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Abstract
Long non-coding RNAs (lncRNAs) have been widely reported to regulate the development and chemoresistance of a variety 
of tumors. Temozolomide (TMZ) is a first-line chemotherapy for treatment of glioma. However, the effect and the regulatory 
mechanism of lncRNA MSC-AS1 (MSC-AS1) in TMZ-resistant glioma remain unrevealed. Levels of MSC-AS1, microRNA-
373-3p (miR-373-3p), and cytoplasmic polyadenylation element binding protein 4 (CPEB4) were determined by quantitative 
real-time polymerase chain reaction (qRT-PCR). All protein expression was detected by western blot. Cell viability and the 
half maximal inhibitory concentration  (IC50) value of TMZ was assessed by cell counting kit-8 (CCK-8) assay. Cell cloning 
ability and apoptosis were examined by colony formation and flow cytometry assays, respectively. Dual-luciferase reporter 
and RNA immunoprecipitation (RIP) assays were performed to verify the correlation between miR-373-3p and MSC-AS1 
or CPEB4. The xenograft models were established to determine the effect of MSC-AS1 in vivo. MSC-AS1 was up-regulated 
in TMZ-resistant glioma tissues and cells, and glioma patients with high MSC-AS1 expression tend to have lower overall 
survival rate. MSC-AS1 suppression reduced the  IC50 value of TMZ and proliferation, promoted apoptosis and TMZ sensitiv-
ity, and affected PI3K/Akt pathway in TMZ-resistant glioma cells. MSC-AS1 acted as miR-373-3p sponge, and miR-373-3p 
directly targeted CPEB4. Silencing miR-373-3p reversed the promoting effect of MSC-AS1 or CPEB4 knockdown on TMZ 
sensitivity. Furthermore, MSC-AS1 knockdown inhibited TMZ-resistant glioma growth in vivo by regulating miR-373-3p/
CPEB4 axis through PI3K/Akt pathway. Collectively, MSC-AS1 knockdown suppressed cell growth and the chemoresistance 
of glioma cells to TMZ by regulating miR-373-3p/CPEB4 axis in vitro and in vivo through activating PI3K/Akt pathway.
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Introduction

Glioma is one of the most common malignant brain tumors, 
accounting for 40–50% of intracranial tumors [1]. Despite 
improvements in the clinical therapeutic approaches for gli-
oma, the median survival time of patients is still less than 
1 year [2]. Temozolomide (TMZ) is a kind of alkylation 

anti-tumor drug, and it is widely employed as the first-line 
chemotherapy in glioma patients [3, 4]. But, recent studies 
indicated that patients developed resistance to TMZ treat-
ment, resulting in unsatisfactory treatment effect of TMZ 
[5]. So it is urgently needed to figure out the mechanisms 
of TMZ resistance so as to improve the effect of TMZ 
chemotherapy.

Recently, numerous studies have reported that dysregu-
lation of non-coding RNAs (ncRNA), including long non-
coding RNAs (lncRNAs) and microRNAs (miRNAs), plays 
an important role in tumors development [6, 7]. In general, 
lncRNAs can act as competing endogenous RNAs (ceR-
NAs) of miRNAs to promote or inhibit tumor tumorigenesis 
and drug resistance [8, 9]. For instance, lncRNA CASC2 
restrained the growth and TMZ resistance of glioma cells 
by sponging miR-181a [10]. lncRNA XIST could enhance 
the resistance of glioma cells to TMZ through interacting 
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with miR-29c [11]. lncRNA MSC-AS1 (MSC-AS1) has 
been found to be up-regulated in kidney renal clear cell car-
cinoma [12] and pancreatic ductal adenocarcinoma [13] and 
plays a carcinogenic role. More than that, MSC-AS1 could 
facilitate osteogenic differentiation and attenuate osteopo-
rosis via binding to miR-140-5p [14]. However, the expres-
sion pattern and mechanism of MSC-AS1 in glioma remain 
unknown, let alone the regulation of TMZ resistance. miR-
373 was reported to be decreased in glioma, and the overall 
survival was poorer in glioma patients with low miR-373 
expression [15]. Interestingly, miR-373-3p was boosted in 
tongue squamous cell carcinoma and esophageal squamous 
cell carcinoma, and promoted tumor cell development [16, 
17], suggesting that miR-373-3p has a dual role. Besides, 
miR-373-3p was degraded in pancreatic carcinoma, and 
repressed cell growth, metastasis, and gemcitabine resist-
ance [18]. Thus, we wondered whether miR-373-3p could 
modulate the TMZ resistance in glioma cells.

Cytoplasmic polyadenylation element binding protein 4 
(CPEB4), which is a member of the CPEB family, has been 
shown to be aggrandized in many malignant tumors, such 
as gastric cancer [19] and breast cancer [20]. Many reports 
have also revealed the role of CPEB4 in glioma, as it was up-
regulated in glioma, and it could be regulated by the lncRNA 
FOXD2-AS1/miR-98-5p axis to participate in glioma cell 
proliferation, metastasis, and TMZ resistance [21]. However, 
whether there was a link between miR-373-3p and CPEB4 
in TMZ-resistant glioma remains unclear. In addition, previ-
ous study has shown that inhibition of PI3K/AKT pathway 
affected the function of CPEB4 [22]. Therefore, whether 
MSC-AS1 activates the PI3K/AKT signaling pathway in 
TMZ-resistant glioma remains to be further elaborated.

In this research, MSC-AS1 expression in TMZ-resistant 
glioma tissues and cells, and the impact of MSC-AS1 on 
proliferation, apoptosis, PI3K/AKT pathway, and TMZ 
resistance in TMZ-resistant glioma cells were investigated. 
Furthermore, we also explored the potential molecular 
mechanisms mediated by MSC-AS1.

Materials and methods

Clinical specimens and cell culture

50 Glioma tissues and 25 peritumoral brain edema tissues 
(normal tissues) were collected at Chinese PLA General 
Hospital. The sample tissues were collected with glioma 
patient consent and all participants signed informed con-
sent forms. The detailed information of patients is pro-
vided in Table 1. Glioma patients were divided into resist-
ant group (n = 25) and sensitive group (n = 25) based on 
their sensitivity to TMZ treatment. Tissues were frozen in 

liquid nitrogen after collection. The study was approved by 
the Ethics Committee of Chinese PLA General Hospital.

Human glioma cell lines LN229 and SHG-44 and 
renal epithelial cell line 293T were obtained from Procell 
(Wuhan, China), cultured in Roswell Park Memorial Insti-
tute 1640 (RPMI 1640, HyClone, South Logan, UT, USA) 
supplemented with 10% fetal bovine serum (FBS, Gibco, 
USA) at 37 °C with 5%  CO2. TMZ-resistant cell lines 
were established as described by Tian et al. [23]. Briefly, 
LN229 and SHG-44 cells were treated with an initial TMZ 
concentration of 1 μM for 2 weeks. Then, the TMZ dose 
was doubled, and each dose was hatched for 2 weeks, and 
the final concentration was added to 400 μM. The estab-
lished TMZ-resistant cells were named as LN229/TR and 
SHG-44/TR.

Transfection

Small interfering RNA against MSC-AS1 1, 2, and 3 (si-
MSC-AS1-1, si-MSC-AS1-2, si-MSC-AS1-3) or CPEB4 
(si-CPEB4) and control (si-NC), miR-373-3p mimic, 
inhibitor, and their matched controls (mimic NC, inhibitor 
NC) were synthesized by RiboBio (Guangzhou, China). 
Lentivirus packaged sh-MSC-AS1 plasmid (RiboBio) 
was used to suppress the expression of MSC-AS1, and 
sh-NC acted as the negative control. These structures were 

Table 1  The correlation of MAS-AS1 expression and the clinical 
characteristic of Glioma patients

Characteristics MAS-AS1 expression P-value

High (n, %) Low (n, %)

Age (years)
 < 60 20 12 8 0.3868
 ≥ 60 30 13 17

Gender
 Male 32 18 14 0.3772
 Female 18 7 11

Tumor size (cm)
 < 3 21 5 16 0.0037
 ≥ 3 29 20 9

WHO classification
 I + II 35 13 22 0.0121
 III + IV 15 12 3

Lymph node metastasis
 Yes 26 9 17 0.0465
 No 24 16 8

TMZ drug resistance
 TMZ sensitive 25 7 18 0.0042
 TMZ resistant 25 18 7
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transfected into cells by Lipofectamine 3000 (Invitrogen, 
Carlsbad, CA, USA).

Quantitative real‑time polymerase chain reaction 
(qRT‑PCR)

Glioma tissues and cells were collected, and their total 
RNAs were extracted by TRIzol (Invitrogen). The reverse 
transcription was performed using a Reverse Transcrip-
tion Kit (Takara, Wuhan, China). The relative expression 
was detected by qRT-PCR using SYBR Green PCR Master 
Mix (Takara) on the ABI 7500 Fast Real-Time PCR sys-
tem (Applied Biosystems, Foster City, CA, USA). U6 and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were 
used as endogenous controls for miR-373-3p and MSC-AS1 
or CPEB4. The primers explored were listed as below: MSC-
AS1, Forward (F): 5′-GCC AGT CAG AAA ATG AGG AAC-
3′ and Reverse (R): 5′-CCA GTT GGG TGA ACA GGA C-3′; 
miR-373-3p, F: 5′-GAA GTG CTT CGA TTT TGC C-3′ and 
R: 5′-GAA TAC CTC GGA CCC TGC -3′; CPEB4, F: 5′-TGG 
GGA TCA GCC TCT TCA TA-3′ and R: 5′-CAA TCC GCC TAC 
AAA CAC CT-3′; GAPDH, F: 5′-GCA CCG TCA AGG CTG 
AGA AC-3′ and R: 5′-ATG GTG GTG AAG ACGC CAGT-3′; 
and U6, F: 5′-CTC GCT TCG GCA GCACA-3′ and R: 5′-AAC 
GCT TCA CGA ATT TGC GT-3′.

Western blot assay

The proteins from glioma tissues and cells were lysed in 
RIPA buffer (Thermo Fisher Scientific, Waltham, MA, 
USA), separated using sodium dodecyl sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE), and then transferred 
to polyvinylidene fluoride membranes (PVDF, Invitrogen). 
After blocked with 5% skim milk powder for 2 h, the mem-
branes were probed with primary antibodies overnight at 
4 °C and maintained in horseradish peroxidase-linked sec-
ondary antibodies (1:4000, Abcam, Cambridge, MA, USA) 
for 1 h. Finally, the proteins were visualized by chemilumi-
nescence and the relative protein expression was analyzed 
by the ImageJ software and normalized to GAPDH. The 
primary antibodies were myeloid cell leukemia-1 (MCL-1, 
1:1000, Abcam), multidrug resistance-associated protein-1 
(MRP-1, 1:500, Abcam), cyclinD1 (1:2000, Abcam), B-cell 
lymphoma-2-associated x (Bax, 1:2000, Abcam), caspase-3 
(1:2000, Abcam), CPEB4 (1:1000, Thermo Fisher Scien-
tific), PI3K (1:1000, Abcam), P-PI3K (1:1000, Abcam), 
AKT (1:1000, Abcam), P-AKT (phospho Ser473) (1:1000, 
Abcam), and GAPDH (1:2000, Abcam).

TMZ chemosensitivity and cell viability assay

LN229/TR and SHG-44/TR cells after stable transfection 
were tiled into the 96-well plates and treated with different 

concentrations of TMZ (0–3 μM) for 48 h. The concentra-
tion selection was based on the study of Tan et al. [24]. 
Then, 10 μL cell counting kit-8 (CCK-8, Dojindo, Shanghai, 
China) was added to the cells and incubated for another 3 h. 
The absorbance at 450 nm was measured by a Microplate 
reader. The half maximal inhibitory concentration  (IC50) 
value of TMZ was employed to assess the sensitivity of 
TMZ in glioma cells.

Colony formation assay

LN229/TR and SHG-44/TR cells were inoculated at the den-
sity of 800 cells/well in 6-well plates and transfected. Cells 
were cultured in RPMI 1640 with 10% FBS and 300 μmol/L 
TMZ. 2 weeks later, the supernatant of medium was dis-
carded and cells were fixed and stained with 0.1% crystal 
violet (Beyotime, Beijing, China) for 20 min. The stained 
and visible colonies were counted and photographed.

Cell apoptosis analysis

Cell apoptosis rate was determined by using an Annexin 
V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) 
apoptosis detection kit (Keygen, Beijing, China). TMZ-
resistant glioma cells were first transfected. After 48 h later, 
cells were harvested and washed. Then, cells were stained 
with 5 μL Annexin V-FITC and 5 μL PI for 15 min in the 
dark. Cell apoptosis was analyzed by flow cytometry (BD 
Biosciences, Franklin Lake, NJ, USA).

Dual‑luciferase reporter assay

Bioinformatics analysis (starBase v3.0) was used to predict 
targets of miR-373-3p. To verify the potential interaction 
between miR-373-3p and MSC-AS1 or CPEB4, we sub-
cloned MSC-AS1 or CPEB4 with site-directed mutation or 
not in the miR-373-3p binding site into the pmirGLO vector 
(Promega, Fitchburg, WI, USA). Therefore, luciferase activ-
ity represents the expression and activity of miR-373-5p. 
The products were named as MSC-AS1 wt, MSC-AS1 mut, 
CPEB4 3′UTR wt, and CPEB4 3′UTR mut, and they were 
co-transfected into HEK-293T cells with miR-373-3p mimic 
or mimic NC, respectively. 24 h later, the cells were lysed 
and the luciferase activity was examined by a dual-luciferase 
reporter assay kit (Promega).

RNA immunoprecipitation (RIP) assay

EZMagna RIP kit (Millipore, Billerica, MA, USA) was used 
in RIP assay. LN229/TR and SHG-44/TR cells were col-
lected and cleaved by cell lysis, following incubated with 
magnetic beads conjugated to Argonaute-2 (Ago2) antibody 
or immunoglobulin G (IgG) antibody. Subsequently, the 
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RNAs from the beads were purified and extracted by TRI-
zol. The levels of MSC-AS1 and miR-373-3p were measured 
by qRT-PCR.

Tumor formation assay

LN229/TR and SHG-44/TR cells transfected with sh-MSC-
AS1 or sh-NC were subcutaneously injected into 4-week-old 
male nude mice (n = 6 each group). At 10 days after the 
injection, tumor volume was measured and then detected 
every other 4 days. TMZ (25 mg/kg) was intraperitoneally 
injected into the mice every day when the tumors reached 
100  mm3. The volume of the tumor was calculated by fol-
lowing formula: volume  (mm3) = (longest tumor diame-
ter × shortest tumor  diameter2)/2. 30 days later, all mice were 
euthanized and tumor weight was measured. In addition, 
tumor tissues were stripped to extract the RNAs and pro-
teins. The animal experiments were approved by the Animal 
Care and Use Committee of Chinese PLA General Hospital.

Statistical analysis

Data were acquired with at least three replicates and shown 
as the mean ± standard deviation (SD). Comparisons among 
multiple groups were evaluated by one-way analysis of 

variance (ANOVA) and the differences between two groups 
were analyzed by Student’s t-test through GraphPad Prism 
7. Statistical significance was defined as the P value less 
than 0.05.

Result

MSC‑AS1 was highly expressed in TMZ‑resistant 
in glioma cells and tissues

To identify glioma resistance-related lncRNAs, we ana-
lyzed the expression profile of lncRNAs in the GSE113510 
microarray dataset downloaded from the GEO database. As 
shown in Fig. 1a, 40 lncRNAs were up-regulated in TMZ-
resistant glioma cells (229R). Excluding the miRNAs which 
its roles in cancers have not previously been reported, MSC-
AS1 was the top up-regulated lncRNA. Research has shown 
that MSC-AS1 acts as a tumor promoter in hepatocellular 
carcinoma [25], nasopharyngeal carcinoma [26], and kid-
ney renal clear cell carcinoma [12]. However, the effect of 
MSC-AS1 in glioma cancer is still limited. Thus, MSC-AS1 
was selected for further research. We used qRT-PCR to vali-
date MSC-AS1 expression in glioma tissues, and MSC-AS1 
was significantly higher in glioma tissues than that normal 
tissues, and higher level of MSC-AS1 was observed in 

Fig. 1  MSC-AS1 was highly expressed in TMZ-resistant in glioma 
cells and tissues. a 40 Up-regulated lncRNAs in TMZ-resistant 
glioma cell line (229R) compared to its parental cell line (LN299) 
were shown from downloaded the GSE113510 dataset. b MSC-AS1 
expression in glioma and normal tissues, TMZ-resistant, and TMZ-
sensitive glioma tissues was measured by qRT-PCR. c MSC-AS1 
expression in LN229/TR and SHG-44/TR cells compared to their 

parental cells (LN229 and SHG-44) was analyzed by qRT-PCR. d 
The overall survival rate in glioma patients with high MSC-AS1 
expression compared to patients with low MSC-AS1 expression was 
evaluated using Kaplan–Meier overall survival curve. e The diag-
nostic efficiency of MSC-AS1 in glioma. f The levels of MCL-1 and 
MRP-1 in TMZ-resistant and TMZ-sensitive glioma tissues were 
measured by western blot. *P < 0.05
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TMZ-resistant glioma tissues compared to TMZ-sensitive 
glioma tissues (Fig. 1b). Consistently, qRT-PCR results 
showed that MSC-AS1 expression was markedly increased 
in TMZ-resistant (TR) glioma cells (LN229/TR and SHG-
44/TR) compared with their parental cells (LN229 and SHG-
44) (Fig. 1c). Besides, glioma patients with high MSC-AS1 
expression showed a shorter 5-year overall survival than that 
in glioma patients with low MSC-AS1 expression (Fig. 1d). 
And the receiver operating characteristic (ROC) analysis of 
the sensitivity and specificity showed that the area under the 
RPC curve (AUC) was 0.8052 for MSC-AS1 in detecting 
glioma patients from the healthy people (Fig. 1e).

MCL-1, an anti-apoptotic member of the BCL-2 family 
proteins, is frequently overexpressed in a variety of cancers 
[27]. A number of studies have confirmed the pivotal roles 
of MCL-1 in cancer cell survival and apoptosis resistance, 
as in vitro evidence documenting the pro-apoptotic and 
chemosensitization effects of Mcl-1 knockdown [28–30]. 
In TMZ-resistant glioma tissues, the expression levels of 
resistant marker proteins MCL-1 and MRP-1 were increased 
(Fig. 1f). To confirm that we have successfully generated 
the TMZ-resistant glioma cell lines, we also measured the 
expression of resistant marker proteins. As shown in Fig. 
S1a, the protein levels of MCL-1 and MRP-1 were distinctly 
facilitated in LN229/TR and SHG-44/TR cells in contrast to 
their parental cells. In addition, the viability of LN229/TR 
and SHG-44/TR cells was drastically enhanced in a TMZ 
(0–400 μM) dose-dependent manner, and the half maximal 
inhibitory concentration  (IC50) value of TMZ in LN229/TR 
and SHG-44/TR cells was increased (Fig. S1b), suggesting 
TMZ-resistant glioma cell lines were successfully estab-
lished. The results demonstrated that MSC-AS1 might play 
an important role in glioma resistance to TMZ.

MSC‑AS1 knockdown inhibited cell proliferation, 
induced TMZ sensitivity and cell apoptosis, 
and affected PI3K/AKT pathway in TMZ‑resistant 
glioma cells

Given that MSC-AS1 was highly expressed in TMZ-resistant 
glioma cell lines, we knocked down MSC-AS1 in LN229/
TR and SHG-44/TR cells by transfection of si-MSC-AS1-1, 
si-MSC-AS1-2, and si-MSC-AS1-3. The efficiency of 
MSC-AS1 knockdown was determined by qRT-PCR. The 
data showed that MSC-AS1 expression was significantly 
decreased in LN229/TR and SHG-44/TR cells transfected 
with si-MSC-AS1-1, si-MSC-AS1-2, and si-MSC-AS1-3 
compared to control group and the si-MSC-AS1-1 had the 
most obvious inhibitory effect (Fig. 2a, b). When MSC-AS1 
was silenced in LN229/TR and SHG-44/TR cells, TMZ 
could decrease cell viability in a dose-dependent manner and 
the  IC50 value of TMZ was reduced (Fig. 2c). Furthermore, 
colony formation assay showed that repression of MSC-AS1 

degraded the rate of colony formation in LN229/TR and 
SHG-44/TR cells (Fig. 2d). On the contrary, flow cytom-
etry assay demonstrated that interference with MSC-AS1 
fortified the apoptosis rate of LN229/TR and SHG-44/TR 
cells (Fig. 2e). Meanwhile, western blot results indicated that 
the levels of MCL-1, MRP-1, and cell cycle-related protein 
cyclinD1 were down-regulated in LN229/TR and SHG-44/
TR cells transfected with si-MSC-AS1-1 with respect to that 
cells transfected with si-NC, and the levels of pro-apoptotic 
proteins Bax and caspase-3 were up-regulated. In addition, 
the PI3K/Akt pathway-related proteins P-PI3K and P-AKT 
were markedly decreased (Fig. 2f). Moreover, we also uti-
lized the si-MSC-AS1-3 to knockdown the expression of 
MSC-AS1. The data also showed that the cell colony was 
significantly decreased after silencing MSC-AS1 (Fig. 2a). 
These results suggested that silencing MSC-AS1 could 
suppress cell growth and TMZ resistance in TMZ-resistant 
glioma cells through PI3K/Akt pathway.

MSC‑AS1 directly targeted miR‑373‑3p

Mounting evidence has revealed that lncRNAs act as 
molecular sponges and effectively inhibit miRNA func-
tion [8, 9]. Based on online lncRNA-miRNA binding 
databases (starBase v2.0), more than 50 miRNAs have 
the potential binding sites for MSC-AS1. We performed 
a systematic Literature search in pumped and screened 6 
miRNAs (miR-29b-3p, miR-142-5p, miR-373-3p, miR-
302a-3p, miR-524-3p, and miR-330-3p), which was 
down-regulated in glioma specimens. qRT-PCR assay 
was performed to detect the expression of these miR-
NAs in glioma specimens and TMZ-resistant glioma tis-
sues. As shown in Fig. S3a, compared with normal tis-
sues, miRNAs expression was noticeably decreased in 
glioma tissues. While in TMZ-resistant glioma tissues, 
the expression of miRNAs was further reduced compared 
to TMZ-resistant glioma tissues (Fig. S3b). Besides, the 
expression of miRNAs was also reduced in TMZ-resistant 
glioma cells LN229/TR (Fig. S3c) and SNG-44/TR (Fig. 
S3d). Among the top de-regulated lncRNAs was miR-
373-3p. Considering miR-373 was decreased in glioma 
[15], and it could elevate the chemosensitivity of pancre-
atic carcinoma cells [18], we further investigated whether 
miR-373-3p was involved in glioma resistance to TMZ. 
We first measured miR-373-3p expression in glioma tis-
sues by qRT-PCR. As presented in Fig. 3a, miR-373-3p 
expression was markedly reduced in glioma tissues and 
TMZ-resistant glioma tissues compared to normal tis-
sues and TMZ-sensitive glioma tissues. Meanwhile, we 
observed that miR-373-3p expression was down-regulated 
in LN229/TR and SHG-44/TR cells versus their paren-
tal cells (LN229 and SHG-44) (Fig. 3b). Interestingly, 
miR-373-3p was predicted as a potential target gene for 
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MSC-AS1 using starBase v3.0 online database (Fig. 3c). 
To verify whether miR-373-3p was a direct target gene 
of MSC-AS1, dual-luciferase reporter assay was per-
formed in 293T cells. As shown in Fig. 3d, miR-373-3p 
mimic degraded the luciferase activity of MSC-AS1 wt, 
but not that of the MSC-AS1 mut, indicating a direct 
binding between them. RIP assay demonstrated that the 

enrichments of MSC-AS1 and miR-373-3p were enhanced 
in LN229/TR and SHG-44/TR cells combined with Ago2 
antibody compared with the control group (Fig.  3e). 
These findings supported that MSC-AS1 could interact 
with miR-373-3p in TMZ-resistant glioma cells.

Fig. 2  MSC-AS1 knockdown inhibited cell proliferation and induced 
TMZ sensitivity and cell apoptosis in TMZ-resistant glioma cells. 
LN229/TR and SHG-44/TR cells were transfected with si-NC or si-
MSC-AS1-1. a and b MSC-AS1 expression was measured by qRT-
PCR. c Cell viability and  IC50 value of TMZ were evaluated using 

CCK-8 assay. d and e The number of cell colony and cell apoptosis 
rate were determined by colony formation assay and flow cytometry 
assay, respectively. f The protein levels of MCL-1, MRP-1, cyclinD1, 
Bax, P-PI3K, P-AKT, and caspase-3 were detected by western blot. 
*P < 0.05
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Knockdown of miR‑373‑3p reversed the effects 
of MSC‑AS1 depletion on TMZ‑resistant glioma cells

We then evaluated whether MSC-AS1 regulated the pro-
liferation, apoptosis, and TMZ resistance by targeting 
miR-373-3p in TMZ-resistant glioma cells. LN229/TR and 
SHG-44/TR cells were co-transfected with si-MSC-AS1-1 
and miR-373-3p inhibitor. The results showed that miR-
373-3p inhibitor could reverse the facilitated impact of si-
MSC-AS1-1 on miR-373-3p expression (Fig. 4a). The cell 
viability and TMZ  IC50 value (Fig. 4b) as well as the rate 
of colony formation (Fig. 4c) of LN229/TR and SHG-44/
TR cells were obviously repressed by silencing MSC-AS1, 
whereas facilitated by interfering with miR-373-3p. The pro-
moting effect of MSC-AS1 knockdown on TMZ-resistant 

glioma cells apoptosis could be counteracted by suppression 
of miR-373-3p (Fig. 4d). Meanwhile, MSC-AS1 knockdown 
decreased the levels of MCL-1, MRP-1, cyclinD1, P-PI3K, 
and P-AKT, and raised Bax and caspase-3 levels, whereas 
counteracted by inhibition of miR-373-3p (Fig. 4e). These 
results supported that MSC-AS1 knockdown inhibited cell 
proliferation and induced TMZ sensitivity and cell apopto-
sis in TMZ-resistant glioma cells by targeting miR-373-3p 
through regulating PI3K/Akt pathway.

CPEB4 was a target of miR‑373‑3p

In view of the key role of CPEB4 in glioma [21], we won-
dered whether there was a connection between CPEB4 and 
miR-373-3p. The expression of CPEB4 was first detected 

Fig. 3  MSC-AS1 directly targeted miR-373-3p. a The relative expres-
sion of miR-373-3p in glioma and normal tissues, TMZ-resistant, 
and TMZ-sensitive glioma tissues was examined by qRT-PCR. b 
The relative expression of miR-373-3p in LN229/TR and SHG-44/
TR cells compared to their parental cells (LN229 and SHG-44) was 
measured by qRT-PCR. c starBase v3.0 predicted there were bind-

ing sites between MSC-AS1 and miR-373-3p, and the mutant binding 
sites were displayed. d Dual-luciferase reporter assay was performed 
in 293T cells to verify the correlation between MSC-AS1 and miR-
373-3p. e RIP assay was used to confirm MSC-AS1 could bind to 
miR-373-3p in LN229/TR and SHG-44/TR cells. *P < 0.05
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in glioma tissues. As shown in Fig. 5a, b, CPEB4 was up-
regulated in glioma tissues and TMZ-resistant glioma tissues 
at mRNA and protein levels. Consistent with the results in 
tissues, the mRNA and protein levels of CPEB4 in LN229/
TR and SHG-44/TR cells were notably enhanced than their 
parental cells (Fig. 5c, d). Since CPEB4 and miR-373-3p 
had opposite expression patterns, we then predicted the tar-
get genes of miR-373-3p by starBase v3.0 and found that 
there were complementary sites that bind to miR-373-3p 
in the 3′UTR of CPEB4 (Fig. 5e). Dual-luciferase assay 
revealed that the luciferase activity of CPEB4 3′UTR wt 
was degraded by miR-373-3p mimic, but there was no sig-
nificant change in the luciferase activity of CPEB4 3′UTR 
mut in 293T cells (Fig. 5f), indicating CPEB4 was the target 
for miR-373-3p.

Silencing miR‑373‑3p reversed the inhibitory 
effect of CPEB4 knockdown on TMZ resistance 
in TMZ‑resistant glioma cells

We further investigated the combined effect of miR-373-3p 
and CPEB4 on the proliferation, apoptosis, and TMZ resist-
ance of TMZ-resistant glioma cells. As displayed in Fig. 6a, 
b, the mRNA level and protein level of CPEB4 were obvi-
ously down-regulated in glioma cells transfected with si-
CPEB4, while this promoting effect was reversed in glioma 
cells co-transfected with si-CPEB4 and miR-373-3p. CCK-8 
showed that the cell viability and  IC50 value of TMZ were 
restrained by CPEB4 knockdown, whereas facilitated by 
miR-373-3p suppression in LN229/TR and SHG-44/TR 
cells (Fig. 6c). The inhibition of si-CPEB4 on the number 

Fig. 4  Knockdown of miR-373-3p reversed the effects of MSC-AS1 
depletion on TMZ-resistant glioma cells. LN229/TR and SHG-44/
TR cells were transfected with si-NC, si-MSC-AS1-1, si-MSC-
AS1-1 + inhibitor NC, or si-MSC-AS1-1 + miR-373-3p inhibitor. a 
The relative expression of miR-373-3p was detected by qRT-PCR. 

b Cell viability and  IC50 value of TMZ were estimated using CCK-8 
assay. c and d The number of cell colony and cell apoptosis rate were 
assessed by colony formation assay and flow cytometry assay, respec-
tively. e Western blot was performed to assess the levels of MCL-1, 
MRP-1, cyclinD1, Bax, P-PI3K, P-AKT, and caspase-3. *P < 0.05
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of cell colony (Fig. 6d) and the promotion on cell apoptosis 
(Fig. 6e) could be reversed by miR-373-3p deficiency. More-
over, knockdown of CPEB4 degraded the levels of MCL-
1, MRP-1, P-PI3K, P-AKT, and cyclinD1, and augmented 
the levels of Bax and caspase-3, whereas these effects were 
weakened by silencing miR-373-3p in LN229/TR and SHG-
44/TR cells (Fig. 6f, g). These data suggested that CPEB4 
could be targeted by miR-373-3p to regulate the prolifera-
tion, apoptosis, and TMZ resistance in TMZ-resistant glioma 
cells via activating PI3K/Akt pathway.

MSC‑AS1 knockdown could reduce the expression 
of CPEB4 by sponging miR‑373‑3p

Since MSC-AS1 could act as miR-373-3p sponge, and 
CPEB4 was the target for miR-373-3p, we further explored 
whether MSC-AS1 could regulate CPEB4 expression by 
targeting miR-373-3p. As shown in Fig. 7a, b, transfection 
with si-MSC-AS1-1 distinctly decreased the mRNA and 
protein levels of CPEB4. We also detected the CPEB4 
expression was significantly down-regulated in si-MSC-
AS1-3 group shown in Fig. S2b. However, the inhibi-
tory effect of si-MSC-AS1-1 on CPEB4 expression was 

Fig. 5  CPEB4 was a target of miR-373-3p. a and b The mRNA and 
protein levels of CPEB4 in glioma and normal tissues, TMZ-resist-
ant, and TMZ-sensitive glioma tissues were analyzed by qRT-PCR 
and western blot, respectively. c and d The mRNA and protein lev-
els of CPEB4 in LN229/TR and SHG-44/TR cells compared to their 

parental cells (LN229 and SHG-44) were evaluated by qRT-PCR 
and western blot, respectively. e starBase v3.0 predicted there were 
miR-373-3p binding sites in the 3′UTR of CPEB4. f Dual-lucif-
erase reporter assay was used in 293T cells to verify the correlation 
between CPEB4 and miR-373-3p. *P < 0.05
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Fig. 6  Silencing miR-373-3p reversed the inhibitory effect of CPEB4 
knockdown on TMZ resistance in TMZ-resistant glioma cells. 
LN229/TR and SHG-44/TR cells were transfected with si-NC, si-
CPEB4, si-CPEB4 + inhibitor NC, or si-CPEB4 + miR-373-3p inhibi-
tor. a and b The mRNA and protein levels of CPEB4 were detected 
by qRT-PCR and western blot, respectively. c Cell viability and  IC50 

value of TMZ were examined by CCK-8 assay. d and e The number 
of cell colony and cell apoptosis rate were determined by colony for-
mation assay and flow cytometry assay, respectively. f and g The lev-
els of MCL-1, MRP-1, cyclinD1, Bax, and caspase-3 were measured 
by western blot. *P < 0.05
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counteracted by miR-373-3p inhibitor in LN229/TR and 
SHG-44/TR cells, suggesting that MSC-AS1 could regu-
late CPEB4 expression by binding to miR-373-3p in TMZ-
resistant glioma cells.

Silencing MSC‑AS1 suppressed the growth 
of TMZ‑resistant glioma cells in vivo

To further explore the impact of MSC-AS1 knockdown 
on the growth of implanted LN229/TR tumors in vivo, 
LN229/TR cells stably transfected with sh-NC or sh-
MSC-AS1 were inoculated into the flanks of nude mice. 
The results showed that MSC-AS1 knockdown inhibited 
tumor growth by reducing tumor volume and weight 
(Fig. 8a, b). qRT-PCR results indicated that lower lev-
els of MSC-AS1 and CPEB4 were observed in tumors of 

LN229/TR-sh-MSC-AS1 group than that in the tumors of 
LN229/TR-sh-NC group, and higher level of miR-373-3p 
was shown in tumors of LN229/TR-sh-MSC-AS1 group 
(Fig. 8c), and the protein expression of CPEB4 was also 
decreased in LN229/TR-sh-MSC-AS1 group (Fig. 8d). 
Consistently, SHG-44/TR stably transfected with sh-NC 
or sh-MSC-AS1 was inoculated into the flanks of nude 
mice. Tumor volume and weight were reduced by MSC-
AS1 inhibition (Fig. 8e, f). In addition, MSC-AS1 and 
CPEB4 levels were down-regulated and miR-373-3p was 
up-regulated in SHG-44/TR-sh-MSC-AS1 group (Fig. 8g); 
the protein expression of CPEB4 was also degraded in 
SHG-44/TR-sh-MSC-AS1 group (Fig. 8h). Additionally, 
compared to control group, the protein levels of MCL-
1, MRP-1, P-PI3K, P-AKT, and cyclinD1 were dwindled 
in LN229/TR and SHG-44/TR-sh-MSC-AS1 groups, and 
the levels of Bax and caspase-3 were promoted (Fig. 8i). 

Fig. 7  MSC-AS1 knockdown could reduce the expression of CPEB4 
by sponging miR-373-3p. LN229/TR and SHG-44/TR cells were 
transfected with si-NC, si-MSC-AS1-1, si-MSC-AS1-1 + inhibitor 

NC, or si-MSC-AS1-1 + miR-373-3p inhibitor. a and b The mRNA 
and protein levels of CPEB4 were determined by qRT-PCR and west-
ern blot, respectively. *P < 0.05



710 Molecular and Cellular Biochemistry (2021) 476:699–713

1 3

Therefore, MSC-AS1 knockdown impaired the growth 
of TMZ-resistant glioma cells in vivo by sponging miR-
373-3p and hampering CPEB4 expression via PI3K/Akt 
pathway.

Discussion

TMZ-based chemotherapy after surgical resection is a com-
mon clinical treatment for glioma patients [31]. However, 
the resistance of patients to TMZ makes the treatment effect 

unsatisfactory, so it is urgent to explore novel molecular 
resistance mechanism to improve the treatment strategy. In 
our study, we identified lncRNAs that might have prognostic 
value for glioma resistance through the GSE113510 micro-
array dataset, and finally identified MSC-AS1 as the study 
object.

MSC-AS1 was first reported to be augmented in hepato-
cellular carcinoma [32]. In addition, MSC-AS1 was an onco-
genic gene of pancreatic cancer and kidney renal clear cell 
carcinoma, and MSC-AS1 overexpression hampered gemcit-
abine-induced apoptosis in pancreatic cancer cells [12, 13]. 

Fig. 8  Silencing MSC-AS1 suppressed the growth of TMZ-resistant 
glioma cells in vivo. LN229/TR or SHG-44/TR cells transfected with 
sh-NC or sh-MSC-AS1 were inoculated into the flanks of nude mice. 
a and b Tumor volume and weight were measured in nude mice inoc-
ulated with LN229/TR cells. c The levels of MSC-AS1, miR-373-3p, 
and CPEB4 were detected by qRT-PCR in resected tumor tissues. d 
CPEB4 protein expression in resected tumor tissues was determined 
by western blot. e and f Tumor volume and weight were examined 

in nude mice inoculated with SHG-44/TR cells. g The levels of 
MSC-AS1, miR-373-3p, and CPEB4 in tumor tissues of nude mice 
inoculated with SHG-44/TR cells were analyzed by qRT-PCR. h The 
protein expression of CPEB4 was measured by western blot. i The 
protein levels of MCL-1, MRP-1, cyclinD1, Bax, P-PI3K, P-AKT, 
and caspase-3 in resected tumor tissues of nude mice inoculated 
with LN229/TR or SHG-44/TR cells were detected by western blot. 
*P < 0.05



711Molecular and Cellular Biochemistry (2021) 476:699–713 

1 3

In this study, MSC-AS1 was not only up-regulated in glioma 
tissues but also increased in TMZ-resistant glioma tissues 
and cells. Furthermore, glioma patients with high MSC-AS1 
expression had a poor 5-year overall survival. To understand 
whether MSC-AS1 was associated with TMZ resistance, we 
established the TMZ-resistant glioma cells, and the expres-
sion of drug-resistant marker proteins MCL-1 and MRP-1 was 
increased, and the cells showed higher cell viability in TMZ-
resistant glioma cells, suggesting that the successful estab-
lishment of cell model. Subsequently, we found that MSC-
AS1 knockdown impaired cell viability, proliferation, and the 
 IC50 value of TMZ, and promoted apoptosis and sensitivity 
in TMZ-resistant glioma cells, indicating the potential role 
of MSC-AS1 in modulating the resistance of glioma cells to 
TMZ.

lncRNA has been shown to interact with miRNAs to regu-
late tumor cell progression, and MSC-AS1 was validated to 
modulate osteogenic differentiation and osteoporosis by spong-
ing miRNA-140-5p [14]. We speculated whether MSC-AS1 
can interact with other miRNAs to regulate TMZ resistance 
of glioma cells. As expected, down-regulated miR-373-3p in 
TMZ-resistant glioma was the downstream target miRNA 
of MSC-AS1. Previously, Zhou and Gao et al. revealed that 
lncRNA SNHG16 and HOXA-AS2 potentiated the tumorigen-
esis of glioma cells by decreasing miR-373 [33, 34], and miR-
373-3p could inhibited proliferation and promoted apoptosis 
in gemcitabine-resistant pancreatic carcinoma cells [18]. In 
accordance with these data, when si-MSC-AS1-1 and miR-
373-3p inhibitor were co-transfected into cells, the inhibitory 
effect of si-MSC-AS1-1 on TMZ resistance was reversed, 
suggesting that repression of MSC-AS1 degraded the TMZ 
resistance through increasing miR-373-3p in TMZ-resistant 
glioma cells.

It is well established that miRNA could regulate mRNA 
activity by binding to the 3′UTR of target gene [35]. CPEB4 
was an oncogenic gene that was up-regulated in a variety 
of tumors [36], and it was considered a potential marker for 
defining metastatic cancers [37]. PI3K/Akt pathway was the 
CPEB4 downstream signaling pathway which regulated vari-
ous tumor progression [38–40]. In the present study, CPEB4 
was raised in TMZ-resistant glioma, and it could be targeted 
by miR-373-3p. Similarly, down-regulation of CPEB4 could 
inhibit cell proliferation and viability, elevate apoptosis and 
TMZ sensitivity, and affect the PI3K/Akt pathway-related pro-
teins, whereas these effects were overturned by miR-373-3p 
inhibition. Our results were consistent with previous studies, 
in which Gu et al. showed that FOXD2-AS1 deficiency can 
hinder cell proliferation and TMZ resistance and promote 
apoptosis in TMZ-resistant glioma cells by up-regulating 
miR-98-5p and decreasing CPEB4 [41], and we revealed that 
MSC-AS1 knockdown could impede cell proliferation, viabil-
ity, and TMZ resistance and facilitate apoptosis by increasing 

miR-373-3p and reducing CPEB4 in vitro and in vivo through 
activating PI3K/Akt pathway.

Conclusion

In conclusion, MSC-AS1 suppression degraded CPEB4 
expression by sponging miR-373-3p, thereby suppressing 
cell viability,  IC50 value of TMZ, proliferation, TMZ resist-
ance, and elevating apoptosis in TMZ-resistant glioma cells 
in vitro and in vivo via PI3K/Akt pathway, indicating that 
MSC-AS1 might be a prognostic marker in TMZ-based 
glioma chemotherapy.

Acknowledgements The authors sincerely appreciate all members 
participated in this study.

Funding No funding was received.

Compliance with ethical standards 

Conflict of interest All the authors declare that they have no conflict of 
interest or financial ties to disclose.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

 1. Rajesh Y, Pal I, Banik P, Chakraborty S, Borkar SA, Dey G, 
Mukherjee A, Mandal M (2017) Insights into molecular therapy 
of glioma: current challenges and next generation blueprint. Acta 
Pharmacol Sin 38:591–613. https ://doi.org/10.1038/aps.2016.167

 2. Huang S, Wang C, Yi Y, Sun X, Luo M, Zhou Z, Li J, Cai Y, Jiang 
X, Ke Y (2015) Krüppel-like factor 9 inhibits glioma cell prolif-
eration and tumorigenicity via downregulation of miR-21. Cancer 
Lett 356:547–555. https ://doi.org/10.1016/j.canle t.2014.10.007

 3. Chen Y, Meng D, Wang H, Sun R, Wang D, Wang S, Fan J, Zhao 
Y, Wang J, Yang S, Huai C, Song X, Qin R, Xu T, Yun D, Hu L, 
Yang J, Zhang X, Chen H, Chen J, Chen H, Lu D (2015) VAMP8 
facilitates cellular proliferation and temozolomide resistance in 
human glioma cells. Neuro-oncology 17:407–418. https ://doi.
org/10.1093/neuon c/nou21 9

 4. Newlands ES, Stevens MF, Wedge SR, Wheelhouse RT, Brock C 
(1997) Temozolomide: a review of its discovery, chemical proper-
ties, pre-clinical development and clinical trials. Cancer Treat Rev 
23:35–61. https ://doi.org/10.1016/s0305 -7372(97)90019 -0

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/aps.2016.167
https://doi.org/10.1016/j.canlet.2014.10.007
https://doi.org/10.1093/neuonc/nou219
https://doi.org/10.1093/neuonc/nou219
https://doi.org/10.1016/s0305-7372(97)90019-0


712 Molecular and Cellular Biochemistry (2021) 476:699–713

1 3

 5. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJ, 
Janzer RC, Ludwin SK, Allgeier A, Fisher B, Belanger K, Hau 
P, Brandes AA, Gijtenbeek J, Marosi C, Vecht CJ, Mokhtari K, 
Wesseling P, Villa S, Eisenhauer E, Gorlia T, Weller M, Lacombe 
D, Cairncross JG, Mirimanoff RO (2009) Effects of radiotherapy 
with concomitant and adjuvant temozolomide versus radiother-
apy alone on survival in glioblastoma in a randomised phase III 
study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol 
10:459–466. https ://doi.org/10.1016/s1470 -2045(09)70025 -7

 6. Farazi TA, Spitzer JI, Morozov P, Tuschl T (2011) miRNAs in 
human cancer. J Pathol 223:102–115. https ://doi.org/10.1002/
path.2806

 7. Huang Y, Guo Q, Ding XP, Wang X (2020) Mechanism of long 
noncoding RNAs as transcriptional regulators in cancer. RNA 
Biol. https ://doi.org/10.1080/15476 286.2019.17104 05

 8. Xiao Y, Jiao C, Lin Y, Chen M, Zhang J, Wang J, Zhang Z (2017) 
lncRNA UCA1 contributes to imatinib resistance by acting as a 
ceRNA against miR-16 in chronic myeloid leukemia cells. DNA 
Cell Biol 36:18–25. https ://doi.org/10.1089/dna.2016.3533

 9. Li C, Gao Y, Li Y, Ding D (2017) TUG1 mediates methotrexate 
resistance in colorectal cancer via miR-186/CPEB2 axis. Biochem 
Biophys Res Commun 491:552–557. https ://doi.org/10.1016/j.
bbrc.2017.03.042

 10. Liao Y, Shen L, Zhao H, Liu Q, Fu J, Guo Y, Peng R, Cheng 
L (2017) lncRNA CASC2 interacts with miR-181a to modulate 
glioma growth and resistance to TMZ through PTEN pathway. J 
Cell Biochem 118:1889–1899. https ://doi.org/10.1002/jcb.25910 

 11. Du P, Zhao H, Peng R, Liu Q, Yuan J, Peng G, Liao Y (2017) 
lncRNA-XIST interacts with miR-29c to modulate the chemore-
sistance of glioma cell to TMZ through DNA mismatch repair 
pathway. Biosci Rep. https ://doi.org/10.1042/bsr20 17069 6

 12. Hu Z, Li L, Cheng P, Liu Q, Zheng X, Peng F, Zhang Q (2020) 
lncRNA MSC-AS1 activates Wnt/β-catenin signaling pathway to 
modulate cell proliferation and migration in kidney renal clear 
cell carcinoma via miR-3924/WNT5A. J Cell Biochem 121:4085–
4093. https ://doi.org/10.1002/jcb.29594 

 13. Sun Y, Wang P, Yang W, Shan Y, Zhang Q, Wu H (2019) The 
role of lncRNA MSC-AS1/miR-29b-3p axis-mediated CDK14 
modulation in pancreatic cancer proliferation and gemcitabine-
induced apoptosis. Cancer Biol Ther 20:729–739. https ://doi.
org/10.1080/15384 047.2018.15291 21

 14. Zhang N, Hu X, He S, Ding W, Wang F, Zhao Y, Huang Z (2019) 
lncRNA MSC-AS1 promotes osteogenic differentiation and allevi-
ates osteoporosis through sponging microRNA-140-5p to upregu-
late BMP2. Biochem Biophys Res Commun 519:790–796. https 
://doi.org/10.1016/j.bbrc.2019.09.058

 15. Jing SY, Jing SQ, Liu LL, Xu LF, Zhang F, Gao JL (2017) Down-
expression of miR-373 predicts poor prognosis of glioma and 
could be a potential therapeutic target. Eur Rev Med Pharmacol 
Sci 21:2421–2425

 16. Wang L, Wang L, Chang W, Li Y, Wang L (2019) MicroRNA-373 
promotes the development of esophageal squamous cell carcinoma 
by targeting LATS2 and OXR1. Int J Biol Markers 34:148–155. 
https ://doi.org/10.1177/17246 00819 82796 4

 17. Weng J, Zhang H, Wang C, Liang J, Chen G, Li W, Tang H, Hou 
J (2017) miR-373-3p targets DKK1 to promote EMT-induced 
metastasis via the Wnt/β-catenin pathway in tongue squamous 
cell carcinoma. Biomed Res Int 2017:6010926. https ://doi.
org/10.1155/2017/60109 26

 18. Hu W, Liu Q, Pan J, Sui Z (2018) miR-373-3p enhances the che-
mosensitivity of gemcitabine through cell cycle pathway by target-
ing CCND2 in pancreatic carcinoma cells. Biomed Pharmacother 
105:887–898. https ://doi.org/10.1016/j.bioph a.2018.05.091

 19. Cao G, Chen D, Liu G, Pan Y, Liu Q (2018) CPEB4 promotes 
growth and metastasis of gastric cancer cells via ZEB1-mediated 

epithelial- mesenchymal transition. Onco Targets Ther 11:6153–
6165. https ://doi.org/10.2147/ott.s1754 28

 20. Lu R, Zhou Z, Yu W, Xia Y, Zhi X (2017) CPEB4 promotes cell 
migration and invasion via upregulating Vimentin expression in 
breast cancer. Biochem Biophys Res Commun 489:135–141. https 
://doi.org/10.1016/j.bbrc.2017.05.112

 21. Hu W, Yang Y, Xi S, Sai K, Su D, Zhang X, Lin S, Zeng J (2015) 
Expression of CPEB4 in human glioma and its correlations with 
prognosis. Medicine (Baltim) 94:e979. https ://doi.org/10.1097/
md.00000 00000 00097 9

 22. Arasaki Y, Li M, Akiya T, Nozawa I, Ezura Y, Hayata T (2020) 
The RNA-binding protein Cpeb4 is a novel positive regulator 
of osteoclast differentiation. Biochem Biophys Res Commun 
528:621–627. https ://doi.org/10.1016/j.bbrc.2020.05.089

 23. Tian T, Li A, Lu H, Luo R, Zhang M, Li Z (2015) TAZ promotes 
temozolomide resistance by upregulating MCL-1 in human gli-
oma cells. Biochem Biophys Res Commun 463:638–643. https ://
doi.org/10.1016/j.bbrc.2015.05.115

 24. Tan Z, Zhao J, Jiang Y (2018) miR-634 sensitizes glioma cells 
to temozolomide by targeting CYR61 through Raf-ERK signal-
ing pathway. Cancer Med 7:913–921. https ://doi.org/10.1002/
cam4.1351

 25. Cao C, Zhong Q, Lu L, Huang B, Li J, Meng L, Wei H (2020) 
Long noncoding RNA MSC-AS1 promotes hepatocellular carci-
noma oncogenesis via inducing the expression of phosphoglycer-
ate kinase 1. Cancer Med 9:5174–5184. https ://doi.org/10.1002/
cam4.3080

 26. Yao H, Yang L, Tian L, Guo Y, Li Y (2020) lncRNA MSC-AS1 
aggravates nasopharyngeal carcinoma progression by targeting 
miR-524-5p/nuclear receptor subfamily 4 group A member 2 
(NR4A2). Cancer Cell Int 20:138. https ://doi.org/10.1186/s1293 
5-020-01202 -1

 27. Placzek WJ, Wei J, Kitada S, Zhai D, Reed JC, Pellecchia M 
(2010) A survey of the anti-apoptotic Bcl-2 subfamily expression 
in cancer types provides a platform to predict the efficacy of Bcl-2 
antagonists in cancer therapy. Cell Death Dis 1:e40. https ://doi.
org/10.1038/cddis .2010.18

 28. Quinn BA, Dash R, Azab B, Sarkar S, Das SK, Kumar S, Oye-
sanya RA, Dasgupta S, Dent P, Grant S, Rahmani M, Curiel DT, 
Dmitriev I, Hedvat M, Wei J, Wu B, Stebbins JL, Reed JC, Pel-
lecchia M, Sarkar D, Fisher PB (2011) Targeting Mcl-1 for the 
therapy of cancer. Expert Opin Investig Drugs 20:1397–1411. 
https ://doi.org/10.1517/13543 784.2011.60916 7

 29. Beekman AM, Howell LA (2016) Small-molecule and peptide 
inhibitors of the pro-survival protein Mcl-1. ChemMedChem 
11:802–813. https ://doi.org/10.1002/cmdc.20150 0497

 30. Chen L, Fletcher S (2017) Mcl-1 inhibitors: a patent review. 
Expert Opin Ther Pat 27:163–178. https ://doi.org/10.1080/13543 
776.2017.12498 48

 31. Minniti G, Muni R, Lanzetta G, Marchetti P, Enrici RM (2009) 
Chemotherapy for glioblastoma: current treatment and future 
perspectives for cytotoxic and targeted agents. Anticancer Res 
29:5171–5184

 32. Gu JX, Zhang X, Miao RC, Xiang XH, Fu YN, Zhang JY, Liu 
C, Qu K (2019) Six-long non-coding RNA signature predicts 
recurrence-free survival in hepatocellular carcinoma. World J 
Gastroenterol 25:220–232. https ://doi.org/10.3748/wjg.v25.i2.220

 33. Zhou XY, Liu H, Ding ZB, Xi HP, Wang GW (2020) lncRNA 
SNHG16 promotes glioma tumorigenicity through miR-373/
EGFR axis by activating PI3K/AKT pathway. Genomics 
112:1021–1029. https ://doi.org/10.1016/j.ygeno .2019.06.017

 34. Gao Y, Yu H, Liu Y, Liu X, Zheng J, Ma J, Gong W, Chen J, Zhao 
L, Tian Y, Xue Y (2018) Long non-coding RNA HOXA-AS2 
regulates malignant glioma behaviors and vasculogenic mimicry 
formation via the miR-373/EGFR axis. Cell Physiol Biochem 
45:131–147. https ://doi.org/10.1159/00048 6253

https://doi.org/10.1016/s1470-2045(09)70025-7
https://doi.org/10.1002/path.2806
https://doi.org/10.1002/path.2806
https://doi.org/10.1080/15476286.2019.1710405
https://doi.org/10.1089/dna.2016.3533
https://doi.org/10.1016/j.bbrc.2017.03.042
https://doi.org/10.1016/j.bbrc.2017.03.042
https://doi.org/10.1002/jcb.25910
https://doi.org/10.1042/bsr20170696
https://doi.org/10.1002/jcb.29594
https://doi.org/10.1080/15384047.2018.1529121
https://doi.org/10.1080/15384047.2018.1529121
https://doi.org/10.1016/j.bbrc.2019.09.058
https://doi.org/10.1016/j.bbrc.2019.09.058
https://doi.org/10.1177/1724600819827964
https://doi.org/10.1155/2017/6010926
https://doi.org/10.1155/2017/6010926
https://doi.org/10.1016/j.biopha.2018.05.091
https://doi.org/10.2147/ott.s175428
https://doi.org/10.1016/j.bbrc.2017.05.112
https://doi.org/10.1016/j.bbrc.2017.05.112
https://doi.org/10.1097/md.0000000000000979
https://doi.org/10.1097/md.0000000000000979
https://doi.org/10.1016/j.bbrc.2020.05.089
https://doi.org/10.1016/j.bbrc.2015.05.115
https://doi.org/10.1016/j.bbrc.2015.05.115
https://doi.org/10.1002/cam4.1351
https://doi.org/10.1002/cam4.1351
https://doi.org/10.1002/cam4.3080
https://doi.org/10.1002/cam4.3080
https://doi.org/10.1186/s12935-020-01202-1
https://doi.org/10.1186/s12935-020-01202-1
https://doi.org/10.1038/cddis.2010.18
https://doi.org/10.1038/cddis.2010.18
https://doi.org/10.1517/13543784.2011.609167
https://doi.org/10.1002/cmdc.201500497
https://doi.org/10.1080/13543776.2017.1249848
https://doi.org/10.1080/13543776.2017.1249848
https://doi.org/10.3748/wjg.v25.i2.220
https://doi.org/10.1016/j.ygeno.2019.06.017
https://doi.org/10.1159/000486253


713Molecular and Cellular Biochemistry (2021) 476:699–713 

1 3

 35. Chen HS, Lu AQ, Yang PY, Liang J, Wei Y, Shang YW, Li Q 
(2019) microRNA-28-5p regulates glioma cell proliferation, inva-
sion and migration by targeting SphK1. Eur Rev Med Pharma-
col Sci 23:6621–6628. https ://doi.org/10.26355 /eurre v_20190 
8_18551 

 36. Sun HT, Wen X, Han T, Liu ZH, Li SB, Wang JG, Liu XP (2015) 
Expression of CPEB4 in invasive ductal breast carcinoma and its 
prognostic significance. Onco Targets Ther 8:3499–3506. https ://
doi.org/10.2147/ott.s8758 7

 37. Xu H, Liu B (2013) CPEB4 is a candidate biomarker for 
defining metastatic cancers and directing personalized thera-
pies. Med Hypotheses 81:875–877. https ://doi.org/10.1016/j.
mehy.2013.08.030

 38. Chen H, Zhou L, Wu X, Li R, Wen J, Sha J, Wen X (2016) 
The PI3K/AKT pathway in the pathogenesis of prostate can-
cer. Front Biosci (Landmark Ed) 21:1084–1091. https ://doi.
org/10.2741/4443

 39. Alzahrani AS (2019) PI3K/Akt/mTOR inhibitors in cancer: at the 
bench and bedside. Semin Cancer Biol 59:125–132. https ://doi.
org/10.1016/j.semca ncer.2019.07.009

 40. Bahrami A, Khazaei M, Hasanzadeh M, ShahidSales S, Joudi 
Mashhad M, Farazestanian M, Sadeghnia HR, Rezayi M, Maftouh 
M, Hassanian SM, Avan A (2018) Therapeutic potential of tar-
geting PI3K/AKT pathway in treatment of colorectal cancer: 
rational and progress. J Cell Biochem 119:2460–2469. https ://
doi.org/10.1002/jcb.25950 

 41. Gu N, Wang X, Di Z, Xiong J, Ma Y, Yan Y, Qian Y, Zhang 
Q, Yu J (2019) Silencing lncRNA FOXD2-AS1 inhibits prolif-
eration, migration, invasion and drug resistance of drug-resistant 
glioma cells and promotes their apoptosis via microRNA-98-5p/
CPEB4 axis. Aging (Albany NY) 11:10266–10283. https ://doi.
org/10.18632 /aging .10245 5

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.26355/eurrev_201908_18551
https://doi.org/10.26355/eurrev_201908_18551
https://doi.org/10.2147/ott.s87587
https://doi.org/10.2147/ott.s87587
https://doi.org/10.1016/j.mehy.2013.08.030
https://doi.org/10.1016/j.mehy.2013.08.030
https://doi.org/10.2741/4443
https://doi.org/10.2741/4443
https://doi.org/10.1016/j.semcancer.2019.07.009
https://doi.org/10.1016/j.semcancer.2019.07.009
https://doi.org/10.1002/jcb.25950
https://doi.org/10.1002/jcb.25950
https://doi.org/10.18632/aging.102455
https://doi.org/10.18632/aging.102455

	MSC-AS1 knockdown inhibits cell growth and temozolomide resistance by regulating miR-373-3pCPEB4 axis in glioma through PI3KAkt pathway
	Abstract
	Introduction
	Materials and methods
	Clinical specimens and cell culture
	Transfection
	Quantitative real-time polymerase chain reaction (qRT-PCR)
	Western blot assay
	TMZ chemosensitivity and cell viability assay
	Colony formation assay
	Cell apoptosis analysis
	Dual-luciferase reporter assay
	RNA immunoprecipitation (RIP) assay
	Tumor formation assay
	Statistical analysis

	Result
	MSC-AS1 was highly expressed in TMZ-resistant in glioma cells and tissues
	MSC-AS1 knockdown inhibited cell proliferation, induced TMZ sensitivity and cell apoptosis, and affected PI3KAKT pathway in TMZ-resistant glioma cells
	MSC-AS1 directly targeted miR-373-3p
	Knockdown of miR-373-3p reversed the effects of MSC-AS1 depletion on TMZ-resistant glioma cells
	CPEB4 was a target of miR-373-3p
	Silencing miR-373-3p reversed the inhibitory effect of CPEB4 knockdown on TMZ resistance in TMZ-resistant glioma cells
	MSC-AS1 knockdown could reduce the expression of CPEB4 by sponging miR-373-3p
	Silencing MSC-AS1 suppressed the growth of TMZ-resistant glioma cells in vivo

	Discussion
	Conclusion
	Acknowledgements 
	References




