org/10.1016/j.gene.2018.10.065
https://doi.org/10.1016/j.gene.2018.10.065
https://doi.org/10.1038/s41416-019-0703-3
https://doi.org/10.1038/s41416-019-0703-3
https://doi.org/10.3390/ijms19010075
https://doi.org/10.1186/s13045-020-01021-x
https://doi.org/10.1186/s13045-020-01021-x
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1186/s13046-018-0945-6
https://doi.org/10.1177/1533034618756784
https://doi.org/10.1177/1533034618756784
https://doi.org/10.1007/s11060-017-2379-y
https://doi.org/10.1007/s11060-017-2379-y
https://doi.org/10.1080/13543776.2021.1837775
https://doi.org/10.1080/13543776.2021.1837775
https://doi.org/10.1101/gad.864201
https://doi.org/10.1101/gad.864201
https://doi.org/10.1158/1541-7786.MCR-10-0344
https://doi.org/10.1158/1541-7786.MCR-10-0344
https://doi.org/10.1093/neuonc/nou087
https://doi.org/10.1016/j.yexmp.2020.104368
https://doi.org/10.1016/j.yexmp.2020.104368
https://doi.org/10.1159/000493625
https://doi.org/10.1124/pr.117.014944
https://doi.org/10.1124/pr.117.014944
http://doi.org/10.26355/eurrev_201810_16155
https://doi.org/10.1038/s41401-020-00551-x
https://doi.org/10.1002/jcp.29014
https://doi.org/10.3748/wjg.v20.i20.5962
https://doi.org/10.3748/wjg.v20.i20.5962


XIE ET AL. 13 of 13

Wang, K., An, T., Zhou, L. Y., Liu, C. Y., Zhang, X. J., Feng, C., & Li, P. F. (2015).

E2F1-regulated miR-30b suppresses Cyclophilin D and protects heart

from ischemia/reperfusion injury and necrotic cell death. Cell Death and
Differentiation, 22(5), 743–754. https://doi.org/10.1038/cdd.2014.165

Wang, L., Li, K., Wang, C., Shi, X., & Yang, H. (2019). miR-107 regulates

growth and metastasis of gastric cancer cells via activation of the PI3K-

AKT signaling pathway by down-regulating FAT4.CancerMedicine, 8(11),
5264–5273. https://doi.org/10.1002/cam4.2396

Wang, S., Yin, Y., & Liu, S. (2019). Roles of microRNAs during glioma tumori-

genesis and progression. Histology and Histopathology, 34(3), 213–222.
http://doi.org/10.14670/HH-18-040

Weller, M., Cloughesy, T., Perry, J. R., & Wick, W. (2013). Standards of

care for treatment of recurrent glioblastoma–are we there yet? Neuro-
Oncology, 15(1), 4–27. https://doi.org/10.1093/neuonc/nos273

Wu, J., Guo, X., Xu, D., & Zhang, H. (2020). LINC00662 sponges miR-107

accelerating the invasiveness and proliferation of glioma cells. Journal of
Cancer, 11(19), 5700–5712. https://doi.org/10.7150/jca.46381

Wu, Y., &Qian, Z. (2019). Long non-coding RNAs (lncRNAs) andmicroRNAs

regulatory pathways in the tumorigenesis and pathogenesis of glioma.

Discovery Medicine, 28(153), 129–138.
Xia, L., Nie, D., Wang, G., Sun, C., & Chen, G. (2019). FER1L4/miR-372/E2F1

works as a ceRNA system to regulate the proliferation and cell cycle of

glioma cells. Journal of Cellular andMolecularMedicine,23(5), 3224–3233.
https://doi.org/10.1111/jcmm.14198

Xia, X., Xia, J., Yang, H., Li, Y., Liu, S., Cao, Y., Tang, L., & Yu, X. (2019). Baicalein

blocked cervical carcinoma cell proliferation by targeting CCND1 via

Wnt/beta-catenin signaling pathway. Artificial Cells, Nanomedicine, and
Biotechnology, 47(1), 2729–2736. https://doi.org/10.1080/21691401.
2019.1636055

Xie, M., Zhao, F., Zou, X., Jin, S., & Xiong, S. (2017). The association

between CCND1 G870A polymorphism and colorectal cancer risk:

A meta-analysis. Medicine, 96(42), e8269. https://doi.org/10.1097/MD.

0000000000008269

Yamada, D., Fujikawa, K., Kawabe, K., Furuta, T., Nakada, M., &

Takarada, T. (2018). RUNX2 promotes malignant progression

in glioma. Neurochemical Research, 43(11), 2047–2054. https:

//doi.org/10.1007/s11064-018-2626-4

Yang, X., Feng, M., Jiang, X., Wu, Z., Li, Z., Aau, M., & Yu, Q. (2009). miR-449a

and miR-449b are direct transcriptional targets of E2F1 and negatively

regulate pRb-E2F1 activity through a feedback loop by targeting CDK6

and CDC25A.Genes & Development, 23(20), 2388–2393. https://doi.org/
10.1101/gad.1819009

Yang, X., Xiao, Z., Du, X., Huang, L., & Du, G. (2017). Silencing of the long

non-codingRNANEAT1 suppresses glioma stem-like properties through

modulation of the miR-107/CDK6 pathway. Oncology Reports, 37(1),
555–562. https://doi.org/10.3892/or.2016.5266

Yao, J., Yang, Z., Yang, J., Wang, Z. G., & Zhang, Z. Y. (2021). Long non-coding

RNA FEZF1-AS1 promotes the proliferation and metastasis of hepato-

cellular carcinoma via targeting miR-107/Wnt/beta-catenin axis. Aging,
13(10), 13726–13738. http://doi.org/10.18632/aging.202960

Yu, M., Guo, D., Cao, Z., Xiao, L., & Wang, G. (2018). Inhibitory effect

of microRNA-107 on osteosarcoma malignancy through regulation of

Wnt/beta-catenin signaling in vitro.Cancer Investigation,36(3), 175–184.
https://doi.org/10.1080/07357907.2018.1439055

Zhang,K.,Dai, L., Zhang, B., Xu, X., Shi, J., Fu, L., Chen, X., Li, J., &Bai, Y. (2015).

miR-203 is a direct transcriptional target of E2F1 and causes G1 arrest

in esophageal cancer cells. Journal of Cellular Physiology,230(4), 903–910.
https://doi.org/10.1002/jcp.24821

Zhen, Y., Nan, Y., Guo, S., Zhang, L., Li, G., Yue, S., & Liu, X. (2019). Knockdown

ofNEAT1 repressed themalignant progression of glioma through spong-

ing miR-107 and inhibiting CDK14. Journal of Cellular Physiology, 234(7),
10671–10679. https://doi.org/10.1002/jcp.27727

Zhi, T., Jiang, K., Xu, X., Yu, T., Zhou, F., Wang, Y., Liu, N., & Zhang, J.

(2019). ECT2/PSMD14/PTTG1axis promotes the proliferation of glioma

through stabilizing E2F1. Neuro-Oncology, 21(4), 462–473. https://doi.
org/10.1093/neuonc/noy207

Zhou, Q., Liu, J., Quan, J., Liu, W., Tan, H., & Li, W. (2018). MicroRNAs as

potential biomarkers for the diagnosis of glioma: A systematic review

and meta-analysis. Cancer Science, 109(9), 2651–2659. https://doi.org/
10.1111/cas.13714

How to cite this article: Xie, H., Lv, S., Wang, Z., & Yuan, X.

(2021). E2F transcription factor 1 elevates cyclin D1

expression by suppressing transcription of microRNA-107 to

augment progression of glioma. Brain and Behavior, 11, e2399.

https://doi.org/10.1002/brb3.2399

https://doi.org/10.1038/cdd.2014.165
https://doi.org/10.1002/cam4.2396
http://doi.org/10.14670/HH-18-040
https://doi.org/10.1093/neuonc/nos273
https://doi.org/10.7150/jca.46381
https://doi.org/10.1111/jcmm.14198
https://doi.org/10.1080/21691401.2019.1636055
https://doi.org/10.1080/21691401.2019.1636055
https://doi.org/10.1097/MD.0000000000008269
https://doi.org/10.1097/MD.0000000000008269
https://doi.org/10.1007/s11064-018-2626-4
https://doi.org/10.1007/s11064-018-2626-4
https://doi.org/10.1101/gad.1819009
https://doi.org/10.1101/gad.1819009
https://doi.org/10.3892/or.2016.5266
http://doi.org/10.18632/aging.202960
https://doi.org/10.1080/07357907.2018.1439055
https://doi.org/10.1002/jcp.24821
https://doi.org/10.1002/jcp.27727
https://doi.org/10.1093/neuonc/noy207
https://doi.org/10.1093/neuonc/noy207
https://doi.org/10.1111/cas.13714
https://doi.org/10.1111/cas.13714
https://doi.org/10.1002/brb3.2399

	E2F transcription factor 1 elevates cyclin D1 expression by suppressing transcription of microRNA-107 to augment progression of glioma
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Ethical approval
	2.2 | Sample collection
	2.3 | Immunochemistry
	2.4 | Cell culture and treatment
	2.5 | Chromatin immunoprecipitation (ChIP)-qPCR
	2.6 | TOP/FOP flash assay
	2.7 | Immunofluorescence staining
	2.8 | 5-ethynyl-2-deoxyuridine (EdU) labeling
	2.9 | Transwell assay
	2.10 | Flow cytometry
	2.11 | Dual luciferase reporter gene assay
	2.12 | RT-qPCR
	2.13 | Western blot analysis
	2.14 | Xenograft tumors in nude mice
	2.15 | Statistical analysis

	3 | RESULTS
	3.1 | miR-107 inhibits proliferation, migration and invasion, and promotes apoptosis of glioma cells
	3.2 | E2F1 suppresses miR-107 transcription
	3.3 | miR-107 targets CCND1 mRNA
	3.4 | E2F1 regulates the miR-107/CCND1 axis to promote malignant behaviors of glioma cells
	3.5 | E2F1 mediates the Wnt/&#x03B2;&#x2010;catenin signaling pathway
	3.6 | The functions of E2F1, miR-107, and CCND1 in tumorigenesis of glioma cells in vivo

	4 | DISCUSSION
	5 | CONCLUSION
	ACKNOWLEDGMENT
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT
	TRANSPARENT PEER REVIEW

	ORCID
	REFERENCES


