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Abstract
Introduction  Temozolomide (TMZ) is the preferred chemotherapeutic drug approved for the Glioblastoma multiforme 
(GBM) treatment. However, resistance to TMZ is the most intractable challenge for treatment of GBM. Screening of miRNAs 
is becoming a novel strategy to reveal underlying mechanism of drug-resistance of human tumors.
Materials and methods  We conducted RNA sequencing (RNA-seq) for GBM cells treated continuously with TMZ 1 or 
2 week or not. Bioinformatic analysis was used to predict targets of these altered miRNAs. Subsequently, we studied the 
potential role of miR-1268a in TMZ-resistance of GBM cells.
Results  Expression levels of 55 miRNAs were identified altering both after 1 and 2 weeks TMZ treatment. Gene ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were conducted to illuminate the biological implica-
tion and related pathways of predicted target genes. We showed that miR-1268a was downregulated after TMZ treatment and 
targeted ABCC1/MRP1, a membrane transporter contributing to drug resistance, using dual-luciferase assay. Furthermore, 
we confirmed overexpression of miR-1268a inhibited protein translation of ABCC1 and restored upregulated expression 
of ABCC1 due to TMZ. Inversely, knockdown of miR-1268a increased ABCC1 at protein level and enhanced upregulation 
of ABCC1 with TMZ treatment. In addition, our data indicated that miR-1268a enhanced TMZ sensitivity in GBM cells.
Conclusion  Through RNA-seq analysis, we discovered miR-1268a and elucidated its role in modulating TMZ-resistance of 
GBM cells by targeting ABCC1.
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Introduction

Glioblastoma (GBM) is the most frequent and aggressive 
brain cancer with extremely poor prognostic outcome [1]. 
Current strategy for GBM treatment is composed of maxi-
mal surgical resection followed by radiotherapy with con-
comitant and adjuvant chemotherapy [2]. Temozolomide 
(TMZ), an oral alkylating agent, has been applied for newly 
diagnosed and recurrent malignant gliomas as the first-line 
chemotherapeutic reagent. However, the median survival 
period of GBM patients is only 14.6 months, due to the 
inherent or acquired resistance to chemo and radiotherapy 
[3, 4]. This study focus on the underlying mechanism of 
acquired chemotherapy resistance in GBM.

MicroRNAs (miRs) are short noncoding single-stranded 
RNAs. They post-transcriptionally affect gene expression 
by binding to regions in the 3′-UTR regions of mRNAs 
[5]. Concern about the role of miRNAs in drug-resistance 
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of human tumors is increasing in recent years [6]. How-
ever, most of the studies targeted differences between 
sensitive and resistant cancer cells. Here, we performed 
whole transcriptome sequencing (RNA-seq) analysis of 
GBM cells after TMZ treatment continuously for 1 week 
or 2, to explore the mechanism for acquired chemotherapy 
resistance. With the same strategy, ABCC1 protein (also 
known as MRP1) was found differentially expressed after 
TMZ treatment by our previously proteomics analysis [7]. 
ABCC1 belongs to the C subfamily of ATP-binding cas-
sette (ABC) family, is capable to extrude various antican-
cer drugs from the cell, contributing to cancer drug-resist-
ance [8]. Different tumors, such as lung cancer, esophageal 
cancers, classical Hodgkin lymphoma, and colorectal 
cancer highly express ABCC1/ MRP1, resulting in resist-
ance to a variety of anticancer drugs [8, 9]. Furthermore, 
previous studies showed the overexpression of ABCC1 in 
GBM cells enhance chemo-resistance by increasing drug 
efflux and reducing bioavailability of anticancer agents 
[10]. It has been identified that the expression of ABCC1 
is negatively regulated by several miRNAs, such as miR-7 
in small cell lung cancer, miR-326/miR-134 in breast can-
cer cell, miR-1291 in pancreatic carcinoma cell, embry-
onic kidney cell, etc [11–14]. But there is no report about 
miRNAs that regulate ABCC1 in TMZ resistance in GBM 
cells.

This study identified miR-1268a was significantly down-
regulated after TMZ treatment. MiR-1268a is one of the 
miRNAs related to embryogenesis and cell differentiation 
[15], and recent study suggested that miR-1268a is also 
involved with drug-resistance in diffusely infiltrating astro-
cytoma and hepatocellular carcinoma [16]. In addition, 
ABCC1 is one of the target of miR-1268a based on predic-
tion of miRnada (v3.3a) and TargetScan(Version:7.0). In this 
study, we confirmed that miR-1268a is associated with drug-
resistance of GBM cells by targeting ABCC1.

Materials and methods

Cell lines and culture

The U87 and LN229 GBM cells were purchased from 
ATCC (American Type Culture Collection, USA). Cells 
were maintained in Dulbecco’s Modifed Eagle’s Medium 
(DMEM; Gibco, Carlsbad, CA, USA) with 10% fetal 
bovine serum (FBS; Gibco) at 37 °C in an incubator with 
5% CO2. Cells were cultured in DMEM comprising TMZ 
(Sigma–Aldrich, St. Louis, MO, USA) (IC50 of U87, 
200 µM; IC50 of LN229, 400 µM) or dimethyl sulfoxide 
(DMSO; Sigma–Aldrich) for 1 or 2 weeks, respectively, as 
described [7].

RNA isolation, reverse transcription 
and quantitative real‑time PCR

Total RNA, including miRNAs, was extracted using Trizol 
reagents (Invitrogen, CA, USA) according to the manufac-
turer’s instructions. RNA samples were reversely transcribed 
into cDNA using PrimeScript RT reagent Kit (Takara, 
Dalian, China). cDNA samples were used as templates for 
qPCR amplifcations using the Maxima SYBR Green/ROX 
qPCR Master Mix (Thermo Scientifc, Pittsburgh, PA, USA).

Library construction and sequencing

18–30nt RNAs were enriched by polyacrylamide gel elec-
trophoresis (PAGE) after being extracted. The 3′ adapters 
were added to enrich the 36–44nt RNAs. Then the 5′ adapt-
ers were ligated as well. The ligation products were reverse 
transcripted by PCR. After PCR amplification, products 
were enriched to construct a cDNA library and sequenced 
using Illumina HiSeqTM 2500 by Sagene Biotech Co.Ltd 
(Guangzhou, China).

Data analyses

Raw reads were filtered to get clean tags by removing dirty 
reads containing adapters or low quality bases. All of the 
clean tags were then searched against miRBase database 
(Release 21) (http://www.mirba​se.org/) to identify miRNAs. 
The miRNA expression level was calculated and normal-
ized to transcripts per million (TPM). The differentially 
expressed miRNAs were identified with a fold change ≥ 2 
and P value < 0.05 in a comparison as significant. Miranda 
(v3.3a) and TargetScan (Version:7.0) were used to predict 
targets.

Functional annotation and pathway analysis

Predicted targets of differentially expressed miRNAs were 
mapped to GO terms in the Gene Ontology database (http://
www.geneo​ntolo​gy.org/) to illuminate the biological impli-
cation. The predicted targets of differentially expressed 
miRNAs were mapped to Kyoto encyclopedia of genes and 
genomes (KEGG) database. P-value was gone through FDR 
correction, taking FDR ≤ 0.05 as a threshold for determining 
significantly enriched GO terms and KEGG pathway.

GBM tissue samples

12 samples of primary GBM and 10 samples from recurrent 
GBM patients who were treated with TMZ were obtained 
from Nanfang hospital (Guangzhou, China). This study was 
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approved by The Ethics Committee of Nanfang Hospital 
in accordance with the Helsinki Declaration, and written 
informed consent was obtained from all patients.

Immunohistochemistry (IHC)

Immunohistochemistry to detect ABCC1 in GBM speci-
mens was performed as described previously [7]. Primary 
anti-ABCC1 antibody(#ab32574; Abcam; 1:200) was used 
in this assay.

R2: microarray analysis

GSE16011 database were obtained from R2: microarray 
analysis and visualization platform (http://hgser​ver1.amc.
nl/cgibi​n/r2/main.cgi). Kaplan–Meier analysis and survival 
curves were carried out by using GraphPad Prism software 
program (version 5.0, GraphPad Software, San Diego, CA, 
USA). All cutoff values for separating high and low expres-
sion groups were determined by the online R2 database 
algorithm.

Cell transfection

U87 and LN229 cells were transiently transfected with 
100  nmol/l of miR-1268a mimics (sense: 5′-CGG​GCG​
UGG​UGG​UGG​GGG​-3′; antisense: 5′-CCC​ACC​ACC​ACG​
CCC​GUU​-3′), miR-1268a inhibitors (5′-CCC​CCA​CCA​
CCA​CGC​CCG​-3′) and miRNA negative control (miR-NC) 
(GenePharma, Shanghai, China) using Lipofectamine 2000 
and OPTI-MEM I (Invitrogen USA, Carlsbad, California).

Dual‑luciferase reporter assay

Luciferase reporter vectors were constructed containing 
wild-type or mutated 3′ UTR of ABCC1. U87 cells were 
co-transfected with synthetic miR-1268a mimics or inhibitor 
together with either vector. Cells were harvested after 48 h. 
Luciferase activities were tested based on manufacturer’s 
protocol (#E1910, Promega, Madison, WI, USA).

Protein extraction and western blot

Total protein were extracted with RIPA Buffer (#9806; Cell 
Signaling Technology, Danvers, MA, USA). For Western 
blot analysis, 30 µg of the whole lysates were separated on a 
12% gel by electrophoresis and electrotransferred to 0.45µ m 
polyvinylidene fluoride membranes (Thermo Scientifc, Pitts-
burgh, PA, USA). Membranes were blocked in 5% milk in 
Tris-buffered saline (TBS, pH 7.6), then incubated with pri-
mary anti-ABCC1 antibody(#ab32574; Abcam; 1:500) over-
night at 4 °C. Membranes were then washed three times with 
TBST for 5 min and incubated at 37 °C with an secondary 

HRP-conjugated anti-mouse IgG antibody (#7076; Cell 
Signaling Technology) at a dilution of 1:2000. Segments 
were photo-developed after further washes with TBST.

Cell proliferation assay

Cell Counting Kit-8 (CCK-8, Dojindo, Tokyo, Japan) was 
used to detect the GBM cells viability. 1 × 103 cells trans-
fected with were planked in 96-well cell plates and subse-
quently treated with TMZ or DMSO. 100 µl medium con-
taining 10% CCK-8 were substituted in each well. Cells were 
then incubated at 37 °C for another hour. Optical density 
(O.D.) was monitored at 450 nm. The detection last a week 
and measured every 24 h.

Nude mouse tumor cell xenograft assay

The protocol for the use of the mouse xenograft model was 
approved by the Experimental Animal Center of Southern 
Medical University (Guangzhou, China). The nude mice 
(female BALB/c-nu, 4 weeks old) were maintained in spe-
cific pathogen-free conditions. U87 cells stably expressing 
miR-1268a and NC were injected subcutaneously into right 
flank of each mouse (1 × 107 cells). 1 week later, the mice 
were subjected to daily intraperitoneal injection of TMZ 
(20 mg/kg for each mouse) for 2 weeks and equal amount of 
DMSO was used as a vehicle control. Mice were euthanized, 
and tumors were weighed and photographed.

Statistical analysis

All experiments were performed in triplicate. Data was 
presented as mean ± SD. Statistical analysis was performed 
by Student’s t-test using GraphPad Prism 6 software 
(San Diego, CA) and statistical significance is indicated 
(*p < 0.05).

Results

Differentially expressed miRNAs between control 
and TMZ treated GBM cells

By performing RNA-seq analysis, the expression levels of 55 
miRNAs were found significantly changed (p-value < 0.05, 
fold change ≥ 2) after both 1 and 2 weeks TMZ treatment. 
The heatmap were given to display expression levels of the 
55 miRNAs in different samples and to cluster miRNAs 
with similar expression pattern (Fig. 1a). Hierarchical clus-
ter analysis indicated that the expression profile of these 
miRNAs could well distinct the TMZ treated samples from 
normal controls.

http://hgserver1.amc.nl/cgibin/r2/main.cgi
http://hgserver1.amc.nl/cgibin/r2/main.cgi
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To investigate the correlated mechanisms of the acquired 
TMZ-resistance modulated by miRNAs, gene ontology (GO) 
analysis were conducted for the predicted targets of all dif-
ferentially expressed miRNAs after TMZ treatment for 1 or 
2 weeks, respectively. Enrichment analysis of cellular com-
ponent (CC) and molecular function (MF) demonstrated that 
the predicted targets mostly related to membrane, transmem-
brane transporter activity and transporter activity (Fig. 1b). 
KEGG pathway analysis revealed that MAPK signaling 
pathway, Hedgehog signaling pathway and p53 signaling 
pathway were enriched (Fig. 1c).

Verification of the altered expression levels 
of miR‑1268a and ABCC1 induced by TMZ

Combining the above analysis and our former proteomics 
research, we discovered ABCC1, a vital membrane trans-
porter contributed to obtaining of drug-resistance, was 
elevated in TMZ treated U87 cells according to our for-
mer proteomics research. Conversely, miR-1268a, one of 

the differentially expressed miRNAs, downregulated after 
TMZ treatment in RNA-seq analysis, was predicted to tar-
get ABCC1 both in miRnada and TargetScan. To further 
explore the underlying mechanism of TMZ resistance, we 
detected 12 initial GBM samples and 10 recurrent cases 
of GBM samples from patients treated with TMZ. Our 
data showed that miR-1268a expression is lower in recur-
rent GBM specimens compared with initial specimens 
(Fig. 2a). Conversely, ABCC1 expression is significantly 
upregulated in recurrent samples (Fig. 2b, c). Survival 
analysis of ABCC1 expression in GSE16011 glioma data-
base demonstrated that higher expression of ABCC1 was 
related to unfavorable prognosis (Fig. 2d). Subsequently, 
expression levels of miR-1268a and ABCC1 in U87 and 
LN229 were measured by using quantitative real-time 
PCR (qPCR). Significant miR-1268a downregulation and 
ABCC1 upregulation were observed in TMZ treated U87 
and LN229 cells at RNA level (Fig. 3a, b). Furthermore, 
by Western blot, a marked upregulation of ABCC1 protein 
was found in TMZ treated sample (Fig. 3c).

Fig. 1   Differentially expressed miRNAs between control and TMZ 
treated GBM cells. a Heatmap show differential expression of miR-
NAs in groups of U87 cells under different treated conditions. b 
GO enrichment analysis of the top-ranking cellular component and 
molecular function according to − log10 (p-value), p-value < 0.05. 

c KEGG pathway enrichment analysis of the top 20. NC1 repre-
sents sample treated with DMSO for 1  week. NC2 represents sam-
ple treated with DMSO for 2 week. TMZ1 represents sample treated 
with TMZ for 1 week. NC2 represents sample treated with DMSO for 
2 week
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Fig. 2   MiR-1268a is downregulated and ABCC1 is upregulated 
in recurrent GBM tissues. a Relative miR-1268a expression levels 
were analyzed by qPCR in 12 initial GBM tissues and 10 recurrent 
GBM tissues and normalized to the U6 expression levels, **p < 0.01. 

b Relative ABCC1 expression levels in initial and recurrent GBM 
specimens, **p < 0.01. c Kaplan–Meier curves for overall survival 
in patients with high or low expression of ABCC1 in glioma patients 
using GSE16011 database

Fig. 3   Validation of miR-1268a and ABCC1 altered expression in 
TMZ treated cells. a, b Relative expression levels of ABCC1 and 
miR-1268a mRNA in U87 and LN229 cells treated with TMZ for 1 
or 2  weeks were detected by qPCR, DMSO was used as control. c 

Relative expression level of ABCC1 protein in U87 and LN229 cells 
treated with TMZ for 1 or 2  weeks were detected by western blot, 
β-actin expression served as an internal control. Student’s t tests and 
One-way ANOVA were performed. (*p < 0.05, **p < 0.01)
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ABCC1 is a target of miR‑1268a in GBM cells

Based on the bioinformatics analysis, ABCC1 may be a tar-
get of miR-1268a. To verified this, U87 cells were co-trans-
fected with synthetic miR-1268a mimics together with lucif-
erase reporter vectors with wild-type or mutated 3′ UTR of 
ABCC1 (Fig. 4a), exposed to TMZ or not. Marked declines 
of luciferase activity were observed after miR-1268a mim-
ics were co-transfected with wild-type vector, but not with 
mutated-type, whether treated with TMZ or not (Fig. 4b), 
indicating a direct interaction of miR-1268a and 3′ UTR of 
ABCC1.

To further confirmed ABCC1 is a target of miR-1268a, 
we evaluated ABCC1 expression levels after transfecting 

miR-1268a mimics or inhibitor in U87 and LN229 cells. 
A marked decrease expression of ABCC1 was observed 
at protein, though not at mRNA level, treated with miR-
1268a mimics. Moreover, miR-1268a mimics suppressed 
the upregulation of ABCC1 induced by TMZ, both at pro-
tein and mRNA levels (Fig. 4c, d). Increased ABCC1 pro-
tein expression, but not mRNA expression, was observed 
after transfecting miR-1268a inhibitor. Enhanced upregu-
lation of ABCC1 induced by TMZ was also founded in 
U87 and LN229 cells treated with miR-1268a inhibitor 
(Fig. 4c, d). Furthermore, there was a significant inverse 
correlation between miR-1268a and ABCC1 in GBM 
specimens (Fig. 4e, r = − 0.4716). Combining these find-
ings, we conclude that ABCC1 is a target of miR-1268a 
in GBM cells.

Fig. 4   MiR-1268a directly targets ABCC1. a The putative bind-
ing sites between ABCC1 3′-UTR and miR-1268a sequences. The 
reporter products of wild type ABCC1 3′-UTR (ABCC1-WT) and 
mutated ABCC1 3′-UTR (ABCC1-MUT) are shown. b Dual-lucif-
erase reporter assay was performed in U87 cells to monitor the rela-
tive luciferase activities of ABCC1-WT and ABCC1-MUT reporters. 
The firefly luciferase activity was normalized to renilla luciferase 

activity; *p < 0.05, **p < 0.01. c, d Expression of ABCC1 in U87 
and LN229 cells transfected with miR-1268a mimics or inhibitor, 
plus TMZ or not. (c the mRNA levels of different samples, *p < 0.05. 
d the protein levels of different samples). β-actin expression served 
as an internal control. e Spearman’s correlation analysis of the cor-
relation between the expression levels of ABCC1 and miR-1268a in 
GBM specimens
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Overexpressing miR‑1268a enhanced sensitivity 
of GBM cells to TMZ

To further investigate the role of miR-1268a in TMZ ther-
apy, we transfected miR-1268a mimics or inhibitor into U87 
and LN229 cells and treated them with DMSO or TMZ. Cell 
viability was monitored using CCK-8 (Cell Count Kit-8) 
assay. The curves demonstrated that transfection of miR-
1268a mimics did not affect the proliferative ability of cells 
alone, but markedly suppressed the cell viability after TMZ 
treatment, indicating that miR-1268a mimics enhanced sen-
sitivity of U87 and LN229 cells to TMZ (Fig. 5a). Further-
more, it’s interesting that transfection of miR-1268a inhibi-
tor induced ascent of cell viability, exposed to TMZ or not 
(Fig. 5a). Subsequently, a subcutaneous xenotransplanted 
GBM model was used to evaluate the function of miR-1268a 
in TMZ therapy in vivo. The results showed that after TMZ 
treatment, the volume and weight of xenografts group over-
expressing miR-1268a significantly decreased compared 
with NC group. Thus, miR-1268a enhances the sensitivity 
of GBM cells to TMZ.

Discussion

Drug-resistance of GBM to TMZ plays a crucial role in 
tumor recurrence and progression. Our study specially 
target on acquired TMZ resistance in GBM cells through 
transcriptome sequencing of miRNAs. U87, as a GBM 
cell line sensitive to TMZ but capable of obtaining TMZ-
resistance, is suitable to be served as a cell model of 
studying the mechanism of acquired TMZ-resistance in 
GBM cells. Based on RNA-seq analysis, altered expres-
sion level of 55 miRNAs were identified in U87 cell line 
after TMZ treatment, containing some miRNAs previ-
ously shown to be involved in drug-resistance of cancer 
including glioma (miR-139-5p, miR-451a miRNA-1246, 
miR-140-5p, miR-34a-5p, miR-194-5p, miRNA-34c-5p, 
miRNA-1268a, miRNA-335-3p, miR-181b-5p) [16–25]. 
Among these, miR-1268a was one of the most significantly 
downregulated miRNA and was discovered to modified 
the effects of TMZ treatment on diffusely infiltrating 
astrocytoma (DIA) [26]. We then analyzed the miRNA 

Fig. 5   Mir-1268a modulates the chemo-sensitivity of GBM cells to 
TMZ. a CCK-8 assay was conducted to monitored cell viability in 
U87 and LN229 cells transfected with miR-1268a mimics or inhibi-

tor, with or without TMZ treatment. b Tumor samples from subcu-
taneous xenograft model. c Weight of the excised tumors in different 
groups, **p < 0.01
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expression data with miRNA target predictions by Miranda 
and TargetScan database. Functional annotation revealed 
that predicted targets of differentially expressed miRNAs 
significantly dysregulated in transmembrane transporter 
activity of GO terms, which indicate that altering expres-
sion of microRNAs play a role in acquired TMZ resist-
ance by targeting membrane transporters. KEGG pathway 
analysis demonstrated MAPK signaling pathway, Hedge-
hog signaling pathway and p53 signaling pathway were 
significantly enriched, served as vital pathways in cancer 
drug-resistance [27–30].

Besides inherent drug-resistance, mechanisms of acquired 
TMZ resistance in GBM cells provide hints to overcome 
the refractoriness of GBM [31–33]. In our previous study, 
dynein, cytoplasmic 2, heavy chain 1 (DHC2) was shown to 
be elevated and involved in acquired resistance after TMZ 
treatment [7]. Similarly, in the same proteomics study, 
expression of ABCC1 was indicated to be upregulated after 
TMZ treatment, which is verified in this study subsequently. 
Consistently, in another research about acquired TMZ resist-
ance in GBM cells, upregulation of ABCC1 was also identi-
fied in TMZ-resistant cells [31]. ABCC1/MRP1 plays a role 
in efflux of cytotoxic hydrophobic drugs in tumor cells, con-
tributing to the drug-resistance of tumor [12, 34, 35]. Accu-
mulating evidences have shown that ABCC1 enhanced the 
drug-resistance of primary and recurrent GBM cells [10, 36, 
37], indicating elevated ABCC1 induced by TMZ contribute 
to the acquired resistance in GBM cells. Understanding of 
further mechanism about ABCC1 upregulation is crucial for 
reversing acquisition TMZ resistance. In the present study, 
we identified ABCC1 is a target of miR-1268a, using dual-
luciferase assay.

Our data showed that miR-1268a was markedly down-
regulated in U87 and LN229 cells induced by TMZ treat-
ment, resulting in the upregulation of ABCC1, thus con-
tributing to the acquired TMZ resistance. Furthermore, 
overexpression of miR-1268a induced downregulation of 
ABCC1 at protein level and restore the upregulated expres-
sion of ABCC1 induced by TMZ. Conversely, knockdown 
of miR-1268a increased ABCC1 expression and furtherly 
augment the upregulation of ABCC1 with TMZ treatment. 
In addition, our data showed that overexpressing miR-1268a 
enhanced sensitivity of GBM cells to TMZ in vitro and 
in vivo. These findings supplies the proof that miR-1268a 
modulates drug-resistance of GBM cells to TMZ by tar-
geting ABCC1.CCK-8 assays also revealed that inhibition 
of miR-1268a enhances GBM cells viability, plus TMZ or 
not. Since interference of ABCC1 did not affect GBM cells 
viability [10] and miR-1268a polymorphism modified DIA 
risk and prognosis [26], miR-1268a inhibitor may play a role 
in GBM cells proliferation because of its effect on altering 
different phenotypes of miR-1268a relative expression, but 
not targeting ABCC1.

In conclusion, combining data from RNA-seq analysis 
and proteomics analysis, we found miR-1268a and validated 
its role in mediating TMZ sensitivity in GBM cells by target-
ing ABCC1. Combination of miR-1268a and TMZ may be a 
promising treatment beneficial to GBM patients.
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