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Abstract
Glioblastoma (GBM) is the most malignant and challenging type of astrocytoma 
and also notoriously acknowledged as the most common primary brain tumor glob-
ally. Currently, chemotherapy is the most master therapy for tumor and is essential 
in clinical treatment for GBM. Nevertheless, the characterization of chemotherapy 
resistance seriously hinders clinical chemotherapy treatment. Accordingly, there 
are imperious demands for the exploitation of novel chemosensitizer to promote 
the efficacy of chemotherapy. Our current study was conducted to probe into the 
potential impacts of microRNA (miR)-640 on the chemosensitivity in GBM and 
the associated underlying mechanism. Initially, TargetScan software was utilized 
to predict the targeted genes of miR-640, and the target relationship between miR-
640 and Bcl-2-modifying factor (BMF) was validated by double luciferase report 
assay. Additionally, to explore the role of miR-640/BMF in U251 cells, miR-640 
inhibitor/BMF-siRNA was used. U251 cells were processed with 100 μM temozolo-
mide (TMZ) and detected with CCK-8 kit. Eventually, RT-qPCR and Western blot-
ting were used for evaluating Bcl-2, Bax mRNA, and protein expression level. Flow 
cytometry analysis was performed to measure cellular apoptosis. Initially, the results 
indicated that BMF was the target gene of miR-640. MiR-640 negatively regulated 
BMF expression in GBM cells. Besides, the findings revealed that miR-640 inhi-
bition significantly inhibited U251 cell proliferation, promoted cell apoptosis, and 
increased the sensitivity of GBM cells to TMZ by targeting BMF. Moreover, BMF 
overexpression significantly suppressed U251 cell proliferation, induced cell apop-
tosis, and increased the sensitivity of GBM cells to TMZ. Inhibition of miR-640 
expression enhances chemosensitivity of human GBM cells to TMZ by targeting 
BMF.
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Introduction

Glioblastoma (GBM) is the most common and lethal primary brain tumor disease in 
this world that the incidence of disease was positively correlated with age (Au et al. 
2022). Although advances have been accomplished in the clinical therapy in GBM and 
various of supplementary therapeutic methods have emerged with regulatory approv-
als in mountainous researches, the encouraging clinical manifestations are still absent. 
These patients diagnosed with GBM still suffered with the bitterness from disease, and 
despite accepted aggressive treatment, a dismal prognosis still present (Niu et al. 2021). 
Currently, the master clinical therapeutic approaches were chemotherapy, immuno-
therapy, and surgical treatment, which plays an essential role in the treatment of GBM 
(Laba and Ziolkowski 2021). In the early stage of GBM treatment, most of glioblas-
toma displayed prominent resistance to radiation and chemotherapy. However, the 
notorious characterization of chemotherapy resistance seriously hindered the clinical 
efficacy of chemotherapy. Accordingly, novel chemosensitizer needs to be developed 
for promoting the efficacy of chemotherapy.

MicroRNAs (miRNAs) currently emerged as the master players in cancer and 
numerous studies have indicated the important role of miRNAs in GBM (Nikaki et al. 
2012; Tang et al. 2021; Yuan et al. 2017). Considering the emerging effects of miR-
NAs in tumor microenvironment and the close association between tumor microenvi-
ronment and clinical therapeutic resistance, many researches have been conducted to 
explore the importance of miRNAs in GBM as potential therapeutic targets and bio-
markers (Regazzo et al. 2016). Emerging evidences have suggested the crucial role of 
miR-640 as the risk factor for various neoplastic diseases, which encompassing hepato-
cellular carcinoma, glioblastoma, and breast cancer (Tang et al. 2021; Luo et al. 2021; 
Zhai et  al. 2019). Our previous study also indicated that miR-640 was prominently 
up-regulated in GBM tissue samples exerting tumor-promoting effects. However, the 
underlying mechanism and impacts of miR-640 in the clinical chemosensitivity dis-
played in GBM were still unveiled. Accordingly, in this study we explored the potential 
impacts of miR-640 on the chemosensitivity in GBM and the associated underlying 
mechanism.

BMF, also acknowledged as Bcl-2-modifying factor, is closely associated with cellu-
lar apoptosis and mainly involved in the regulation of autophagy and protein-containing 
complex assembly (Gramantieri et al. 2009; Contreras et al. 2013). Many researches 
have suggested its role in the course of cancer encompassing esophageal squamous cell 
carcinoma, colorectal cancer, and GBM (Fan et al. 2018). Although many researches 
have indicated that BMF is the target gene of many miRNAs, the role of miR-640-BMF 
axis in GBM remains unclear.

This study was designed to probe into the underlying mechanism and effects of 
miR-640-BMF axis in the chemosensitivity of GBM, providing promising therapeutic 
approaches for the clinical resistance of GBM.
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Materials and Methods

Cell Culture

U251 human glioma cell line was purchased from Punosai Life Technologies (Pro-
cell Life Science & Technology Co., Ltd.). U251 cells were cultivated in DMEM 
(Gibco; Thermo Fisher Scientific, Inc.) containing 10% FBS (Gibco; Thermo Fisher 
Scientific, Inc.), 100 mg/ml streptomycin, and 100 IU/ml penicillin (Thermo Fisher 
Scientific, Inc.) and cultured in at 37 °C in a 5%  CO2 humidified atmosphere.

Cellular Transfection and Treatment

miR-640 inhibitor and inhibitor negative control (inhibitor control) were designed 
and purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China). To obtain 
transfected cells, U251 cells were diluted into the cell counting of 2 ×  105 cells/ml 
and cultured in 6-well plates. After 24 h of cellular culture, U251 cells were then 
transfected with miR-640 inhibitor or inhibitor control utilizing Lipofectamine 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.) for 48 h.

To silence or up-regulate BMF in U251 cells, BMF-siRNA or BMF-plasmid 
obtained from Santa Cruz Biotechnology (USA) were transfected into U251 cells by 
utilizing Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) for 48 h.

For TMZ treatment, U251 cells were treated with 100 μM TMZ for 48 h.

Dual‑Luciferase Reporter Assay

For predicting the targeted genes of miR-640, the bioinformatic software StarBase 
was utilized (Li et  al. 2014). To confirm the binding sites between miR-640 and 
BMF, dual-luciferase reporter assay was performed. The 3ʹUTR of BMF, which con-
tains the miR-640 binding site or mutated target site, was synthesized by genomic 
PCR and cloned into pMIR vectors (Ambion, USA) to construct the reporter vector 
BMF wild-type (BMF-WT) or BMF mutated-type (BMF-MUT). The 293  T cells 
(5 ×  104 cells per well; 24 well plates) were transfected with BMF-WT or BMF-
MUT, and the 100  nM miR-640 mimic (Guangzhou RiboBio Co., Ltd., Guang-
zhou, China) or 100 nM mimic control (Guangzhou RiboBio Co., Ltd., Guangzhou, 
China) by Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) accord-
ing to the instructions. After 48  h of cellular transfection, these transfected cells 
were harvested and assessed for luciferase activity utilizing a dual-luciferase assay 
kit (Solarbio).

Western Blotting Analysis

After cellular transfection procedure, U251 cells were lysed and vortexed with cell 
lysis containing proteinase inhibitor (10 ×; Cell Signaling Technology, Inc.). Sub-
sequently, a BCA kit was utilized for protein quantification and redissolve by 10% 
SDS–PAGE. After electrophoresis process, protein samples were transferred on 
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PVDF membrane (EMD Millipore, MA, USA) and incubated with primary anti-
bodies against GAPDH (cat. no. ab9485; dilution: 1:1000; Abcam), BMF (cat. no. 
ab9655; dilution: 1:1000; Abcam), Bcl-2 (ab196495; dilution: 1:2000; Abcam), and 
Bax (cat. no. #2772; dilution: 1:1000; Cell Signaling Technology, Inc.) at 4 ℃ over-
night. After washing, the membranes were incubated with Anti-rabbit IgG, HRP-
linked Antibody (cat. no. #7074; dilution: 1:2000; Cell Signaling Technology, Inc.) 
at 25 ℃ for 1 h. Eventually, ECL detection kit (Beyotime) was utilized for the visu-
alization of protein bands.

RT‑qPCR Analysis

To extract overall RNA in U251 cells, TRIzol reagent (Life Technologies, USA) 
was used in accordance with the instructions from manufactory. The total RNA was 
treated with DNase I (Thermo Fisher Scientific, Inc.) to digest the genomic DNA. 
Then, total RNA (2 μg) was reverse transcribed into cDNA utilizing PrimeScript™ 
RT Kit (Takara Biotechnology Co., Ltd.). Then PCR amplification was conducted 
using the SYBR PrimeScript RT-PCR Kit (TaKaRa) with the ABI 7500 Real-Time 
PCR System (Agilent Technologies, USA). Expression of target genes was calcu-
lated using the  2−ΔΔCt method. Primer sequences were listed as following:

miR-640 forward 5′-GTG ACC CTG GGC AAG TTC CT-3′;
reverse 5′-CCC CAA GGC AAC CGT AGA GG-3′;
U6 forward 5′-CTC GCT TCG GCA GCA CAT ATACT-3′;
reverse 5′-ACG CTT CAC GAA TTT GCG TGTC-3′;
BMF forward 5′-CCA CCA GCC AGG AAG ACA AAG-3′;
reverse 5′-TGC TCC CCA ATG GGC AAG ACT-3′;
Bax forward 5′-TGC TAC AGG GTT TCA TCC AG-3′;
reverse 5′-ATC CAC ATC AGC AAT CAT CC-3′;
Bcl-2 forward 5′-TGG GAT GCC TTT GTG GAA C-3′;
reverse 5′-CAT ATT TGT TTG GGG CAG GTC-3’;
GAPDH forward 5′-CGG AGT CAA CGG ATT TGG TCG TAT -3′;
reverse 5′-AGC CTT CTC CAT GGT GGT GAA GAC -3′.

Cellular Viability and Apoptosis Analysis

After cellular transfection, U251 cells were seeded onto 96-well plates and CCK-8 
reagent (Sigma) was added into each well for 4 h incubation at 37 °C. Subsequently, 
100 µl of DMSO was added and cells were lysed with RIPA for 10 min. Eventually, 
the microplate reader was utilized for measuring absorbance at 490 nm.

After cell transfection, BD flow cytometry (FCM) was utilized for U251 cells 
apoptosis analysis. In brief, the harvested transfected U251 cells were digested with 
0.25% trypsin, then washed with PBS at 4 °C. Subsequently, 5 µl of fluorescein iso-
thiocyanate labeled annexin V and 5 µl propidium iodide (PI; Catalog number 6592; 
Cell Signaling Technology, Inc.) were added into U251 cells and then cells were 
cultured in darkness at 4 °C for 30 min. Finally, to measure and calculate cellular 
apoptosis ratio, FlowJo software (Version 7.6.1; Tree Star Inc.) was conducted.
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Statistical Analysis

SPSS 20.0 statistical software (IBM Corp.) was utilized for statistical analysis in 
this study and subsequently the data were expressed in terms of mean ± standard 
deviation (SD). Unpaired, two-tailed Student’s t tests or one-way ANOVA followed 
by Tukey’s test was performed for data analysis, and p < 0.05 indicated statistical 
significance.

Results

BMF Was Identified as the Target Gene of miR‑640

Considering that our previous study has indicated the important role of miR-640 in 
GBM, we intend to identify the potential target genes of miR-640 and probe into the 
underling mechanism. To screen the target genes of miR-640, TargetScan software 
was utilized. As the predicted results indicated that, there were binding sites between 
miR-640 and BMF at certain region (Fig.  1A). Given that the emerging evidence 
that BMF plays an important role in cellular apoptosis and various cancer, BMF 
was selected for further exploration. Subsequently, double luciferase report assay 
was conducted to validate the association and binding region between miR-640 and 
BMF. As predicted, BMF was identified as a direct target of miR-640 (Fig. 1B).

MiR‑640 Negatively Regulated the Expression of BMF in Glioblastoma Cells

To explore the transcriptional regulatory associations between miR-640 and BMF 
in GBM, U251 cells were transfected, respectively, with inhibitor control, miR-
640 inhibitor, control-siRNA, BMF-siRNA, miR-640 inhibitor+control-siRNA, 
and miR-640 inhibitor+BMF-siRNA for 48  h, and then RT-PCR analysis was 

Fig. 1  BMF is a target of miR-
640. A TargetScan predicted the 
binding sites between BMF and 
miR-640. B Double luciferase 
report assay was performed 
to confirm the binding sites 
between BMF and miR-640. 
**p < 0.01, compared to the 
mimic control group
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conducted to measure the efficacy of transfection. Our results demonstrated that 
in comparison with inhibitor control group, miR-640 inhibitor vector transfection 
prominently suppressed the expression level of miR-640 in U251 cells (Fig. 2A). 
Additionally, transfection of BMF-siRNA significantly lowered the expression of 
BMF in U251 cells when compared with control-siRNA group. Subsequently, the 
results indicated that miR-640 inhibitor profoundly elevated the expression level 
of BMF in U251 cells and this effective was further inversed by BMF-siRNA 
transfection (Fig.  2C and D). Collectively, these evidences indicated the nega-
tively regulatory association between miR-640 and BMF in U251 cells.

Fig. 2  miR-640 negatively regulated the expression of BMF in glioblastoma cells. A Expression lev-
els of miR-640 in U251 cells measured by RT-PCR analysis, B mRNA expression levels of BMF in 
U251 cells measured by RT-PCR analysis, and C, D mRNA and protein expression levels of BMF in 
U251 cells measured by RT-PCR analysis and western blot assay. All data are presented as mean ± SD. 
**p < 0.01, compared to the inhibitor control group; ##p < 0.01, compared to the control-siRNA group; 
&&, p < 0.01, compared to the miR-640 inhibitor+control-siRNA group
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Suppression of miR‑640 Inhibited the Cellular Proliferation and Induced Cellular 
Apoptosis in GBM Cells by Up‑Regulating BMF Expression Level

Considering the important role of BMF in cellular proliferation and apoptosis, we 
thus further explored the potential role of miR-640-BMF axis in GBM cell prolif-
eration and apoptosis. The results suggested that compared with inhibitor control 
group, miR-640 inhibitor transfection pronouncedly suppressed the prolifera-
tion activity (Fig.  3A) and induced cellular apoptosis of U251 cells (Fig.  3B and 
C). Additionally, the transfection of miR-640 inhibitor vector significantly elevated 
Bax and down-regulated Bcl-2 protein and mRNA expression levels in U251 cells 
(Fig. 3D–F). As expected, all these effects of miR-640 inhibitor on U251 cells were 
reversed by BMF-siRNA transfection.

Inhibition of miR‑640 Expression Promoted the Chemosensitivity to TMZ in GBM 
Cells by Up‑Regulating the Expression of BMF

To probe into the potential role of miR-640 on the chemosensitivity of GBM cells to 
TMZ, U251 cells were co-transfected with inhibitor control, miR-640 inhibitor, miR-
640 inhibitor+control-siRNA and miR-640 inhibitor+BMF-siRNA vector and pro-
cessed with TMZ. Our results suggested that the cellular viability of TMZ+miR-640 
inhibitor group was pronouncedly down-regulated and the cellular apoptosis level 
was significantly up-regulated in comparison with TMZ+inhibitor control group 
(Fig.  4A–C). Moreover, compared with TMZ+inhibitor group, the protein and 
mRNA level of Bax were prominently elevated in TMZ+miR-640 inhibitor group 
(Fig. 4D and E). Compared with TMZ+inhibitor group, the mRNA expression and 
protein level of Bcl-2 were significantly decreased by miR-640 inhibitor (Fig. 4D 
and F). Nevertheless, all these trends were reversed by BMF-siRNA transfection.

Fig. 3  Suppression of miR-640 inhibited the cellular proliferation and induced cellular apoptosis in GBM 
cells by up-regulating BMF expression level U251 cells were transfected with inhibitor control, miR-640 
inhibitor, miR-640 inhibitor+control-siRNA, or miR-640 inhibitor+BMF-siRNA for 48  h. Then, cells 
proliferation activity was measured by CCK-8 kit (A), cell apoptosis was analyzed by flow cytometer 
(B, C), and the protein and mRNA levels of Bax and Bcl-2 were determined using western blot assay 
and RT-qPCR (D–F). All data are presented as mean ± SD. **p < 0.01, compared to the inhibitor control 
group; ##p < 0.01, compared to the miR-640 inhibitor+control-siRNA group
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BMF Significantly Suppressed the Cellular Proliferation of U251 Cells 
and Enhanced the Chemosensitivity to TMZ

After co-transfected with control-plasmid or BMF-plasmid for 48 h, U251 cells were 
collected for RT-PCR and western blotting analysis to measure transfection effi-
ciency. Subsequently, CCK-8 kit and flow cytometry were conducted to detect cellu-
lar viability and apoptosis. Western blotting and RT-PCR were, respectively, utilized 
for Bcl-2 and Bax protein and mRNA expression level measurements. Our results 
demonstrated that BMF-plasmid transfection significantly elevated the expression 
level of BMF in U251 cells compared with control-plasmid group (Fig. 5A and B). 
Additionally, BMF-plasmid significantly suppressed the cellular proliferation and 
induced cellular apoptosis in U251 cells (Fig.  5C–E). Western blotting and RT-
qPCR results indicated that Bax protein and mRNA expression level were pronounc-
edly elevated and Bcl-2 protein and mRNA level were markedly decreased by BMF-
plasmid transfection (Fig. 5F–H).

To further explore the potential role of BMF in the chemosensitivity of GBM 
cells to TMZ, U251 cells were co-transfected control-plasmid or BMF-plasmid and 
then treated with 100  μM of TMZ. The results indicated that cellular viability of 
U251 cells in TMZ+BMF-plasmid group was prominently down-regulated and cel-
lular apoptosis was significantly enhanced when compared with TMZ+control-plas-
mid group (Fig.  6A–C). Moreover, compared with TMZ+control-plasmid group, 
the Bax protein and mRNA expression level were pronouncedly elevated and Bcl-2 
protein and mRNA level in U251 cells were significantly decreased (Fig. 6D–F) in 
TMZ+BMF-plasmid group. These results suggested that BMF could significantly 
suppress the cellular proliferation of U251 cells and enhanced the chemosensitivity 
of U251 cells to TMZ.

Fig. 4  Inhibition of miR-640 promoted the chemosensitivity to TMZ in GBM cells by up-regulating 
the expression of BMF. U251 cells were transfected with inhibitor control, miR-640 inhibitor, miR-
640 inhibitor+control-siRNA, or miR-640 inhibitor+BMF-siRNA in the presence of 100 μM of TMZ 
for 48 h. Then, cells proliferation activity was measured by CCK-8 kit (A), cell apoptosis was analyzed 
by flow cytometer (B, C), and the protein and mRNA levels of Bax and Bcl-2 were determined using 
western blot assay and RT-qPCR (D–F). All data are presented as mean ± SD. **p < 0.01, compared to 
the TMZ+inhibitor control group; ##p < 0.01, compared to the TMZ+miR-640 inhibitor+control-siRNA 
group
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Discussion

In this current study, we demonstrated that miR-640 down-regulation significantly 
suppressed cellular proliferation and promoted cellular apoptosis by targeting BMF, 
which confirmed the stimulative effects of miR-640 on GBM. A current study indi-
cated that miR-186-5p was closely associated with the chemosensitivity of GBM 
cells to TMZ (Xiong et al. 2019). This research demonstrated that inhibition of miR-
640 expression could enhance the chemosensitivity of GBM cells to TMZ by up-
regulating BMF expression.

Previous studies have illustrated the crucial role of miR-640 in various cancer and 
the biological processes. For example, miR-640 was reported to participate in breast 
cancer by targeting Wnt7b/β-catenin signaling pathway (Tang et al. 2021). Addition-
ally, miR-640 has also been evidenced to be involved in angiogenesis process (Harel 

Fig. 5  BMF significantly suppressed the cellular proliferation and induced cell apoptosis of U251 cells 
U251 cells were transfected with control-plasmid or BMF-plasmid for 48 h. Then, A, B mRNA and pro-
tein expression levels of BMF in U251 cells measured by RT-PCR analysis and western blot assay, C 
cells proliferation activity was measured by CCK-8 kit, cell apoptosis was analyzed by flow cytometer 
(D, E), and the protein and mRNA levels of Bax and Bcl-2 were determined using western blot assay 
and RT-qPCR (F–H). All data are presented as mean ± SD. **p < 0.01, compared to the control-plasmid 
group
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et al. 2020). Numerous researches have unveiled the underlying mechanism of miR-
640 in several tumor-related diseases, the involved pathways were inflammatory 
signaling including NF-κB signaling pathway and HIF-1α signaling pathway, and 
WNT signaling pathways which are closely associated with tumor growth and pro-
gression (Masson et al. 2001; Kirikoshi et al. 2001; Hanada et al. 2009). Neverthe-
less, there are rare associated reports about the role of miR-640 in the development 
and tumor formation of GBM. Our previous study revealed that miR-640 promotes 
cell viability, proliferation, and adhesion in GBM cells (Luo et al. 2021). This study 
indicated that miR-640 down-regulation significantly suppressed GBM cell prolif-
eration and induced cell apoptosis by targeting BMF.

BMF has been prevalently accepted to be associated with cellular apoptosis 
by interacting with various intracellular proteins which including MCL1, BCL2, 
BCL2L1/BCL-Xl, BCL2A1, and BCL2L2/BCL-w (Gramantieri et al. 2009; Kang 
et  al. 2014; Yee et  al. 2016). BMF also has been identified as targeted gene of 
various miRNAs encompassing miR-874-3p, miR-125b, and miR-29b, which are 
involved in the process of osteoclastogenesis, ischemic injury, and cellular apoptosis 
of esophageal squamous cell carcinoma (Fan et al. 2018; Sul et al. 2019; Jiang et al. 
2019). However, few studies about the potential role of BMF in GBM have been 
reported. In our study, we validated the crucial role of BMF in GBM performed 
on U251 cell line and identified BMF as a target gene of miR-640. The findings of 
current study indicated that BMF overexpression significantly suppressed U251 cell 
proliferation and induced cell apoptosis. Actually, there are nine protein isoforms of 
BMF, and this study did not study which isoform of BMF is. This was a limitation 
of this study.

In the clinical treatment of GBM, TMZ was the routine therapeutic medicine and 
the resistance of GBM to it was a common phenomenon (Karachi et al. 2018). Con-
sidering the highly refractory and highly poor clinical outcome refractory of TMZ 

Fig. 6  BMF promoted the chemosensitivity to TMZ in GBM cells U251 cells were transfected with con-
trol-plasmid or BMF-plasmid in the presence of 100 μM of TMZ for 48 h. Then, cells proliferation activ-
ity was measured by CCK-8 kit (A), cell apoptosis was analyzed by flow cytometer (B, C), and the pro-
tein and mRNA levels of Bax and Bcl-2 were determined using western blot assay and RT-qPCR (D–F). 
All data are presented as mean ± SD. **p < 0.01, compared to the TMZ+control-plasmid group
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treatment in GBM, various explorations have been conducted and numerous mean-
ingful works have been put forward (Vehlow et al. 2019; Peng et al. 2016). Accord-
ingly, unveiling the potential mechanism of the chemosensitivity to TMZ of GBM 
cells and supplementary therapy for it would be particularly important. In this cur-
rent study, we initially explored the potential role of miR-640 and evidenced the 
miR-640-BMF axis in the chemosensitivity of GBM cells to TMZ. The data indi-
cated that inhibition of miR-640 expression enhances chemosensitivity of human 
GBM cells to TMZ by up-regulating BMF expression.

In summary, our finding suggested that miR-640 may facilitate cellular prolifera-
tion and suppress cellular apoptosis in GBM by targeting BMF gene. Additionally, 
we established a miR-640-BMF axis and initially probed into its role in the chemo-
sensitivity of GBM cells to TMZ.

Conclusions

Inhibition of miR-640 expression could enhance the chemosensitivity of GBM 
cells to TMZ by targeting BMF. MiR-640/BMF may be a potential target for GBM 
treatment.
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