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Abstract: Glioma is a common malignant human brain tumor. The progression of glioma is associated with dysregu-
lation of various microRNAs. Previous studies have demonstrated that microRNA-26b-3p (miR-26b-3p) is correlated 
with the pathogenesis of various tumors, but the functional role of miR-26b-3p and its underlying mechanisms in 
glioma are not clear. Here, we found that overexpression of miR-26b-3p repressed cell migration and proliferation 
and promoted apoptosis. In contrast, the opposite effects were observed when miR-26b-3p was inhibited in glioma 
cells. Anthrax toxin receptor 1 (ANTXR1) was confirmed to be a downstream molecule of miR-26b-3p. Reintroduction 
of ANTXR1 with an ORF region rescued the suppressive effects of miR-26b-3p on proliferation and migration, and 
inhibited the apoptosis of glioma cells. Moreover, the downstream target of miR-26b-3p, ANTXR1, was increased 
in glioma tissues and was inversely correlated with miR-26b-3p. MiR-26b-3p and ANTXR1 were correlated with the 
severity of glioma. Taken together, these results demonstrate that miR-26b-3p is a critical modulator of glioma via 
its downstream molecule, ANTXR1. Further, the miR-26b-3p/ANTXR1 axis may serve as a treatment or diagnostic 
target in glioma.
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Introduction

Glioma is a common and highly malignant type 
of brain tumor that can originate from various 
types of cells. The prognosis of glioma patients 
is poor, despite developments in the treatment 
of glioma, patients have a very short median 
survival time [1-3]. Therefore, further research 
is needed to understand the pathogenesis and 
mechanisms underlying the development of 
glioma, and new diagnostic and therapeutic 
strategies are critical.

MicroRNAs are non-coding small RNAs that 
regulate various cellular processes, such as 
migration, apoptosis, and proliferation. The re- 
gulative mechanisms include the prohibition  
of translation or induction of degradation of 
mRNAs [4-6]. Many human tumors, including 
glioma, exhibit altered miRNA expression, whi- 
ch positively or negatively regulates tumor 
development [7-11]. In particular, several stu- 

dies have shown that multiple miRNAs are 
associated with brain tumors and diseases 
[12-14].

Recent studies showed that miR-26b-3p regu-
lates the progression of several cancers [15-
17]. Further, miR-26b-3p has been shown to 
inhibit cell invasion and proliferation through 
various mechanisms [18, 19]. However, the  
role of miR-26b-3p in various glioma cell be- 
haviors and the targets of miR-26b-3p in glio- 
ma require further study.

In this study, we performed a series of expe- 
riments and assays and found that miR-26b- 
3p is a tumor suppressor and exerts its effects 
via a novel downstream molecule, ANTXR1. 
Moreover, miR-26b-3p and ANTXR1 were in- 
versely correlated in clinical samples and were 
correlated with the severity of glioma malig- 
nancy. 

http://www.ajtr.org
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Materials and methods

Cell culture and human tissues

Human glioblastoma cells (A172, T98G, and 
LN229), astrocytoma cells (U251 and SHG44), 
and HEK293T cells were obtained from the 
iCell company (iCell Bioscience Inc., Shanghai, 
China). Glioma cells were maintained in com-
plete medium. The complete medium com-
prised RPMI 1640 (Hyclone, USA) with 10% 
fetal bovine serum (FBS, GIBCO). Cells were 
cultured in an incubator with 5% CO2 at 37°C.

In total, 551 glioma tissues derived from glio-
ma patients in the TCGA database (http://can-
cergenome.nih.gov/) were studied. Recorded 
data for each sample included the sample 
name, expression value, and status (glioma or 
normal). MicroRNA expression profiles for 107 
glioma samples were also downloaded from 
the Chinese Glioma Genome Atlas (CGGA, 
http://www.cgga.org.cn), and expression pro-
files were compared between low-grade glio- 
ma and high-grade glioma. Moreover, the 
Department of Neurosurgery at the First 
Affiliated Hospital of Zunyi Medical College 
(Zunyi, Guizhou, China) provided us sixteen 
paired glioma tissues. All tissues were collec- 
ted for analysis of the expression of ANTXR1 
and miR-26b-3p and were stored at -80°C.  
All subjects provided written informed con- 
sent, and the study was approved by the insti- 
tutional ethics committee.

Transfection and miRNA oligoes

MiR-26b-3p mimic was used for overexpres-
sion of miR-26b-3p and inhibitors used for 
knockdown of miR-26b-3p were fully designed 
and obtained from RiboBio (Guangzhou, Gu- 
angdong, China). Lipofectamine 2000 (Thermo 
Fisher, Waltham, MA, USA) was used to trans-
fect constructed vectors, miR-26b-3p mimic, 
miR-26b-3p inhibitor, or negative control (NC) 
into glioma cells. After incubation for 8 h at 
37°C, the medium was replaced by the com-
plete medium according to the instructions.

Dual luciferase assay

The ANTXR1 3’-UTR region that potentially 
binds with miR-26b-3p was amplified by PCR 
and cloned into the psiCHECKTM-2 reporter 
plasmid. Briefly, psiCHECKTM-2 reporter plas-

mids and miR-26b-3p mimics were co-trans-
fected into HEK293 and U251 cells in 96-well 
plates. After incubation for 48 h, the luciferase 
activities of glioma cells were determined us- 
ing a Dual-Luciferase Reporter Assay Kit (Pro- 
mega, Fitchburg, WI, USA).

RNA extraction and real time RT-PCR

Trizol reagent (Thermo Fisher., USA) was used 
to isolate the RNA of human specimens and 
cultured cells. 1 μg total RNA was reversely 
transcribed to cDNA according to the All-in-
OneTM miRNA qRT-PCR Detection Kit (QP015, 
GeneCopoeia, Rockville, USA) instructions. The 
following real-time PCR aimed to detect the 
expression levels of miR-26b-3p in glioma cells 
and tissues. U6 was amplified as an internal 
control. Primers used in this analysis were pur-
chased from Genecopoeia. The 2-ΔΔCt analysis 
method was used to determine the relative 
level of miR-26b-3p. These experiments were 
carried out in triplicate.

Western blot assay

After washing with PBS, RIPA buffer and pro-
teinase inhibitors were added to the tubes con-
taining glioma tissues and cultured cells. After 
lysis of these samples, the bicinchoninic acid 
(BCA) method (Thermo Fisher, Waltham, USA) 
was used to quantify the protein concentration 
of each sample. Equal amounts of protein sam-
ples within each group were added into 10% 
SDS-PAGE gels and were separated for 1-2 h. 
Then, the gels were blotted to PVDF mem-
branes (EMD Millipore, Billercia, MA, USA) and 
blocked through incubation in 5% non-fat milk 
at room temperature for 1 h. Anti-ANTXR1 
monoclonal antibody (ANTXR1, 15091-1-AP, 
1:1000; Proteintech, Wuhan, China) or anti-
actin primary antibody (Santa Cruz, CA) was 
used to incubate the membranes overnight at 
4°C. On the second day, the membranes were 
washed and immersed in horseradish peroxi-
dase-conjugated secondary antibodies at room 
temperature for 1 h. Then, enhanced chemilu-
minescence (Pierce, Rockford, IL) was used to 
detect the protein signals of the membranes.

Proliferation analysis

A Cell Counting Kit-8 (Dojindo, Tokyo, Japan) 
was used to assess the proliferation of glioma 
cells in vitro. 1 × 103 glioma cells and 100 μl of 

http://www.cgga.org.cn
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medium were placed into 96-well plates. The 
medium was replaced with 90 μl RPMI 1640 
and 10 μl CCK-8 solution each day during the 
following week. Absorbance at 450 nm for ea- 
ch group was detected after incubation for 3 h.

Migration assay

Cellular migration was examined using a tran-
swell chamber (BD Biosciences, CA, USA). The 
chamber included two compartments: a lower 
chamber and an upper chamber. First, 500 μl 
of complete medium was added into the lower 
chamber to stimulate migration of glioma cells. 
The upper chamber contained 250 μl RPMI 
1640 medium (serum-free) with 1.0 × 105 cells. 
After incubation for 24 h or 48 h, a cotton swab 
was used to remove the glioma cells within the 
upper chamber. Glioma cells within the lower 
chamber were considered to be cells derived 
from the upper chamber. Then, we fixed these 
cells using methanol for 1 h. Finally, glioma 
cells were stained with hematoxylin for 30 min. 
Migration of glioma cells within each group was 
quantified as the average number of stained 
cells in five random 20 × magnification visual 
fields.

Apoptosis assay in vitro

The apoptosis of transfected glioma cells was 
examined according to previously described 
procedures [14].

Immunohistochemistry

Human tissue microarray of 125 glioma pa- 
tients was purchased from Shanghai Outdo 
Biotech Co., Ltd (Shanghai, China). Immuno- 
histochemistry was performed using the fol- 
lowing antibody: rabbit anti-human ANTXR1, 
15091-1-AP, 1:500 (Proteintech, Wuhan, Chi- 
na). Finally, DAB solution (DAKO, Santa Clara, 
USA) and hematoxylin staining solution (Sig- 
ma, Shanghai, China) were used to visualize  
the glioma tissue microarray.

Statistical analysis

In this study, student’s t-test was carried out for 
comparison between two independent groups. 
One-way ANOVA followed by least significance 
difference (LSD) analysis was used for three-
group comparisons. The association between 
the expression of miR-26b-3p and ANTXR1 was 

assessed with a Pearson correlation test.  
Two-way ANOVA followed by Tukey’s post hoc 
analysis was used to analyze the glioma cell 
proliferation test. The results are expressed  
as mean ± SEM. SPSS 16.0 software was used 
to analyze all data, and P<0.05 was regarded 
as statistically significant.

Results

MiR-26b-3p prohibits tumor proliferation in 
glioma cells

To explore the role of miR-26b-3p in glioma 
development, we examined endogenous ex- 
pression levels of miR-26b-3p in several glio- 
ma cell lines. The results showed that the le- 
vels of miR-26b-3p in T98G and SHG44 cells 
were very low, whereas U251 and LN229 ex- 
hibited strong expression of miR-26b-3p (Fi- 
gure 1A). 

To address the functional role of miR-26b-3p  
in glioma cell behaviors, miR-26b-3p mimic  
and its negative control were transfected into 
SHG44 and T98G cells in vitro. QRT-PCR mea-
sured the successful overexpression of miR-
26b-3p in these cells (Figure 1B). We used the 
CCK-8 assay to assess cell viability. The results 
showed that the proliferation of glioma cells 
was decreased in miR-26b-3p overexpressing 
cells (Figure 1C). To explore if miR-26b-3p 
knockdown can reverse this, U251 and LN229 
cells were introduced with miR-26b-3p inhibi-
tor. The results indicated successful inhibition 
of miR-26b-3p (Figure 1D). The CCK-8 assay 
revealed that miR-26b-3p inhibitor repressed 
the proliferation of glioma cells (Figure 1E).

MiR-26b-3p inhibits glioma migration in vitro

Next, we ascertained if miR-26b-3p affects  
the migration of T98G and SHG44 cells in vitro. 
Our results from the migration assay indicated 
that ectopic expression of miR-26b-3p in T98G 
and SHG44 cells significantly decreased cell 
migration (Figure 2A, 2B). To explore if miR-
26b-3p knockdown can reverse this, U251 and 
LN229 cells were introduced with miR-26b-3p 
inhibitor. Then, we assessed the functional role 
of miR-26b-3p inhibitor on the migration of 
U251 and LN229 cells. The results revealed 
enhanced the migration of U251 and LN229 
cells after knockdown of miR-26b-3p (Figure 
2C, 2D). 
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Figure 1. MiR-26b-3p prohibits tumor proliferation in glioma cells. A. Relative expression of miR-26b-3p in various 
glioma cells. B. Ectopic expression of miR-26b-3p in T98G and SHG44 cells by qRT-PCR. C. MiR-26b-3p inhibited the 
proliferation of T98G and SHG44 cells in vitro. D. Expression of miR-26b-3p detected by qPCR was suppressed in 
LN229 and U251 cells transfected with miR-26b-3p inhibitor. E. CCK-8 assay revealed that knockdown of miR-26b-
3p promoted the proliferation of LN229 and U251 cells. *P<0.05, **P<0.01, ***P<0.001.

MiR-26b-3p enhances glioma cell apoptosis

Flow cytometry indicated that overexpression 
of miR-26b-3p resulted in enhanced apoptos- 
is of T98G and SHG44 cells (Figure 3A, 3B).  
On the other hand, flow cytometry revealed  
that U251 and LN229 cells transfected with 
miR-26b-3p inhibitor exhibited reduced apo- 
ptosis (Figure 3C, 3D). Taken together, the 
results so far indicate that miR-26b-3p inhi- 
bits tumor growth and migration and promot- 
es apoptosis in glioma cells. Thus, miR-26b-3p 
plays a tumor-suppressive role in glioma de- 
velopment.

MiR-26b-3p directly binds to and regulates 
ANTXR1 

To evaluate the mechanism by which miR-26b-
3p modulates glioma development, potential 
miR-26b-3p downstream molecules were ex- 
plored via multiple prediction algorithms (miR-
Base, PicTar, and TargetScan). Our prediction 
results showed that ANTXR1 was a possible 
functional downstream target of miR-26b-3p 
according to conserved molecule sequences  
in the region of the ANTXR1 3’UTR (Figure 4A). 
To further analyze whether miR-26b-3p direct- 
ly targets ANTXR1, we performed a luciferase 
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Figure 2. MiR-26b-3p inhibits glioma migration in vitro. (A, B) Migration assay revealed that miR-26b-3p inhibited 
the migration of SHG44 and T98G cells. Representative images (A) and statistical results (B) are shown. (C, D) Tran-
swell assays revealed that miR-26b-3p inhibitor increased the migration of LN229 and U251 cells. Data reflects the 
average of five random fields. **P<0.01, ***P<0.001.

reporter assay in vitro. The results indicated 
that miR-26b-3p repressed the luciferase activ-
ities of the ANTXR1 3’UTR reporter plasmid in 
U251 and HEK293T cells (Figure 4B). We then 
analyzed if miR-26b-3p mimics and inhibitors 
affected the protein levels of ANTXR1 in glioma 
cells. Clear decreases in the levels of ANTXR1 
protein were observed after miR-26b-3p over-
expression in T98G and SHG44 cells, whereas 
the inhibition of miR-26b-3p increased the 
expression levels of ANTXR1 (Figures 4C, 4D 
and S1). Thus, these findings indicate that  
miR-26b-3p can modulate the expression of 
ANTXR1 in glioma cells.

ANTXR1 abolishes miR-26b-3p-induced sup-
pressive effects on proliferation, apoptosis, 
and migration of glioma cells 

The above results indicated that miR-26b-3p 
targets ANTXR1 and regulates the expressi- 
on of ANTXR1 in glioma cells. Thus, we then 
explored if ectopic expression of ANTXR1 could 
reverse the cell behaviors of SHG44 and T98G 
cells transfected with miR-26b-3p mimic. Sin- 

ce miR-26b-3p overexpression reduced the 
expression of ANTXR1, ANTXR1 overexpressing 
vectors with an ORF region were introduced 
into SHG44 and T98G cells transfected with 
miR-26b-3p mimic. Next, cell proliferation, cell 
apoptosis and transwell migration assays we- 
re performed. The results of the rescued ex- 
periments indicated that restoration of ANTXR1 
significantly abolished the suppression of pro-
liferation ability induced by miR-26b-3p (Figure 
5A). Meanwhile, ANTXR1 induced increased  
migration ability (Figure 5B). Moreover, ANTXR1 
prohibited glioma cell apoptosis in cells trans-
fected with miR-26b-3p (Figure 5C). Taken 
together, these results show that miR-26b-3p 
affects proliferation, migration, and apoptosis 
via downstream ANTXR1. 

MiR-26b-3p is downregulated and has a 
negative expression pattern compared with 
ANTXR1 in glioma tissues

To address the role of miR-26b-3p in clinical 
glioma patients, miR-26b-3p expression was 
determined in 16 paired glioma tissues using 
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Figure 3. MiR-26b-3p enhances glioma cell apoptosis. A, B. MiR-26b-3p mimic promoted the apoptosis of SHG44 
and T98G cells by flow cytometry. C, D. Suppression of miR-26b-3p reduced the apoptosis of LN229 and U251 cells. 
Data reflects the average of triplicate experiments. **P<0.01, ***P<0.001.

qRT-PCR. The expression of miR-26b-3p in cli- 
nical tissues was lower than their adjacent 
specimens (Figure 6A). Meanwhile, ANTXR1 
expression in human clinical glioma tissues 
was assessed by Western blotting. The results 
showed that ANTXR1 was upregulated in glio-
ma specimens compared with control tissues 
(Figure 6B). Moreover, an inverse correlation 
between the expression of miR-26b-3p and the 
target gene, ANTXR1, in glioma specimens was 
revealed by linear regression analysis (Figure 
6C).

MiR-26b-3p and ANTXR1 are correlated with 
the severity of glioma

Given that miR-26b-3p was downregulated in 
our glioma tissues, we explored whether miR-
26b-3p was correlated with glioma severity in 
our glioma patients. Transcription levels of miR-
26b-3p in the CGGA database were analyzed 
and the results showed that miR-26b-3p levels 
in WHO III gliomas were significantly reduced 
compared with WHO II gliomas (Figure 7A). 
Moreover, the expression of miR-26b-3p in 
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Figure 4. MiR-26b-3p directly binds to and regulates ANTXR1. (A) 
Predicted binding sites of miR-26b-3p and ANTXR1 3’UTR. (B) 
MiR-26b-3p mimic reduced the luciferase activities of ANTXR1 
3’UTR luciferase reporter vector in HEK-293T and U251 cells. 
(C) Overexpression or depletion of miR-26b-3p in glioma cells 
decreased or increased the expression of ANTXR1, respectively. 
(D) Statistical results of (C). *P<0.05, **P<0.01.
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Figure 5. ANTXR1 abolishes miR-26b-3p-induced suppressive effects on proliferation, apoptosis and migration of 
glioma cells. A. Ectopic expression of ANTXR1 reversed miR-26b-3p-induced inhibition of cell proliferation in SHG44 
and T98G cells. Glioma cell viability was determined by CCK-8 assay following culture for 6 days. B, C. Transwell as-
says indicated that ANTXR1 blocked miR-26b-3p-induced effects on cell migration. Original magnification, × 200. D, 
E. ANTXR1 decreased the glioma cell apoptosis induced by miR-26b-3p by the analysis of flow cytometry. *P<0.05, 
**P<0.01, ***P<0.001.

Figure 6. MiR-26b-3p is downregulated and has a negative expression pattern compared with ANTXR1 in glioma 
tissues. A. Expression of miR-26b-3p was decreased in human glioma specimens compared with control samples. 
B. Results of Western blot showed increased expression of ANTXR1 in human glioma tissues. β-actin served as the 
internal control. C. Pearson’s correlation analysis of the expression of miR-26b-3p and ANTXR1 in clinical glioma 
tissues. *P<0.05, **P<0.01, ***P<0.001.

Figure 7. MiR-26b-3p and ANTXR1 are correlated with the severity of glioma. A. Data from the CGGA database 
showed decreased expression of miR-26b-3p in high-grade glioma specimens compared with low-grade tissues 
(n=107). B. Reduced expression of miR-26b-3p was also found in patients diagnosed with recurrent glioma in the 
CGGA database (n=198). C. The expression of ANTXR1 was upregulated in glioma tissues derived from the TCGA 
database (n=551). D. The expression of ANTXR1 in non-cancerous brain tissues, low-grade glioma tissues and high-
grade glioma tissues was assessed by immunohistochemistry (n=125). *P<0.05, **P<0.01.
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patients with recurrent gliomas was remarkab- 
ly decreased compared to patients with the  
primary gliomas (Figure 7B).

In addition, the TCGA database was analyzed  
to confirm the expression pattern of ANTXR1  
in glioma patients (Figure 7C). Immunohisto- 
chemistry (IHC) was utilized to further elucidate 
the potential role of ANTXR1 in the severity of 
glioma. The IHC results revealed increased 
expression of ANTXR1 in high-grade gliomas 
(Figure 7D). Taken together, these data suggest 
that miR-26b-3p and ANTXR1 are correlated 
with the severity of glioma patients.

Discussion

Over the past few years, many studies have 
shown that microRNAs play roles in various 
tumors, including lung cancer, gastric cancer, 
and large cell lymphoma [20, 21]. In fact, 
microRNAs can prohibit tumor progression [22] 
or promote the development of tumors [23]. 
Previous studies have shown that miR-26b-3p 
is closely linked with breast cancer, intrahepat-
ic cholangiocarcinoma, colorectal cancer, and 
laryngeal cancer [15-17, 24], serving as a tu- 
mor suppressor or oncogene. However, the 
functional role of miR-26b-3p and its underly-
ing mechanism in the development of glioma 
remain to be fully explored.

Here, we revealed that miR-26b-3p prohibits 
glioma development in vitro through various 
cellular processes such as migration, prolifera-
tion, and apoptosis. MicroRNAs can regulate 
these processes through their downstream 
molecules. In this study, we confirmed that 
ANTXR1 is a target gene of miR-26b-3p. AN- 
TXR1 is closely related to the Wnt/β-catenin 
signaling pathway [25], which regulates various 
tumor cell processes, including cell prolifera-
tion and migration [26-29]. Along with ANTXR1, 
microRNAs have been shown to exert their an- 
ti-tumor roles through Wnt/β-catenin signaling 
pathway [30], with a finding which fits with the 
results of this study.

We also assessed the expression of miR-26b-
3p and ANTXR1 in vitro. MiR-26b-3p inverse- 
ly regulated the expression of ANTXR1. Thus, 
miR-26b-3p and ANTXR1 displayed opposite 
expression patterns. We also found an inverse 
correlation between miR-26b-3p and the tar- 

get gene, ANTXR1, in glioma tissues. In general, 
the results of this study indicate that miR-26b-
3p acts as a glioma suppressor through regu- 
lation of ANTXR1.

Although the present results from online data-
bases and clinical glioma tissue samples indi-
cate that ANTXR1 is upregulated in glioma, the 
functional role of ANTXR1 in glioma progres-
sion remains unclear. Our vitro results and cli- 
nical data suggest that ANTXR1 may act as  
an oncogene in glioma progression and may be 
correlated with the severity of glioma malig- 
nance.

Taken together, these findings indicate that 
miR-26b-3p/ANTXR1 signaling may be a novel 
modulator of glioma development. Thus, miR-
26b-3p/ANTXR1 could act as a novel diagnos-
tic or treatment target in glioma.
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Figure S1. The western images of Figure 4.


