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ABSTRACT
Introduction: As one of the most aggressive and lethal tumors, glioblastoma multiforme (GBM) is commonly treated by surgical resection combined with radiotherapy and chemotherapy. Temozolomide (TMZ) is the preferred chemotherapy medicine against GBM. However, recurrent GBM patients exhibit TMZ resistance. As reported in previous studies, NEAT1 is over-expressed in glioma cells; thus, we explored the relationship between NEAT1 and TMZ resistance in GBM.
Materials and Methods: The expression levels of NEAT1 and O-6-methylguanine-DNA methyltransferase (MGMT) in GBM tissues and cells were determined by quantitative real-time PCR. Si-RNA and the over-expression vector were transfected into GBM cells to modulate the level of related molecules. Western blot analysis was used to investigate the protein expression of MGMT. The cell viability and IC-50 were analyzed by CCK-8, and apoptosis was detected by flow cytometry assay.
Result: The expression level of NEAT1 in the TMZ-sensitive GBM tissues and cells was lower than that in the TMZ-resistant GBM tissues and cells. Furthermore, due to the down-regulation of NEAT1 in TMZ-resistant GBM cells transfected with Si-RNA, the viability and IC-50 value of the GBM cell lines were decreased, and the knockdown of NEAT1 significantly enhanced TMZ-induced cell apoptosis in GBM cells. We also determined that the mRNA and protein level of MGMT were up-regulated in TMZ-resistant GBM cells. Interference with MGMT expression led to a decrease in viability and IC-50 value in the GBM cells, and the knockdown of NEAT1 suppressed the transcription and translation levels of MGMT. However, the over-expression of MGMT enhanced TMZ resistance in NEAT1-silenced U87 and U251 cells.
Conclusion: NEAT1 participates in the TMZ resistance of GBM cells by regulating MGMT.
Keywords: lncRNA NEAT1, glioblastoma multiforme, Temozolomide, O-6-methylguanine-DNA methyltransferase 
INTRODUCTION
Among all central nervous system cancers, glioma is the primary tumor and the most common [1,2]. Glioblastoma multiforme (GBM) is one of the most malignant types of glioma, with a poor patient survival rate [3]. After a confirmed diagnosis, the therapy for GBM includes radiotherapy, chemotherapy, and surgical resection. Temozolomide (TMZ), which damages DNA strands via the methylation of the O-6-methylguanine-DNA methyltransferase (MGMT) promoter, is the most effective chemotherapy in clinical application for providing hope to GBM patients [4]. However, in long-term therapy, some GBM patients exhibit hardly any sensitivity to TMZ, and recrudescent GBM patients also develop TMZ resistance, suppressing the efficacy of TMZ chemotherapy [5]. It has been reported that MGMT is over-expressed in glioblastomas, enhancing resistance to TMZ [6]. Nevertheless, several studies indicate that the up-regulation of MGMT cannot completely prevent TMZ resistance in GBM [7,8]. Hence, it is important to explore the underlying mechanisms of chemoresistance to TMZ.
Long non-coding RNA (lncRNA), a single-strand RNA with about 200 nucleotides, has been found to be associated with many physiological and pathological cell processes, such as embryonic development, cell differentiation, proliferation, and tumorigenesis [9]. On the other hand, lncRNAs perform the duties of molecular mediators, including cellular signaling, acting as molecular decoys, and contributing to scaffold modeling [10]. Therefore, lncRNAs play a pivotal role in the growth of tumors. Without exception, lncRNA nuclear-enriched abundant transcript 1 (NEAT1) has been defined as an oncogene in many human cancers, altering the epigenetic landscape of target gene promoters to drive cell growth in prostate cancer [11], contributing to the poor survival rate of breast cancer patients [12], and advancing the progression of non-small-cell lung cancer [13]. As reported in previous studies, NEAT1 is over-expressed in glioma cells, promoting glioma tumorigenesis and impacting the glioma prognosis [14,15]. However, the influence of lncRNA NEAT1 on TMZ resistance in GBM has been unclear.
In this study, we first defined the expression level of NEAT1 in TMZ-resistant GBM cells and the impact of the down-regulation of NEAT1 on the TMZ resistance of these cells. In addition, we explored the potential relationship between NEAT1 and MGMT in the TMZ resistance of these cells. Our study offers a novel angle on the remission of TMZ resistance in GBM.

MATERIALS AND METHODS
Patients and specimens
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]There were 112 GBM patients enrolled in our study. Of these, 40 were diagnosed with initial glioblastoma multiforme, had not undergone chemotherapy or radiotherapy, and were sensitive for TMZ. The glioblastoma multiforme of the other 72 patients, who were resistant to TMZ, was recrudescent. All patients were treated with surgical resection at our hospital. The tissues obtained were stored with liquid nitrogen after the written approval of the Institutional Research Ethics Board and the informed consent of all enrolled patients. This study was supported by Ethics committee of The First Affiliated Hospital, Zhejiang University. The expression of NEAT1 in these GBM tissues was determined by quantitative reverse transcription real-time PCR.
Cell lines
Human glioblastoma multiforme cell lines U87 and U251, which were purchased from the Cell Culture Center of the Chinese Academy of Medical Sciences (Beijing, China), were cultured in DEME medium containing 10% FBS, 100 U/mL of penicillin, and 100 μM of streptomycin at 37°C in a humid environment with 5% CO2. The method of obtaining the TMZ-resistant cell lines U87-R and U251-R has been described previously [16]. Briefly, after being maintained with 10 μM of TMZ for two weeks, the GBM cell lines U87 and U251 were sequentially exposed to TMZ, the concentration of which was enhanced about twofold every two stages until it reached the maximum concentration, which could lead to the death of all resistant cells. The TMZ-resistant cell lines U87-R and U251-R were induced to be established at 200 μM of TMZ.
Cell transfection
[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK21]Si-NEAT1, used to suppress NEAT1 expression; Si-MGMT, used to depress MGMT expression; and MGMT-pcDNA vector, used to over-express MGMT, were purchased from Ribobio (Guangzhou, China). The non-targeting control Si-RNA (Mock) and the empty vector (pcDNA) served as negative controls. After being cultured for 24 hours, the GBM cell lines were performed for transfection by Opti-MEM I and Lipofectamine 3000 (Invitrogen, CA, USA) using the standard system of the manufacturer’s protocol. To obtain stable cell lines, G418 (Invitrogen, CA, USA) was added to the selection medium.
RNA isolation and qRT-PCR
TRIzol reagent (Invitrogen, San Diego, CA, USA) was used to extract the total RNA following the manufacturer’s protocol. After the extracted RNA was reversely transcribed to cDNA, the resultant was used with the miRNA qPCR Quantitation Kit (Genepharma, Shanghai, China) to perform quantitative real-time PCR in the ABI PRISM 7300 RT-PCR system (Applied Biosystems, Foster, CA, USA). The 2-ΔΔCt method was used to carry the related level of RNA expression.
Cell viability with TMZ and IC-50 value
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]The GBM cells were seeded in 96-well plates with 100 μM of TMZ and cultured for 24h, 48h, 72h, and 96h. At the time of harvest, 10 μL of CCK-8 (Roche Biochemicals, Mannheim, Germany) were added to every well. After 4 hours, the cell viability was indicated by the absorbance value, measured at 450 nm. IC-50, the half-maximal inhibitory concentration, represented the concentration of TMZ required for 50% inhibition of the GBM cells. The IC-50 value was detected by the CCK-8 reagent and calculated by the Graph Pad Prism software (Graph Pad Software, La Jolla, CA, USA).
Cell apoptosis
[bookmark: OLE_LINK19][bookmark: OLE_LINK20]The GBM cells were stained using a V-FITC/PI double staining kit (Key GEN, Shanghai, China) according to the manufacturer’s protocol. The apoptosis of the GBM cells was surveyed by flow cytometry (FACScan, BD Biosciences).
Western blotting assay
The western blotting assay process has been described previously [17]. The antibodies against MGMT and GADPH, regarded as loading controls, were purchased from NeoMarkers (Fremont, CA, USA). The protein bands were imaged by a Fluor S Multi-Imager (Bio-Rad Laboratories, Hercules, CA, USA).
Statistical analysis
[bookmark: OLE_LINK44][bookmark: OLE_LINK45]All data were analyzed using the SPSS 20.0 software (SPSS, Chicago, IL, USA) and the Graph Pad Prism software (Graph Pad Software, La Jolla, CA, USA) and expressed as mean ± SD. Student’s test, the chi-square test, or one-way ANOVA were used to calculate the significance of the differences. A P value of less than 0.01 was considered statistically significant.

RESULTS
NEAT1 was over-expressed in the recrudescent GBM tissues with TMZ resistance.
For analyzing the effect of NEAT1 expression on TMZ resistance, 40 patients who were initially diagnosed with GBM and detected as sensitive to TMZ and 74 recrudescent GBM cases with TMZ resistance were gathered. The expression of NEAT1 in the tumor tissues of the two groups was defined, and NEAT1 expression was evidently up-regulated in the recrudescent patients (Figure 1).
[image: D:\20-期刊\3-CSRC-第二期\2-润色后\5 神经胶质瘤\Figure\figure1.jpg]
Figure 1 The expression of NEAT1 in GBM tissues. The expression of NEAT1 in TMZ-resistant GBM tissues was higher than that in TMZ-sensitive GBM tissues (***P<0.001).

NEAT1 over-expression was associated with TMZ resistance in the GBM cells.
[bookmark: OLE_LINK22][bookmark: OLE_LINK23]As the data above show a higher level of NEAT1 expression in the TMZ-resistant cases, the TMZ-resistant cell lines U87-R and U251-R, which were continuously exposed in the senior concentration of TMZ, were obtained. According to the CCK-8 assays, the TMZ-resistant cell lines U87-R and U251-R indicated obvious growth superiority with 100 μM of TMZ (Figure 2A). Because of their enhanced resistance, the U87-R and U251-R cells revealed the higher IC-50 values (≥three fold) compared to the U87 and U251 cells (Figure 2B). Similarly, the expression of NEAT1 was enhanced (>four fold) in the U87-R and U251-R cells (Figure 2C).
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Figure 2 NEAT1 is up-expressed in TMZ-resistant GBM cell lines. (A) The viability of GBM cells was detected using CCK-8 assays after exposure to TMZ for 24h, 48h, 72h, and 96h. The absorbance values were measured at 450 nm. (B) The IC-50 of TMZ in the GBM cells was assessed by CCK-8 assays (**P<0.01). (C) The expression of NEAT1 in TMZ-resistant GBM cell lines was found to be up-regulated via qRT-PCR analysis (**P<0.01).

The knockdown of NEAT1 inhibited TMZ resistance and promoted cell apoptosis in the GBM cells.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]To further explore the role of NEAT1 in GBM cells, the U87-R and U251-R cells were transfected with Si-RNA, which interfered with NEAT1 regulation. As shown in Figure 3A, compared with those in the controls, the levels of NEAT1 expression were markedly lower in the U87-R-Si-NEAT1 and U251-R-Si-NEAT1 cells. In accordance with the CCK-8 assays, the cell viability with 100 μM of TMZ and the IC-50 value of the U87-R and U251-R cells transfected with Si-NEAT1 were visibly reduced compared to those of the control cells (Figure 3B and 3C). Meanwhile, the down-regulation of NEAT1 resulted in a remarkable increase in apoptotic cells in the U87-R and U215-R cells cultured with 100 μM of TMZ (Figure 3D and 3E).
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Figure 3 Knockdown of NEAT1 promotes TMZ sensitivity and cell apoptosis. (A) The expression of NEAT1 in TMZ-resistant GBM cell lines was defined using qRT-PCR analysis (**P<0.01, ***P<0.001). (B) The cell viability of TMZ-resistant GBM cells was detected using CCK-8 assays after exposure to TMZ for 24h, 48h, 72h, and 96h. The absorbance values were measured at 450 nm. (C) The IC-50 of TMZ in the TMZ-resistant GBM cells was assessed by CCK-8 assays (**P<0.01). (D) The influence of NEAT1 down-regulation on the apoptosis of U87-R cells cultured with TMZ was determined by ﬂow cytometry analysis (**P<0.01). (E) The influence of NEAT1 down-regulation on the apoptosis of U251-R cells cultured with TMZ was determined by ﬂow cytometry analysis (**P<0.01).

The down-regulation of NEAT1 depressed the expression of MGMT. 
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Because a large number of studies have reported that MGMT is related to the TMZ resistance of GBM cells, qRT-PCR and western blot assays were performed. The results showed that the mRNA and protein expression levels of MGMT in the U87-R and U215-R cells were significantly enhanced compared to those in the U87 and U251 cells (Figure 4A and 4B), while the levels of MGMT mRNA and protein expression in the U87-R-Si-NEAT1 and U251-R-Si-NEAT1 cells were evidently suppressed by NEAT1 deletion (Figure 4C and 4D).
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Figure 4 Knockdown of NEAT1 depressed the expression of MGMT. (A) The mRNA expression of MGMT in TMZ-resistant GBM cell lines was found to be up-regulated via qRT-PCR analysis (**P<0.01). (B) The protein expression of MGMT in TMZ-resistant GBM cell lines was determined to be up-regulated via western blot analysis. (C) The expression level of MGMT mRNA in TMZ-resistant GBM cell lines was defined using qRT-PCR analysis (**P<0.01, ***P<0.001). (D) The protein level of MGMT expression in TMZ-resistant GBM cell lines was detected using western blot analysis.

NEAT1 knockdown and the over-expression of MGMT impacted TMZ resistance in the GBM cells.
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]The CCK-8 assays illustrated that because of the down-regulation of MGMT in the U87-R and U251-R cells, the IC-50 value and cell viability with 100 μM of TMZ in the U87-R-Si-MGMT and U251-R-Si-MGMT cells were inhibited compared to those of the controls (Figure 5A and 5B). Also, the IC-50 and cell viability with 100 μM of TMZ in the U87-R-Si-NEAT1+MGMT and U251-R-Si-NEAT1+MGMT cells were obviously increased with the over-expression of MGMT (Figure 5C and 5D). In addition, the down-regulation of NEAT1 combined with TMZ could significantly advance the apoptosis of the U87-R and U251-R cells, while the up-regulation of MGMT in the U87-R-Si-NEAT1+MGMT and U251-R-Si-NEAT1+MGMT cells combined with TMZ lowered cell apoptosis in comparison with that of the U87-R-Si-NEAT1 and U251-R-Si-NEAT1 cells with TMZ (Figure 5E and 5F).
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Figure 5 The expression of NEAT1 and MGMT impacted TMZ resistance in GBM cells. (A) The cell viability of TMZ-resistant GBM cells, which were transfected with Si-MGMT, was detected using CCK-8 assays after exposure to TMZ for 24h, 48h, 72h, and 96h. The absorbance values were measured at 450 nm. (B) The IC-50 of TMZ in the TMZ-resistant GBM cells that were transfected with Si-MGMT was assessed by CCK-8 assays (**P<0.01). (C) The cell viability of the TMZ-resistant GBM cells that were transfected with Si-NEAT1 and MGMT-pcDNA was detected using CCK-8 assays after exposure to TMZ for 24h, 48h, 72h, and 96h. The absorbance values were measured at 450 nm. (D) The IC-50 of TMZ in the TMZ-resistant GBM cells that were transfected with Si-NEAT1 and MGMT-pcDNA was assessed by CCK-8 assays (**P<0.01). (E) The influence of TMZ and MGMT up-regulation on the apoptosis of U87-R cells transfected with Si-NEAT1 was evaluated by ﬂow cytometry analysis (**P<0.01). (F) The influence of TMZ and MGMT up-regulation on the apoptosis of U251-R cells transfected with Si-NEAT1 was investigated by ﬂow cytometry analysis (**P<0.01).

DISCUSSION
As one of the most aggressive and lethal tumors, GBM is commonly treated by surgical resection combined with radiotherapy and chemotherapy [18,19]. TMZ is the preferred chemotherapy medicine against GBM, for which there are very few efficient drug treatments [20]. Another unhopeful situation is that recurrent GBM patients exhibit TMZ resistance following first-time chemo-treatments with TMZ [21]. Many studies have found that lncRNAs are involved in various biological processes in cancer cells, such as cell cycle control, transcriptional and translational regulation, apoptosis, cell invasion, and cell migration [22-25]. 
Large amounts of evidence reveal that the chemoresistance of tumors is associated with lncRNAs. For instance, the lncRNA HOTTIP contributes to gemcitabine resistance in pancreatic cancer [26], the lncRNA UCA1 enhances cisplatin/gemcitabine resistance in bladder cancer cells [27], and the lncRNA PVT1 promotes multidrug resistance in gastric cancer [28]. Although it has been reported that the lncRNA NEAT1 is over-expressed in GBM tissues compared with healthy brain tissues [14], the function of NEAT1 in TMZ resistance has not been previously studied. Comparing lncRNA NEAT1 between recrudescent GBM tissues and initial GBM tissues, we found that NEAT1 expression was increased in the recrudescent tissues. Meanwhile, the expression level of NEAT1 in TMZ-sensitive cells (U87 and U251) was lower than that in TMZ-resistant cells (U87-R and U251-R), suggesting that NEAT1 is associated with TMZ resistance in GBM cells. The different expression levels of NEAT1 in GBM provide potential prognosis values.
Furthermore, the up-regulation or down-regulation of lncRNAs could change the progression of tumors. The knockdown of TUG1 by SiRNA has obviously depressed cell proliferation and promoted cell apoptosis in colon cancer cells [29], while the over-expression of the lncRNA GAS5 may inhibit cell growth and enhance gefitinib sensitivity in lung adenocarcinoma cells [30]. The knockdown of CARLo-5 in gastric cancer cell lines has markedly suppressed cell proliferation by inducing G0/G1 cell-cycle arrest and apoptosis [31]. Similarly, due to the down-regulation of NEAT1 in TMZ-resistant GBM cells transfected with Si-RNA, the viability and IC-50 value of the GBM cell lines were decreased. This result shows that interfering with NEAT1 expression has the benefit of depressing TMZ resistance in GBM cells. Further, the knockdown of NEAT1 significantly enhanced TMZ-induced cell apoptosis in GBM cells. In other words, the TMZ sensitivity of GBM cells could be significantly improved. This result suggests a novel target for enhancing the efficacy of TMZ chemotherapy.
Previous studies have shown that the dysregulation of MGMT is the primary cause of TMZ resistance in GBM cells [17,32,33]. Similarly, we determined that the mRNA and protein levels of MGMT were up-regulated in TMZ-resistant GBM cells. Interfering with MGMT expression led to decreases in the viability and IC-50 value of the GBM cells, equal to those resulting from NEAT1 silencing. Moreover, the knockdown of NEAT1 suppressed the transcription and translation levels of MGMT. However, the over-expression of MGMT in NEAT1-silenced GBM U87 and U251 cells enhanced these cells’ TMZ resistance. 
In summary, not only was the expression of NEAT1 enhanced in TMZ-resistant GBM cells, but NEAT1 was involved in the TMZ resistance of GBM cells by regulating MGMT.
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