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Abstract
Background/Aim: Multidrug resistance (MDR) is largely responsible for the failure 
of chemotherapy. The long non-coding RNA (lncRNA) metastasis-associated lung 
adenocarcinoma transcript (MALAT1) has been reported to be closely related to tumor biology. 
In the present study, whether MALAT1 contributes to the resistance of glioblastoma cell lines 
to temozolomide (TMZ) was investigated. Methods: The glioblastoma cell lines U251 and U87 
were exposed to increasing concentrations of TMZ to generate TMZ-resistant colonies (the 
U251/TMZ and U87/TMZ cell lines). The expression levels of MALAT1 and proteins related to 
epithelial-mesenchymal transition (EMT) were detected by real-time PCR and western blot, 
respectively. After the transfection of si-MALAT1 or pcDNA-MALAT1, cell viability, mRNA 
expression of MDR-associated proteins (MDR1, MRP5 and LRP1), and protein expression 
of EMT related proteins (ZEB1, Snail and SLUG) were evaluated. Results: The expression of 
MALAT1 was upregulated in the U251/TMZ and U87/TMZ cell lines compared to that in 
U251 and U87 cell lines, respectively. The treatment of si-MALAT1 decreased MDR1, MRP5, 
and LRP1 expression, enhanced cell sensitivity to TMZ, and downregulated ZEB1 protein 
expression, whereas pcDNA-MALAT1 had the opposite effects. However, the effects of si-
MALAT1 on MDR -associated protein expression, cell viability, and EMT status were reversed 
by the transfection of pcDNA-ZEB1, and the effects of pcDNA-MALAT1 were reversed by the 
transfection of si-ZEB1. In vivo, MALAT1 overexpression enhanced tumors’ TMZ resistance 
and upregulated ZEB1 expression. Conclusion: MALAT1 decreased the sensitivity of resistant 
glioma cell lines to TMZ by regulating ZEB1.
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Introduction

Glioblastoma is one of the most common malignant brain tumors; it has a poor 
prognosis and a higher mortality rate in the advanced stage. Chemotherapy is an effective 
therapeutic option for the treatment of glioblastoma. However, multidrug resistance (MDR) is largely responsible for the modest efficiency of chemotherapy [1]. Suppressing the drug resistance of cancer cells is challenging, but it is a significant step in improving the outcomes of patients with glioblastoma. Temozolomide (TMZ), an alkylating agent, is a first-line drug for the treatment of glioblastoma [2]. It is also used for the treatment of certain other brain 
tumors. Although oral chemotherapy with TMZ contributes to an overall increase in the 
survival of glioblastoma patients, the cancer cells eventually develop resistance to TMZ at pharmacotherapeutic concentrations. Its therapeutic efficiency gradually worsens, as with many anti-tumor drugs [3], which leads to the failure of chemotherapy in a large number of 
patients. Therefore, TMZ resistance is a major obstacle for the treatment of glioblastoma.The molecular mechanisms of MDR are complex. A series of MDR-associated proteins such as P-glycoprotein 1 (P-gp, also known as MDR1 and ABCB1), multidrug resistance protein (MRP) 1-5, and lung–resistance related protein 1 (LRP1) have been demonstrated to be the critical regulators for MDR [4]. Epithelial-mesenchymal transition (EMT) is a process 
that governs the conversion of polarized epithelial cells to motile mesenchymal cells, which is very important to gaining the migratory and invasive properties of cancer cells. Loss of E-cadherin, controlled by many transcription factors, is considered to be a fundamental event in EMT [5]. The major characteristic of EMT is the decreased expression of epithelial markers (such as E-cadherin and ZO-1) and the increased expression of mesenchymal markers (such as fibronectin and α-SMA). Emerging evidence has demonstrated that EMT 
is strongly related to MDR in several cancers, and contributes to the pathology of drug resistance [6, 7]. However, the precise mechanisms underlying the effect of EMT on MDR are largely unidentified.In recent years, long non-coding RNAs (lncRNAs), non-protein coding transcripts that are longer than 200 nucleotides, have been demonstrated to function as regulators of gene expression by epigenetic modification and transcriptional as well as post-transcriptional regulation in various cellular physiological processes and diseases [8, 9]. The role of lncRNAs in cancer biology has been widely studied [10, 11]. Metastasis associated lung adenocarcinoma transcript 1 (MALAT1) was first found in non-small cell lung cancer. Emerging evidence has showed that MALAT1 is implicated in many cancers, including digestive system, gynecological, and urological cancers [12-14]. MALAT1 has also been associated with the clinical outcomes of glioma patients [15], and silencing of MALAT1 leads to the increase of glioma cell apoptosis [16]. It is known that MALAT1 functions as an oncogene partly through inducing EMT. However, the relationship between MALAT1 and MDR remains unclear. In the present study, the role of MALAT1 in TMZ-resistant glioma and the potential mechanisms of MALAT1 were identified.

Materials and Methods

Cell cultureHuman glioblastoma cell lines U251 and U87 were purchased from the American Type Culture Collection (ATCC, USA) and cultured in Dulbecco's Modified Eagle Medium (DMEM, Gibco, USA) containing 10% heat-inactivated fetal bovine serum (FBS, Gibco), 100 µg/mL of streptomycin and 100 units/mL of penicillin at 37°C in a humidified atmosphere containing 5% CO2. The parental U251 and U87 cell lines were exposed to increasing concentrations of TMZ (Sigma-Aldrich, USA) to generate TMZ-resistant colonies (U251/TMZ and U87/TMZ cell lines). In brief, the medium containing 2ug/ml TMZ was used to culture the cells for 3 days. A small population of cells survived and passaged. The inductive dose of TMZ was increased by 2ug/ml for every generation. The culture was stopped when the final concentration of TMZ reached 20 ug/ml. The surviving colonies were selected and established as the U251/TMZ and U87/TMZ cell lines. 
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Cell transfectionCell transfection was performed with the Lipofectamine2000 Reagent (Invitrogen, USA) following the manufacturer’s protocol. The reference sequences (si-control, si-MALAT1 and si-ZEB1) and overexpressing plasmids (pcDNA, pcDNA-ZEB1, and pcDNA-MALAT1) were synthetized by Shanghai GenePharma Co., Ltd (Shanghai, China).  The sequences for siRNAs were as follows: si-control, forward 5’-UUCUCCGAACGUGUCACGUTT-3’, reverse 5’-ACGUGACACGUUCGGAGAATT-3’; si-MALAT1, forward 5’-CACAGGGAAAGCGAGUGGUUGGUAATT-3’, reverse, 5’-UUACCAACCACUCGCUUUCCCUGUGTT-3’; and si-ZEB1, forward 5’-GCUGAAAGUCAAGCAAGCAAGCATT-3’, reverse 5’-UGCUUGCUUGACUUUCAGCTT-3’ .
RNA isolation and real-time PCRTo determinie the expression levels of MDR1, MRP5, LRP1, and MALAT1, total RNA was isolated and quantitative real-time PCR was performed. In brief, total RNA from the U251, U87, U251/TMZ, and U87/TMZ cell lines were isolated using the TRIzol reagent (Invitrogen, USA) according to the manufacturer’s protocol. After determining the RNA concentration, the complementary DNA (cDNA) was produced by M-MLV Reverse transcriptase (Invitrogen, USA), with RNA acting as a template. Subsequently, real-time PCR was conducted using Power SYBR Green PCR Master Mix (Applied Biosystems, USA) with specific primers. The relative RNA levels were normalized to β-actin (for MDR1, MRP5, LRP1) and GAPDH (for MALAT1) expression and calculated by the 2-△△Ct method. Each sample was run in triplicate.
Western blotThe protein expression levels of ZEB1, Snail, SLUG, E-Cadherin, ZO-1, α-SMA, and fibronection were measured using Western blot. Briefly, cells were washed with cold PBS buffer twice and lysed with RIPA buffer (Sigma–Aldrich, USA) containing a protease inhibitor to isolate the total protein. After determination of the protein concentration with the BCA Protein Assay Kit (Pierce Chemicals Co., USA), an equal amount of protein was run on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes. Subsequently, the membranes were blocked with TBST containing 5% skimmed milk powder and incubated overnight at 4°C with a primary antibody against ZEB1 (1:500, sigma, 3500514, USA), Snail (1:200, Santa-Cruze, 28199, USA), SLUG (1:1000, Abcam, 106077, USA), E-Cadherin (1:1000, Abcam, 133597), ZO-1 (1:200, Abcam, 99462), α-SMA (1:1000, Abcam, 21027), Fibronection (1:500, Abcam, 2413), Ki67 (1:5000, Abcam, 92742), PCNA (1:10000, Abcam, 156805), c-caspase 3 (1:200, Abcam, 2302) and β-actin (1:200, Abcam, 16039). The proteins were then incubated with secondary antibodies conjugated to horseradish peroxidase (1:3000, Abcam, 205718) at room temperature for 2h. Immunoblotting was determined using the ECL kit (Beyotime Biotechnology, China). Each sample was repeated three times.
MTT assayThe viability of cells after the different treatments was detected by MTT assay. Briefly, the medium was replaced with fresh medium containing 10μL MTT (0.5 mg/mL, Beyotime Biotechnology, China) for 4h of 

incubation. The MTT solution was removed and the formazan product was dissolved with the supplement of 150 μL dimethylsulfoxide (DMSO). The absorbance value at a wavelength of 570 nm was read using a Microplate reader. Each sample was repeated three times.
Animal experimentsForty-eight mice were used in this study. U251 cells were prepared with the stable transfection of lentiviral vector for pcDNA-MALAT1 (LV-MALAT1) to overexpress MALAT1, with the transfection of LV-pcDNA-control (LV) acting as the control. Then, a tumor xenotransplant nude mouse model was established with the subcutaneous injection of U251 cells with different treatments. Twenty days after injection, a nude mouse with a tumor size larger than 0.7cm was considered to be successful for the establishment of the tumor xenotransplant model. The mice were divided into four groups: 1) mice injected with U251 cells that received normal saline (Control group); 2) mice injected with U251 cells that received the TMZ treatment (TMZ group); 3) mice injected with U251 cells after the LV treatment that were administered of TMZ (LV+TMZ group); and 4) mice injected with U251 cells after the LV-MALAT1 treatment that were administered TMZ (LV-MALAT1+TMZ group). The administration of TMZ (40mg/kg/d) was performed once every three days for six total doses. When the experiment was completed, the mice were sacrificed, and the tumors were removed to measure the tumor volume and determine the ZEB1 expression. The same procedure was repeated using U87 cells. Six mice were in each group. Each sample was repeated three times.
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The animal experiments were approved and performed in accordance with the Animal Care and Use 

Committee of the First Affiliated Hospital of Zhengzhou University. 

Statistical analysisIn this study, all measurement data were expressed as the mean ± SEM. An independent sample t-test was used to analyze the difference in the means between two groups. An ANOVA method was performed to compare the differences in the means among three or more groups. Two-tailed P<0.05 was considered to be statistically significant. All statistical analyses were conducted with SPSS 18.0 software.
Results

MALAT1 is upregulated in multidrug-resistant glioblastoma cell linesTo confirm the role of MALAT1 in multidrug-resistant glioblastoma cell lines, real-time PCR and Western blot were explored in the U251/TMZ and U87/TMZ cell lines and their parental cell lines (U251 and U87). The results showed that the mRNA expression levels of drug-resistance related genes (MDR1, MRP5, and LRP1) were significantly upregulated in the U251/TMZ and U87/TMZ cell lines compared with the U251 and U87 cell lines, respectively, confirming the drug-resistant capacity of U251/TMZ and U87/TMZ (Fig. 1A). We observed that the MALAT1 expression level was increased in multidrug-resistant glioblastoma cell lines (Fig. 1B) and that the ZEB1, Snail, and SLUG protein expression levels were also upregulated (Fig. 1C). These data suggested that MALAT1 and ZEB1 might be involved in the 
MDR of glioma cells.

MALAT1 down-regulation enhances the sensitivity of glioblastoma cells to TMZTo determine whether MALAT1 contributes to the development of MDR in glioblastoma cells, the cells were transfected with si-MALAT1 to downregulate its expression and the sensitivity of glioma cells to TMZ was then evaluated. The transfection efficiency of si-MALAT1 was confirmed, and the result showed that si-MALAT1 significantly decreased MALAT1 expression in two cell lines (Fig. 2A). As shown in Fig. 2B, the expression levels 

Fig. 1. Expression of MALAT1 and ZEB1 expression in multidrug-resistant glioblastoma cell lines. TMZ: temozolomide. (A) The expression level of drug resistance related genes, MDR1, MRP5, and LRP1, was de-tected by real-time PCR, with β-actin acting as a reference gene. (B) The expression level of MALAT1 was measured by real-time PCR, with GAPDH acting as a reference gene. (C) The protein expression of ZEB1, Snail and SLUG was determined by western blot, with β-actin acting as control. Each sample was repeated three times. The data are shown as mean ± SEM. ** P < 0.01, vs. U251 or U87 cell line.
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of MDR1, MRP5, and LRP1 were decreased by the treatment of si-MALAT1 in U251/TMZ and U87/TMZ cell lines. The cell viabilities of the U251/TMZ and U87/TMZ cell lines were significantly reduced with the transfection of si-MALAT1 (Fig. 2C). We also observed that MALAT1 downregulation contributed to the decrease of ZEB1 protein expression, but did not alter the expression levels of Snail and SLUG (Fig. 2D). 
MALAT1 downregulation reduces drug resistance through inhibiting ZEB1 expressionTo further investigate the role of MALAT1 in multidrug-resistant glioblastoma and the potential mechanism thereof, the U251/TMZ and U87/TMZ cell lines were transfected with si-MALAT1 or co-transfected with si-MALAT1 and pcDNA-ZEB1. Consistent with the above data, si-MALAT1 led to the downregulation of MDR1, MRP5, and LRP1 expression in mRNA levels as well as a decrease of ZEB1 expression in protein levels, and reduced the cell viability. It was also observed that si-MALAT1 increased the epithelial markers E-Cadherin and ZO-1 and decreased the mesenchymal markers α-SMA and Fibronection. However, the alterations induced by si-MALAT1 were reversed by treatment with pcDNA-ZEB1 (Fig. 3A-3C), suggesting that MALAT1 downregulation reduced drug resistance through inhibiting the expression of ZEB1 in glioblastoma cell.
MALAT1 overexpression decreases the sensitivity of glioblastoma cells to TMZThe effect of MALAT1 overexpression with transfection of pcDNA-MALAT1 on glioblastoma cell sensitivity to TMZ was also investigated. The transfection efficiency of pcDNA-MALAT1 was confirmed and the result showed that pcDNA-MALAT1 significantly increased MALAT1 expression in the U251 and U87 cell lines subjected to TMZ (Fig. 4A). As shown in Fig. 4B, the expression levels of MDR1, MRP5, and LRP1 were increased by the treatment of pcDNA-MALAT1 in two cell lines. The pcDNA-MALAT1 treatment elevated 

Fig. 2. Func-
tions of MA-LAT1 down-
regulation in multidrug-re-
sistant glio-
ma cell lines. U 2 5 1 / T M Z or U87/TMZ 
cell lines were 

t r a n s f e c t e d with si-MAL-AT1 (si-control 
acted as cont-rol) for 24h. (A) 

Tra n s f e c t i o n efficiency was confirmed by real-time PCR. (B) The expres-
sion level of 

drug resistance 

related genes, MDR1, MRP5, and LRP1, was detected by real-time PCR, with β-actin acting as a reference gene. (C) MTT assay was used to detect the cell viability. (D) The protein expression of ZEB1, Snail and SLUG was determined by western blot, with β-actin acting as control. Each sample was repeated three time. The data are shown as mean ± SEM. * P < 0.05, ** P 

< 0.01, vs. si-control. 
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the cell viabilities (Fig. 4C). In addition, ZEB1 protein expression was upregulated by the transfection of pcDNA-MALAT1 (Fig. 4D).
MALAT1 overexpression enhances drug resistance through upregulating ZEB1 expressionThe U251 and U87 cell lines subjected to TMZ were subsequently transfected with pcDNA-MALAT1 or co-transfected with pcDNA-MALAT1 and si-ZEB1. The results also demonstrated that pcDNA-MALAT1 downregulated MDR1, MRP5 and LRP1 expression in mRNA levels, reduced the cell viability, decreased E-Cadherin and ZO-1 protein expression, and increased ZEB1, α-SMA and Fibronection protein expression. However, the alterations induced by pcDNA-MALAT1 were reversed by the transfection of si-ZEB1 (Fig. 5A-5C). These data suggested that MALAT1 overexpression might enhance drug resistance through upregulating ZEB1 expression in glioblastoma cells.
MALAT1 overexpression enhances tumors’ TMZ in vivoThe function of MALAT1 in the tumor volume in vivo was then discussed. It was demonstrated that TMZ significantly reduced the tumor volume of glioma mice, while the volume was elevated by MALAT1 overexpression with the transfection of LV-MALAT1 in TMZtreated mice (Fig. 6A). TMZ also led to a decrease of Ki67 and PCNA protein expression and an increase of c-caspase-3 protein expression in the tumor tissue of glioma mice, whereas LV-MALAT1 negated this effect. We also found that MALAT1 overexpression increased the expression of ZEB1 protein in glioma mice with the treatment of TMZ (Fig. 6B). These data indicated that MALAT1 overexpression enhanced tumors’ TMZ resistance in glioma mice.

Fig. 3. MALAT1 mo-
dulates the drug re-
sistance through re-gulating ZEB1 expres-sion in multidrug-re-
sistant glioma cell lines. Multidrug-re-
sistant glioblastoma cell lines (U251/TMZ and U87/TMZ) 
were transfected with si-MALAT1 or co-transfected with si-MALAT1 and pcD-NA-ZEB1 for 24h. (A) 
The expression level 

of drug resistance related genes, MDR1, MRP5, and LRP1 was detected by real-time PCR, with β-actin ac-
ting as a reference gene. (B) The protein expression of ZEB1, E-Cadherin, ZO-1, α-SMA and Fibronec-
tion was determined 

by western blot, with β-actin acting as cont-rol. (C) MTT assay was used to detect the cell viability. Each sample was repeated three times. The data are shown as mean ± SEM. * P < 0.05, ** P < 0.01, vs. si-control. # P < 0.05, ## P < 0.01, vs. si-MALAT1+pcDNA. 
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Fig. 4. Functions of MALAT1 overexpression in glioma cell lines. Glioma cell lines (U251 and U87) subjected to 20 ug/ml were transfected with pcDNA-MALAT1 (pcDNA acted as control) for 24h. (A) Transfection ef-ficiency was confirmed by real-time PCR. (B) The expression level of drug resistance related genes, MDR1, MRP5, and LRP1, was detected by real-time PCR, with β-actin acting as a reference gene. (C) MTT assay was used to detect the cell viability. (D) The protein expression of ZEB1 was determined by western blot, with β-actin acting as control. Each sample was repeated three time. The data are shown as mean ± SEM. * P < 0.05, ** P < 0.01, vs. pcDNA. 
Fig. 5. MALAT1 overexpression 
enhances the drug resistance through upregulating ZEB1 
expression in glioma cell lines. Glioma cell lines (U251 and U87) were transfected with pcDNA-MALAT1 or co-transfected with pcDNA-MALAT1 and si-ZEB1 for 24h. (A) The expression level of drug resistance related genes, MDR1, MRP5, and LRP1, was detected by real-time PCR, with β-actin acting as a reference gene. (B) The protein expression of ZEB1, E-Cadherin, ZO-1, α-SMA and Fibronection was 
determined by western blot, with β-actin acting as control. (C) MTT 
assay was used to detect the cell viability. Each sample was repeated 
three time. The data are shown as mean ± SEM. * P < 0.05, ** P < 0.01, vs. pcDNA. # P < 0.05, ## P < 0.01, vs. pcDNA-MALAT1+si-control. 

DiscussionLncRNAs have been demonstrated to play a role in multiple cellular processes relating 
to tumor biology such as cell proliferation, cell cycle, apoptosis, invasion, and migration, 
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by affecting oncogene expression [17]. Recently, researchers identified some differentially expressed lncRNAs in cancer cell lines and MDR sublines [18, 19]. Pathway analysis showed that 15 pathways corresponded to downregulated transcripts and that that most enriched network was “Alcoholism,” while 20 pathways corresponded to upregulated transcripts and the most enriched network was “steroid biosynthesis” [18]. However, the potential mechanism underlying the role of lncRNAs in MDR remains poorly understood.MALAT1, also known as nuclear-enriched transcript 2 (NEAT2), is expressed in many 
tissues and widely studied in the development of various cancer types and diseases. There is accumulating evidence that MALAT1 is a prognostic parameter for survival and associated with metastasis, migration and the risk of tumor recurrence after surgical treatment [20]. However, the relationship between MALAT1 and drug resistance in cancer is unknown. In the present study, we found that MALAT1 expression was upregulated in multidrug-resistant glioblastoma cell lines, suggesting that MALAT1 might contribute to the development of MDR. Multiple multidrug resistance-associated proteins that mediate MDR through different mechanisms have been previously identified. MDR1 is a typical ATP-binding cassette (ABC)-
transporter that pumps foreign substances out of cells; it is responsible for the reduced drug accumulation in cancer cells and for mediating the development of MDR [21]. MRP5, a 
transporter for cyclic nucleotides, belongs to the subfamily of MRP and functions in the cellular export of its substrate. LRP is a non-ABC transporter and is involved in nucleocytoplasmic transport. All three proteins are confirmed to be critical regulators for MDR [22]. Previous studies have also demonstrated that some lncRNAs, such as HOTAIR, AK126698, UCA1, H19, and UCDR, contribute to drug resistance [23], and Wnt/β-catenin, MAPK, p21, apoptosis-
related proteins, and certain other pathways have been proposed to underlie this process [19, 24-26]. The current study showed that MALAT1 downregulation contributed to the inhibition of cell viability in TMZ-resistant glioblastoma cell lines, indicating a potential role of MALAT1 in the MDR of glioma.We then investigated the potential mechanism of MALAT1 in TMZ-resistant glioma 
cell lines. There are diverse factors that result in drug resistance, including genetic and epigenetic changes, alteration of the tumor microenvironment, and EMT. A large body of research has confirmed that EMT is a critical process that is implicated in cancer cell migration and invasion [27]. Recently, the role of EMT in MDR is has been better identified. However, the knowledge of the precise mechanisms in their relationship is very limited. It is well known that the loss of E-cadherin is the fundamental event in EMT and that this loss is induced by several E-cadherin repressors such as Snail, Slug and ZEB1 [28]. Here, we found that the protein expression levels of ZEB1, Snail, and SLUG were increased in the TMZ-resistant cells compared with the glioblastoma cells, indicating that EMT might contribute to the TMZ resistance of the glioblastoma cell line. Research has shown that cells with EMT 
characteristics tend to be more resistant to anticancer drugs and that the alteration of 

Fig. 6. Function of MALAT1 
overexpression in glioma tumor 

in vivo. TMZ: temozolomide. (A) 
Tumor volume was measured. (B) Ki67, PCNA, c-caspase 3, ZEB1 protein expression in 
tumor tissue was determined by western blot. Six nude mice in each group. Each sample was 
repeated three time. The data are shown as mean ± SEM. ** P 

< 0.01, vs. control. ## P < 0.01, vs. LV+TMZ.
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EMT status may affect the drug sensitivity of cancer cells. Similarly, the acquisition of an EMT phenotype can be observed in various drug-resistant cancer cells [29]. Some possible molecules or pathways that link EMT and MDR have been discussed, including the typical MDR-associated molecules, EMT regulators, cancer stem cells, and non-coding RNAs [30]. Our results confirmed that MALAT1 downregulation decreased ZEB1 protein expression but had no effect on Snail and SLUG protein expression. Further experiments suggested that MALAT1 most likely contributed to the regulation of TMZ resistance of glioblastoma cell lines by altering EMT status, specifically ZEB1 expression. A newly published paper established that MALAT1 functioned as a regulator in MDR through the HIF-2α-MALAT1-miR-216b axis via modulating autophagy in hepatocellular carcinoma cells [31], hinting at another possible pathway to influence MDR in cancer cells. However, the precise mechanisms of the role of MALAT1 in MDR should be further clarified.In conclusion, the main findings of this study are that lncRNA MALAT1 functioned as 
a suppressor in the sensitivity of resistant glioblastoma cell lines to TMZ. Downregulation of MALAT1 reduced the TMZ resistance of the U251 and U87 cell lines by regulating ZEB1 
expression. The present study offers a new insight for clarifying the potential mechanism of EMT in altering MDR in glioblastoma cells. MALAT1 is a potential target for developing new 
therapeutic strategies against drug resistance. 
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