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Abstract

Alkylating chemotherapy is a central component of the management of glioblastoma (GBM). 

Among the factors that regulate the response to alkylation damage, NF-кB acts to both promote 

and block cytotoxicity. In this study, we used genome-wide expression analysis in U87 GBM to 

identify NF-кB-dependent factors altered in response to temozolomide (TMZ) and found the long 

non-coding RNA (lncRNA) MALAT1 as one of the most significantly upregulated. Additionally, 

we demonstrated that MALAT1 expression was co-regulated by p50 (p105) and p53 via novel кB- 

and p53-binding sites in the proximal MALAT1 coding region. TMZ treatment inhibited p50 

recruitment to its cognate element as a function of Ser329 phosphorylation while concomitantly 

increasing p53 recruitment. Moreover, luciferase reporter studies demonstrated that both кB and 

p53 cis-elements were required for efficient transactivation in response to TMZ. Depletion of 

MALAT1 sensitized patient-derived GBM cells to TMZ cytotoxicity, and in vivo delivery of 

nanoparticle encapsulated anti-MALAT1 siRNA increased the efficacy of TMZ in mice bearing 

intracranial GBM xenografts. Despite these observations, in situ hybridization of GBM specimens 

and analysis of publically available datasets revealed that MALAT1 expression within GBM tissue 

was not prognostic of overall survival. Together, these findings support MALAT1 as a target for 

chemosensitization of GBM and identify p50 and p52 as primary regulators of this ncRNA.
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INTRODUCTION

Resistance to DNA damage-induced cytotoxicity plays a major role in the poor response of 

many glioblastoma (GBM) patients to chemotherapy. The oral alkylator temozolomide 

(TMZ) is the most commonly used chemotherapeutic for the management of GBM yet, 

despite its routine use, overall response to TMZ remains modest (1). While upstream repair 

factors such as methylguanine DNA-methyltransferase (MGMT) that attenuate the efficacy 

of TMZ are well established, the downstream pathways that modulate cytotoxicity and 

chemoresistance remain poorly elucidated. Nuclear factor-кB (NF-кB) is an important 

regulator of the cytotoxic response to DNA damage and acts in a context and subunit-

specific manner to attenuate and augment cell death (2,3). There are five primary NF-кB 

subunits, p50 (NF-кB1, p105), p52 (NF-кB2, p100), p65 (relA), relB, and crel, that act as 

dimers to regulate the downstream NF-кB response.

In GBM, p50 makes up a significant portion of the nuclear NF-кB dimer (4). While p50 is 

required for TMZ-induced cytotoxicity (3,5), certain p50-dependent genes have the opposite 

effect and attenuate killing (6). TMZ induces p50 S329 (S328) phosphorylation and this 

modification regulates p50 binding to its cognate elements (7). p50 lacks a transactivation 

domain (TAD) and regulates downstream signaling in association with various co-regulating 

factors. The tumor suppressor protein, p53, is intimately involved in modulating the NF-кB 

response (8,9), and deregulation of the p53 pathway has been reported in up to 85% of GBM 

(10). p53 signaling is induced by DNA damage and is involved in both promoting and 

attenuating cytotoxicity (11).

Long non-coding RNAs (lncRNAs) are molecules larger than 200 nucleotides that are not 

translated into proteins. They are involved in a wide range of cellular processes including 

chromatin remodeling, transcriptional regulation, and post-transcriptional processing 

(12,13). In the field of cancer biology, lncRNAs mediate both oncogenic and tumor-

suppressive pathways, and aberrant expression of several lncRNAs has been observed in 

cancer including glioma (14–16). LncRNAs play an important role in promoting 

chemoresistance (17,18) and several lncRNAs have been reported to modulate GBM 

progression through p53-dependent oncogenic activity (19,20).

Metastasis associated lung adenocarcinoma transcript 1 (MALAT1), also known as nuclear-

enriched transcript 2 (NEAT2), is a conserved 8.7 kb lncRNA located on chromosome 

11q13. MALAT1 was originally identified as a predictor of metastasis in non-small cell lung 

cancer and subsequently shown to be up-regulated in many malignancies including GBM 

(21–23). MALAT1 localizes to nuclear speckles where it participates in alternative splicing 

of pre-mRNA to enable diversification of gene function (24–26). Although the cellular 

localization, interacting partners, and functional role of MALAT1 have been extensively 

examined (24,25,27,28), less is known about the mechanism by which MALAT1 expression 

is regulated. In GBM, MALAT1 was shown to promote chemoresistance by regulating 

microRNAs and by inducing transformation to a mesenchymal phenotype (29–31). 

Additionally, a recent study indicated that systemic knockdown of MALAT1 augments 

cytotoxicity by TMZ in GBM (32). These findings suggest that MALAT1 may be a fruitful 

target for chemosensitization and underline the need to better define its regulation in GBM.
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Given the importance of p50 in the response to alkylating chemotherapy, we examined p50-

dependent gene expression in isogenic GBM cells proficient and deficient in p50 following 

treatment with TMZ. MALAT1 was identified as a p50-dependent gene upregulated 

following TMZ treatment. We show that MALAT1 is co-regulated by p50 and p53 and 

demonstrate that targeting MALAT1 increased the efficacy of TMZ in experimental GBM.

MATERIALS AND METHODS

Cell lines, reagents, recombinant proteins and plasmids

Human glioma cell lines U87, A172, and U251 cells were purchased from American Type 

Culture Collection (ATCC). The patient-derived GSCs, GBM34 and GBM44, were obtained 

from Dr. Mariano Viapiano (Brigham and Women’s Hospital, Boston, MA) and were 

previously described (33). Immortal Nfkb1+/+ and Nfkb1−/− mouse embryonic fibroblasts 

(MEFs) were cultured and stable re-expression of p50 isoforms performed as previously 

described (3). U87 glioma cells expressing sh-control or sh-p105, targeting the C-terminal of 

p105 to enable re-expression of p50 constructs, were also previously described (3). Cell 

lines were authenticated by routine morphological and growth analysis and also by western 

blotting. All cell lines were screened for the presence of mycoplasma using the ATCC 

Universal Mycoplasma Detection Kit (Catalogue # 30-1012K) every four months. Cells 

were used within four passages of being thawed. Full-length recombinant human p53 protein 

was obtained from Abcam (ab82201, Cambridge, MA, USA). His-p50 was bacterially-

expressed and purified as previously described (3). TMZ was obtained from Sigma-Aldrich 

(St. Louis, MO, USA).

RNA interference

The following siRNA constructs were obtained: si-MALAT1-(1) (SASI_Hs02_00377093, 

Sigma-Aldrich), si-MALAT1-(2) (n272231, Thermo Fisher) si-p53 #1 (sc-29435, Santa 

Cruz Biotechnology, Dallas, TX, USA), si-p53 #2 (M-003329-03, GE Dharmacon, 

Lafayette, CO, USA), si-p50 (sense: GUCACUCUAACGUAUGCAUU, GE Dharmacon), 

si-p65 (sense: GAUUGAGGAGAAACGUAAAUU, GE Dharmacon) and si-Control 

(D-001210-03, GE Dharmacon). All siRNA constructs were transfected at a concentration of 

200 nM for 48 hours or as noted in the legend using Oligofectamine (Invitrogen, Life 

Technologies, Grand Island, NY, USA).

For construction of stable shRNA clones, oligos targeting nucleotides 8224 to 8244 of 

MALAT1 (NCBI Reference Sequence: NR_002819.2) (target seq: 

TAGCGGAAGCTGATCTCCAAT) were obtained (Integrated DNA Technologies, 

Coralville, IO, USA) and cloned into pLKO.1 (Clontech, Mountain View, CA, USA). The 

control sh-RNA construct was obtained from Dr. David Sabatini (Addgene plasmid #1864, 

Addgene, Cambridge, MA, USA) and contains a scrambled sequence in the pLKO.1 vector 

(34). Lentiviral particles were generated with the packaging system from Addgene (pMD2.G 

and psPAX) and U87 cells infected with lentivirus and selected with puromycin for 5 days 

before use. Infections were performed at a Multiplicity of Infection (MOI) of 5 as previously 

optimized (6). Following transduction, cells were selected with puromycin and qPCR 

performed to determine acceptable transduction efficiency and knockdown of MALAT1.
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RNA extraction, microarray analysis and data processing

For gene expression analysis, sh-p105 and sh-control U87 cells were plated, in triplicate, and 

treated with vehicle or 100 μM TMZ for 16 hours. This time point and concentration of 

TMZ were previously demonstrated to allow maximal inhibition of NF-кB DNA binding 

(5). In addition, 100 μM TMZ achieves a therapeutically relevant dose of TMZ in the range 

of the plasma level achieved during chemotherapy (35,36). Cells were then harvested and 

total RNA extraction performed using TRIzol (Invitrogen), added directly to cells in culture 

and lysates collected using a cell lifter. RNA extraction was carried out per manufacturer’s 

instructions and RNA purity and concentration assessed using an Agilent 2100 Bioanalyzer 

(Agilent Technologies, Santa Clara, CA, USA). Samples were then stored at −80 °C until 

microarray analysis.

Affymetrix® GeneChip Human Genome U133 Plus 2.0 Arrays (HG-U 133 Plus 2.0, Santa 

Clara, CA, USA) containing 47,000 gene-level transcripts were used for gene expression 

analysis on 5 μg RNA from biologic triplicates. Array hybridization and scanning were 

performed in the UCLA Bioinformatics Institute Core Laboratory Facility (Los Angeles, 

CA, USA) according to Affymetrix protocols. The raw data were processed using the 

Affymetrix Power Tools. The probe intensities were summarized using the robust multi-

array average (RMA) algorithm (37), and quantile normalized across all samples. 

Differentially expressed genes (DEGs) were identified using the linear models approach in 

the limma package in R/Bioconductor. False discovery rate (FDR) < 5% (0.05) was used as a 

cut off in a typical analysis and controlled using the Benjamini-Horchberg procedure (38). 

Functional annotations were based on Gene Ontology terms (e.g. biological processes) and 

the NIH/DAVID (Database for Annotation, Visualization and Integrated Discovery) tool 

(39). Microarray data have been submitted to the NCBI Gene Expression Omnibus (GEO) 

[accession number: GSE65363].

Datasets

Raw gene expression and clinical data from the Repository for Molecular Brain Neoplasia 

Data (REMBRANDT) and TCGA datasets were accessed, analyzed, and downloaded from 

GlioVis data portal (gliovis.bioinfo.cnio.es) in October 2017 (40). Kaplan Meier survival 

curves were plotted based on the MALAT1 expression level.

кB-site and p53 binding site analysis

For p53 2,500 bps up- and down-stream of the human MALAT1 coding sequence were 

interrogated using p53MH (41), JASPAR (42) and MATCH (43) software and a single 

binding site (BS) that overlapped in all three searches was identified in the coding sequence 

(NCBI Ref. Seq: NR_002819.2). 2,500 bps up- and down-stream of the murine MALAT1 
coding sequence were also interrogated using JASPAR. One site was identified in the range 

of (−2003 to −1989) with a sequence of ACAAGTTAAGGCTTT that contained 80% 

homology with the human p53 binding site.

For NF-кB, JASPAR, MATCH, and TFSEARCH (44) were used and a single decameric 

sequence, that overlaps in all three searches and has 85% homology with the canonical B-

site was identified upstream from the p53 BS of the human MALAT1 coding sequence. 
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2,500 bps up- and down-stream of the murine MALAT1 coding sequence were also 

interrogated using JASPAR. One site was identified in the range of (−378 to −368) with a 

sequence of GGGAATGTCC that contained 82% homology with the human кB-site.

Quantitative real-time polymerase chain reaction (qPCR) and quantitative chromatin 
immunoprecipitation (qChIP)

Total RNA was isolated and qPCR performed as described (3). The primers used were: 

MALAT1 (human and mouse, sense GGATCCTAGACCAGCATGCC, antisense 

AAAGGTTACCATAAGTAAGT), MDM2 (sense AACCACCTCACAGATTCCAG, 

antisense TCAAGGTGACACCTGTTCTC), PLK2 (sense CCACCATTCGCACTCG, 

antisense CGGCGTAGACTTTGTTATTT), TP53I3 (sense TCTCTATGGTCTGATGGG, 

antisense AAGTAAGTTCCAGAAAA), LMP2 (sense ATGCTGACTCGACAGCCTTT, 

antisense GCAATAGCGTCTGTGGTGAA), and GAPDH (sense 

CTTCACCACCATGGAGAAGGC, antisense GGCATGGACTGTGGTCATGAG). Relative 

expression data is shown as the average of each experiment run in triplicate.

qChIP was performed following IP with the indicated antibodies as described (3). qPCR was 

carried out using primers for human MALAT1 that span the region encompassing the 

putative кB-site (sense CGCAACTGGCCTCTCCTGCC, anti-sense 

CTCGTCGCTGCGTCCCAAGG) or p53 BS (sense 

GCTAGGAAACAAAAAGCTAAGGGCA, anti-sense 

CCTTCTAACTTCTGCACCACCAGA). qPCR was carried out using primers for murine 

MALAT1 that span the region encompassing the putative кB-site (sense 

GGAGAGAGAAACAGGCAGC, anti-sense GGAAGACAGTGGGCATTTGG) or p53 BS 

(sense AAGCACCTCAGCTCAAGTCC, anti-sense AGCCACATACAAGATTGAAGCT). 

The change in DNA enrichment for each IP condition was determined relative to input DNA. 

To control for non-specific binding, the anti-p50, anti-p52, anti-p65 and anti-p53 data was 

subtracted from the anti-H1 results (anti-IgG showed no binding) as previously described 

(7).

Immunoblot and electrophoretic mobility shift assay (EMSA)

Immunoblotting was performed using whole cell lysate as previously described (7). Primary 

antibodies used include: anti-p50 (sc7178, Santa Cruz Biotechnology), anti-p65 (#8242, Cell 

Signaling, Beverly, MA, USA), anti-gapdh (sc-137179,), anti-p53 (sc71818,). Alexa-Fluor 

680 and Alexa-Fluor 800 fluorescent dye-conjugated secondary antibodies (Invitrogen) were 

used for visualization with Odyssey Infrared system (LI-COR, Lincoln, NB, USA). For 

EMSA, nuclear fraction was isolated, or pure protein obtained, and assay performed as 

described (3). Supershift assays were performed using antibody cocktails specific to the 

indicated NF-кB subunit or p53. Competition was performed by pre-incubating the mixture 

with cold specific and non-specific DNA probe.

Luciferase assay

A 2400bp region of the MALAT1 proximal promoter and region bearing the putative p53 

and кB BSs was generated by SwitchGear Genomics (Active Motif, Carlsbad, CA, USA) 

and transferred into the pGl4.20 luciferase reporter vector (Promega, Madison, WI, USA). 
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Cells were co-transfected with the reporter and Renilla reniformis and relative luciferase 

activity measured after treatment using the Dual-Luciferase Reporter® Assay kit (Promega) 

as previously described (5). All experiments were performed in triplicate. The QuikChange 

Lightning Site Directed Mutagenesis Kit (Agilent, Santa Clara, CA, USA) was used to 

mutate the B-site (GCAGGTCCCC to tCAGGTCata) and the p53 BS 

(AAACAAGCTAAGACAAGTAT to AtcCAAGCTAAGACAAtcga).

Clonogenic and trypan blue assays

Cells were plated and allowed to attach overnight and assays performed as previously 

described after treatment with TMZ or vehicle (3,45).

Nanoparticle production and characterization

NPs were provided by LNK Chemsolutions LLC, Lincoln, NB, USA. These were 

manufactured and characterized as previously described (46). siRNAs were incorporated 

into NPs in a similar fashion to other agents and the product maintained under sterile 

conditions.

Animal studies

Six to seven-week old male nude mice (Harlan Laboratories, Madison, USA) were used in 

accordance with guidelines of the Institutional Animal Care and Use Committee (IACUC) of 

the University of Chicago. For intracranial studies, 5×105 U87 cells were injected into the 

right striatum as previously described (45), and animals randomized into 6 groups (n = 6 per 

group). 10 μL of vehicle or NPs carrying si-Control or si-MALAT1 at a concentration of 5 

nM were injected intracranially (day 4 and 7) following tumor inoculation as previously 

described (6). Mice were also treated with intraperitoneal (i.p.) vehicle or TMZ on day 4 (5 

mg/kg), 7 (5 mg/kg) and 10 (2.5 mg/kg) (total TMZ dose: 12.5 mg/kg). Animals were 

followed until terminal, sacrificed and brains harvested for verification of tumor.

For hindlimb studies, 7.5×106 U87 cells were injected into the right hindlimb and animals 

randomized (n = 5 per group) when tumors reached an average of 100 mm3 (day 0). Mice 

were treated with a single daily intratumoral (i.t.) injection of 10 μL of si-Control or si-

MALAT1 NPs over 5 consecutive days, and with i.p. TMZ (total TMZ dose: 12.5 mg/kg) or 

vehicle over 3 alternating days. Control animals were injected i.t. or i.p. with vehicle. Tumor 

volume was measured every 2 - 3 days and fractional tumor volume calculated (V/ V0 where 

V0 = volume of tumor on day 0, V = volume of tumor on day measured). Animals were 

followed until tumors reached 2 cm3. Tumors were then harvested for verification of 

MALAT1 knockdown. Briefly, tumors underwent manual homogenization and total RNA 

extraction was performed using TRIzol (Invitrogen) added directly to homogenized 

suspension. RNA extraction was carried out per manufacturer’s instructions and RNA purity 

and concentration assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa 

Clara, CA, USA). qPCR was performed following mRNA isolation using the primers 

described above.
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Tissue Microarray Construction

Tissue Microarray (TMA) was generated as previously described (47). Briefly, patients who 

presented to the University of Chicago with a diagnosis of glioma between 2007-2013 were 

retrospectively enrolled under an Institutional Review Board (IRB) protocol. Consent was 

waived under IRB approval given patients were deceased. 34 GBM patients were found to 

have adequate clinical data and tumor tissue for inclusion into TMA and their clinical 

characteristics are shown (Supplementary Table 1). Survival time was determined as the time 

from initial diagnosis until death, or last follow up for survivors. For construction of TMAs, 

FFPE donor blocks were examined by a neuropathologist and representative tumor regions 

identified. 1mm cores were punched and TMAs were made using a Beech Instrument Tissue 

Arrayer. Cores were placed in duplicate with control samples that included normal tissue 

and low grade glioma specimens. Interspersed between. Sections were cut at 4 μm thickness 

and initially examined under light microscopy following hematoxylin and eosin staining. 

TMAs were also examined for IDH1 mutation by staining with a clinical antibody to IDH1-

R132H (antibody clone H09, Dianova).

In Situ Hybridization

TMAs were de-paraffinized by immersion in xylene (10 min twice) and then rehydrated 

through serial ethanol (100%, 75%, 50%, and 25%) for 5 min each followed by immersion 

in DEPC-treated PBS for 5 min. Slides were then digested with proteinase K (20 mg/ml) for 

20 min at 37˚C and acetylated in 0.25% (v/v) acetic anhydride in 0.1 M triethanolamine (pH 

8.0). Sections were prehybridized in 50% (v/v) deionized formamide in 2X SSC at 58˚C for 

60 min and then hybridized overnight at 58˚C in a humidified chamber with 0.5 mg/ ml 

DIG-labeled RNA probe in hybridization buffer containing 50% deionized formamide, 10% 

(w/v) dextran sulfate, 1X Denhardt’s solution, 1 mg/ml yeast tRNA, 0.6M NaCl, 10mMTris-

HCl (pH 7.4), and 1 mM EDTA (pH 8.0). After hybridization, slides were treated with 

RNase A (20 mg/ml) for 30 min at 37˚C and washed with 0.1X SSC at 58˚C for 30 min. 

Hybridized probes were detected with alkaline phosphatase-conjugated anti-DIG antibody 

(Roche, Indianapolis, IN) and color reaction was developed with NBT/BCIP (Roche) 

according to the manufacturer’s instructions.

Probe construction: A 436 bp DNA fragment (nucleotides 7484-7919 of reference sequence 

NR_002819, see below) was amplified by PCR and inserted into the pGEM-T vector 

(Promega). Sense and antisense probes were then generated with MEGAscript T7 

Transcription Kit (sense probe) and MEGAscript SP6 Transcription Kit (Thermo scientific) 

for the anti-sense probe as described in manufacturer’s protocol. The sequence of the 

MALAT1 probe region is: 

GGCAGGAGAGACAACAAAGCGCTATTATCCTAAGGTCAAGAGAAGTGTCAGCCTC

ACCTGATTTTTATTAGTAATGAGGACTTGCCTCAACTCCCTCTTTCTGGAGTGAAG

CATCCGAAGGAATGCTTGAAGTACCCCTGGGCTTCTCTTAACATTTAAGCAAGCTG

TTTTTATAGCAGCTCTTAATAATAAAGCCCAAATCTCAAGCGGTGCTTGAAGGGGA

GGGAAAGGGGGAAAGCGGGCAACCACTTTTCCCTAGCTTTTCCAGAAGCCTGTTA

AAAGCAAGGTCTCCCCACAAGCAACTTCTCTGCCACATCGCCACCCCGTGCCTTT

TGATCTAGCACAGACCCTTCACCCCTCACCTCGATGCAGCCAGTAGCTTGGATCCT

TGTGGGCATGATCCATAATCGGTTTCAAGGTAACGATGGTGTCGAGG
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ISH Scoring: Staining was scored in a semi-quantitative fashion based on a four-tier system: 

0 (no hybridization), 1 (<25% positive cells), 2 (25- 50 % positive) and 3 (>50% positive). 

The score was then converted into a binary grade where a score of 0 or 1 was deemed low 

and a score of 2 or 3 deemed high. Only nuclear hybridization was considered positive and 

scoring performed in a blinded manner.

Statistical Analysis

In vitro data are expressed as a mean ±SD and significance determined as P < 0.05 using a 

2-tailed student’s t-test. For survival studies, Kaplan-Meier curves were plotted, and the log-

rank test was performed for comparison of cohorts. For hindlimb studies tumor growth is 

expressed as fractional tumor growth V/ V0 +SD and significance determined as P < 0.05. 

Datasets were analyzed as indicated in the legends.

Data availability

All data generated and analyzed during the current study are included in this published 

article and its Supplementary Information files or are available from the corresponding 

author on reasonable request.

RESULTS

MALAT1 is induced by DNA damage in a p50/p53 dependent manner

To identify p50/p105-dependent factors modified in response to TMZ, we used isogenic U87 

cells stably expressing a short-hairpin (sh) targeting the c-terminal of p105 or a non-coding 

sequence (sh-control). Following treatment with TMZ, differential gene expression was 

determined. Cells were treated with 100 μM TMZ, the concentration reported in the plasma 

of patients treated with TMZ (35), for 16 hours, the time point of maximal change in NF-кB 

DNA binding in prior work (5). 133 transcripts were significantly (FDR < 0.05) altered 

following TMZ treatment (Figure 1A and Supplementary Tables 2 and 3). The primary 

pathways modulated included the p53 response, DNA damage signaling and regulation of 

cell death (Supplementary Figure 1A-C). Using a very stringent cutoff (FDR < 0.01), we 

identified eight transcripts significantly altered in a p50/p105-dependent fashion following 

TMZ treatment (Figure 1B and Supplementary Table 4). Five of these factors either had no 

identified gene product or coded for a histone protein. The expression of the remaining three 

genes was examined using qPCR. While PLK2 and MALAT1 were induced by TMZ, 

TP53I3 was not even though it was p50/p105-dependent (Figure 1C). Of these two genes, 

MALAT1 was conspicuous because it was the sole lncRNA in the entire p50/p105-regulated 

gene set and because it had previously been associated with resistance to TMZ in GBM 

(29,31,48).

To further examine the requirement of p50/p105, a distinct siRNA targeting this subunit was 

used confirming the requirement of p50/p105 for expression of MALAT1 by TMZ (Figure 

2A). In addition, the kinetics of induction of MALAT1 by TMZ were determined (Figure 2B 

and C). Induction of MALAT1 expression by TMZ was subsequently demonstrated in a 

second GBM cell line (Supplementary Figure 2A). As RNA silencing results in depletion of 

both p50 and p105, to specifically look at mature p50, we overexpressed p50 in MEFs 
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derived from Nfkb1 knockout (Nfkb1−/−) mice. Importantly, the nucleotide sequence of 

MALAT1 is highly conserved between man and mouse (26). While TMZ induced MALAT1 

expression in wildtype (Nfkb1+/+) MEFs, deletion of Nfkb1 blocked this induction (Figure 

2D). Reconstitution of p50 in Nfkb1−/− MEFs restored induction of MALAT1 by TMZ, 

confirming that p50 alone, and not the entire p105, was sufficient for induction of MALAT1 

by TMZ (Figure 2D). In addition, as TMZ induces phosphorylation of p50 Ser329 (3,7), we 

examined whether an unphosphorylateable p50 mutant (S329A) altered induction of 

MALAT1. In contrast to the wildtype p50 (p50wt), p50S329A did not restore expression of 

MALAT1 by TMZ (Figure 2D) indicating that S329 phosphorylation is required for 

induction of MALAT1. Finally, given that a prior report demonstrated that p65 can bind the 

MALAT1 promoter (49), we examined whether p65 is required for induction of MALAT1. 

Knockdown of p65 did not alter induction of MALAT1 by TMZ (Supplementary Figure 2B).

It was notable that p53 signaling was one of the pathways most significantly activated by 

TMZ (Supplementary Figure 1B). As p53 has been reported to modulate MALAT1 

expression, we examined the role of p53 in this response. Remarkably, and in contrast to p53 

overexpression (32,50), knockdown of p53 using two distinct si-RNA constructs blocked 

induction of MALAT1 by TMZ (Figure 2E and Supplementary Figure 2B). Consistent with 

this, we found that in U251 GBM cells that are p53 mutant (51), TMZ did not induce 

MALAT1 expression (Supplementary Figure 2C). These results indicate that MALAT1 is 

induced by TMZ in a manner dependent on p50 and p53.

TMZ modulates recruitment of p50 and p53 to the MALAT1 coding sequence

The above findings, and prior reports (32,49,50), suggested that MALAT1 is 

transcriptionally regulated by p53 and NF-кB. We therefore searched the promoter and 

coding region of human MALAT1 (NCBI Gene ID: 378938) for potential p53 and кB BSs. 

For p53, 2,500 base-pairs up- and down-stream of the MALAT1 coding sequence were 

interrogated using several programs: p53MH (41), JASPAR (42), and MATCH (52). Only 

one p53 BS, within the MALAT1 coding sequence (NCBI Ref. Seq: NR_002819.2), was 

present in all three searches. This p53 BS was distinct from that described in a previous 

report (Supplementary Figure 3A) (50). For NF-кB, the latter two programs and 

TFSEARCH (44) were used and a single decameric sequence present in all three searches 

with 85% homology to the canonical кB-site was identified. This кB-site was in the 

proximal MALAT1 coding sequence (Figure 3A). As both BSs were distinct from 

previously reported p53 and NF-кB BSs (Supplementary Figure 3A) (49,50), we examined 

whether purified p50 and p53 proteins actually bound to these putative sites. Each protein 

was incubated with an oligonucleotide sequence bearing its respective BS and a 

concentration-dependent increase in binding was noted at each BS (Figure 3B). Next, to 

examine endogenous p50 and p53 DNA binding, nuclear extracts were harvested from U87 

cells following treatment with TMZ. Gel shift with either the p53 or p50 BS led to the 

appearance of a specific band (Figure 3C). Importantly, supershift analysis demonstrated 

that both p53 and p50 were present in these bands and bound their respective putative BSs at 

baseline (Figure 3C). While TMZ increased binding of p53 to the p53 probe (Figure 3C, 

compare lanes 2 and 3), it decreased binding of NF-кB/p50 to the B probe (Figure 3C, 

compare lanes 7 and 8), an observation supported by the decrease in p50 supershift 
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following treatment with TMZ (Figure 3C, compare lanes 9 and 10). To examine changes in 

transcription factor binding in vivo, we used qChIP with primers spanning each specific BS. 

Both p53 and p50 were recruited to chromatin in the region of their respective BSs and, 

while TMZ inhibited recruitment of p50 to the кB-site, it induced recruitment of p53 to the 

p53 BS (Figure 3D).

Given the requirement of p50 for expression of MALAT1 by TMZ, we examined binding in 

cells depleted of this subunit. The primary NF-кB dimer bound to the MALAT1 кB-site was 

p50/p65 and TMZ attenuated this binding (Figure 4A). Knockdown of p105/p50 led to 

cross-compensation by the p52 subunit resulting in formation of p52/p65 dimers (Figure 4A, 

lanes 9 and 10). Also, loss of p50 blocked the ability of TMZ to inhibit NF-кB DNA binding 

(Figure 4A, compare lanes 2 and 7). ChIP studies with stable sh-RNA expressing cells 

demonstrated increased chromatin enrichment of the p52 subunit in cells depleted of 

p105/p50 (Figure 4B), a finding consistent with the reported propensity of p52 to 

compensate for loss of p50 (53,54). Moreover, consistent with the gel shift data, in sh-p105/

p50-expressing cells TMZ did not alter the chromatin recruitment of p52 (Figure 4B, center 

panel). Notably, with loss of p105/p50, there was a significant reduction in TMZ-induced 

recruitment of p53 to the MALAT1 regulatory region (Figure 4B, right panel). The minor 

increase in p53 binding in sh-p105 cells following treatment was likely due to the residual 

p50 in these cells (Figure 2A, inset). There was no change in p65 enrichment following 

treatment (Supplementary Figure 3B). In addition, as p50 has been shown to induce p53 

expression (55), we examined p53 expression in cells depleted of p50. In GBM cells, 

depletion of p50 did not alter p53 expression (Supplementary Figure 3C).

S329 phosphorylation was required for expression of MALAT1 (Figure 2D), therefore, we 

examined the role of this residue for the changes in p50 and p53 chromatin recruitment. We 

scanned murine MALAT1 (NCBI Gene ID: 378938) for potential кB and p53 BSs using 

JASPAR and identified a кB-site with 82% homology to the human sequence and a p53 BS 

with 80% homology to human. Nfkb1−/− MEFs were infected with lentiviral vectors 

expressing either p50wt or p50S329A and chromatin recruitment of p50 or p53 examined. As 

with U87 cells, TMZ blocked p50 and induced p53 recruitment in cells expressing p50wt 

(Figure 4C, left panel). However, in the presence of p50S329A, TMZ neither inhibited p50 

binding nor induced p53 recruitment. These findings are consistent with prior work 

demonstrating that TMZ-induced S329 phosphorylation blocks p50 recruitment to certain 

кB sequences (7), and indicate that phosphorylation of S329 is necessary for the increase in 

p53 chromatin recruitment to the MALAT1 regulatory region.

MALAT1 кB and p53 cis-elements are functional

To examine the functional relevance of these BSs, a luciferase reporter consisting of 2,400 

basepairs of the human MALAT1 proximal promoter and p53 and p50 BSs was constructed 

and each BS mutated individually and together (Figure 5A). TMZ induced expression from 

the wildtype (wt) reporter that was maximal at 16 hours (Figure 5B). Mutation of either the 

p53 BS or the кB-site alone blocked the increase in activity induced by TMZ (Figure 5C). 

Mutation of the кB-site alone led to increased reporter activity in the absence of TMZ 

(Figure 5C) suggesting that in unstimulated cells this кB-site inhibits transcriptional activity. 
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Knockdown of p105/p50 blocked luciferase expression by TMZ from the wt reporter (Figure 

5D). Moreover, when p50wt was re-expressed in sh-p105-expressing cells, TMZ induced 

luciferase expression from a reporter containing the wt but not the mutant B site (Figure 5E). 

However, consistent with the requirement of S329 for induction of MALAT1, expression of 

p50S329A did not enable luciferase expression from the reporter with the wt B site (Figure 

5E). Together, these findings demonstrate that the putative p53 and кB BSs are functional 

and are required for the increase in luciferase expression by TMZ.

Knockdown of MALAT1 sensitizes GBM cells to TMZ

High serum MALAT1 has been associated with resistance to TMZ (48); however, MALAT1 

has been reported to both increase and decrease cell proliferation and tumor growth 

(29,32,56,57). Given these conflicting observations, we examined whether knockdown of 

MALAT1 modulates the efficacy of TMZ. Although MALAT1 is a nuclear lncRNA, si-RNA 

reduced its expression by 50% (Supplementary Figure 4A). Knockdown of MALAT1 

enhanced the efficacy of TMZ in U87 cells as determined by clonogenic survival assay 

(Figure 6A). Similarly, in GBM34 cells, a patient derived glioma stem-like cell (GSC) (33), 

depletion of MALAT1 increased TMZ-induced killing (Figure 6B). In addition, although 

TMZ did not induce MALAT1 in U251 cells, knockdown of MALAT1 still augmented the 

effect of TMZ in these cells (Supplementary Figure 4B), likely due to the depletion of basal 

MALAT1. These findings were replicated in A172 cells and GBM44 patient-derived GSCs 

(Supplementary Figures 4C and D). Importantly, a second si-RNA targeting MALAT1 

recapitulated these results (Supplementary Figures 4E-G). We also constructed a lentiviral 

vector expressing sh-MALAT1 that targeted a distinct region and depleted MALAT1 

expression by 70% (Figure 6C). Expression of this vector in GBM cells sensitized them to 

TMZ (Figure 6D). These findings indicate that MALAT1 promotes resistance to TMZ in 

GBM.

MALAT1 is a chemosensitizing target, not a prognostic factor, in GBM

To determine whether depletion of MALAT1 can be used in established GBM, we 

encapsulated an siRNA targeting MALAT1 in a nanoparticle vector previously used for the 

treatment of experimental GBM (46). Compared to control siRNA (NP-si-cntl), 

nanoparticles encapsulating si-MALAT1 (NP-si-MALAT1) resulted in approximately 50% 

knockdown of MALAT1 specifically (Figure 6E). Combination treatment of GBM cells with 

NP-si-MALAT1 and TMZ led to a significant decrease in clonal survival relative to NP-si-

cntl and TMZ (Figure 6F). Subsequently, intracranial GBM xenografts were established and 

NPs delivered by direct intracranial injection. The combination of TMZ and NP-si-MALAT1 

resulted in increased animal survival compared to control (Figure 6G, p < 0.02, Log-rank 

NP-si-MALAT1+TMZ vs. all other groups). A similar finding was seen when hindlimb 

xenografts were treated with TMZ and NPs, demonstrating that tumor growth is significantly 

inhibited by combination TMZ and NP-si-MALAT1 (Supplementary Figure 5A). 

Importantly, nanoparticles encapsulating si-RNA inhibited MALAT1 expression in vivo 
(Supplementary Figure 5B). These findings indicate that depletion of MALAT1 combines 

effectively with TMZ to treat experimental GBM.
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To evaluate whether MALAT1 is prognostic in GBM, as was previously suggested (58), we 

performed in situ hybridization (ISH) of GBM specimens. Two tissue microarrays (TMA) 

containing 34 separate GBM specimens that have been previously described (47) were used 

and a specific anti-sense probe targeting a 436-nucleotide fragment of reference sequence, 

NR_002819, constructed. The signal intensity of the anti-sense probe was evaluated and the 

lack of signal with the sense probe demonstrated (Supplementary Figure 6). TMAs were 

then hybridized with the anti-sense probe and signal intensity graded in a blinded manner on 

a four-tier scale (0,1, 2 or 3). This signal intensity was converted into a binary score of high 

or low (Figure 7A). The clinical characteristics of the patients are noted (Supplementary 

Table 1). No significant difference in overall survival was seen between patients with high 

and low MALAT1 hybridization score (Figure 7B). To further examine the potential 

prognostic role of MALAT1, we looked at RNA sequencing data from The Cancer Genome 

Atlas (TCGA). Consistent with the ISH data, MALAT1 expression level in TCGA GBM 

patients was unable to separate patients into survival groups (Figure 7C) (GlioVis data portal 

for visualization and analysis of brain tumor expression datasets) (40). This result was 

recapitulated in data from the REMBRANDT dataset (P = 0.55, log-rank, HR = 1.1, GlioVis 

data portal). In addition, analysis of combined GBM and lower grade glioma (LGG) patients 

from TCGA demonstrated that not only was MALAT1 expression level uninformative of 

survival (Supplementary Figure 7), but also that there was no significant difference in 

expression between different grades of glioma (Supplementary Figure 8A). Interestingly, a 

significant difference in MALAT1 expression was observed between primary and recurrent 

gliomas (Supplementary Figure 8B). These results indicate that, while MALAT1 was not 

prognostic in GBM, its expression was elevated in recurrent tumors.

DISCUSSION

Here, using genome-wide analysis we identified MALAT1 as a p50-dependent gene 

upregulated following treatment of GBM cells with TMZ. MALAT1 was the sole p50-

dependent lncRNA induced by alkylation damage. While MALAT1 expression was 

previously reported to be elevated in glioma cells resistant to TMZ (29), the mechanism 

underlying its induction was unclear. Interestingly, it was recently noted that MALAT1 was 

not induced in GBM cells by other chemotherapeutics (59), suggesting that MALAT1 is not 

generally upregulated by DNA damaging therapy.

Mechanistically, we found that MALAT1 was induced by DNA alkylation damage in a 

manner dependent on p50 and p53. We identified novel кB and p53 BSs downstream of the 

MALAT1 transcription start site that bound their respective transcription factors. While 

TMZ decreased the chromatin recruitment of p50, it concomitantly increased the recruitment 

of p53. Although it was possible that these reciprocal changes were coincidental, their co-

dependence in promoting expression of MALAT1 by TMZ was supported by the finding that 

in the absence of p50, p53 recruitment did not increase and TMZ failed to induce MALAT1. 

Moreover, with loss of p50, p52 bound the кB-site and remained bound following treatment. 

We previously reported that TMZ induces p50 phosphorylation at Ser329 resulting in 

inhibition of NF-кB binding and activity (3). Consistent with this, we found that expression 

of an S329A mutant p50 blocked both the decrease in p50 and the increase in p53 binding in 

response to TMZ. The requirement for loss of p50 binding for MALAT1 expression was 
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supported by luciferase studies where mutation of the кB-site alone, which would result in 

the loss of p50 binding, led to increased reporter activity in untreated cells. These findings 

support a model whereby phosphorylation of p50 in response to TMZ leads to its release 

from chromatin and the concomitant increase in p53 binding that promotes MALAT1 

expression (Figure 7D).

Although regulation of MALAT1 by p53 and NF-кB was previously studied, the data are 

somewhat conflicting. Whereas we find that in GBM cells and MEFs MALAT1 was induced 

by a mechanism requiring p53, it was recently reported that overexpression of p53 in 

erythroid myeloid lymphoid (EML) cells decreased MALAT1 via a putative p53 BS 

different from the p53 site identified here (50). This inhibitory effect of p53 overexpression 

on MALAT1 was also noted in GBM cells (32). These differences in the role of p53 in 

regulating MALAT1 expression are likely because p53 overexpression induces changes that 

are different to the p53-dependent alterations seen with TMZ treatment. In the setting of 

TMZ, MALAT1 expression is induced by the interaction of p53 with NF-кB, a response not 

seen when p53 is overexpressed by itself. Interestingly, in support of the requirement of p53, 

a previous comprehensive microarray study demonstrated that MALAT1 was one of multiple 

lncRNAs induced in a p53-dependent manner by oncogenic K-ras (60). With respect to NF-

кB, a prior report identified a different кB-site within the MALAT1 promoter (49). Although 

direct binding of NF-кB to that consensus site was not examined, LPS induced p65 

recruitment to that region of the promoter and mutation of the putative site blocked LPS-

induced expression from a luciferase reporter. Together, these findings suggest that like 

protein coding genes, expression of MALAT1 is transcriptionally modulated in both a cell 

type and stimulus-dependent manner. Moreover, the co-dependence on NF-кB and p53 

further emphasizes the multi-dimensional manner by which these transcription factors 

regulate downstream gene expression (8,9). Finally, it is notable that histones were among 

the genes initially identified on differential gene expression analysis (Supplementary Table 

4). Histone modifications have previously been reported to modulate NF-кB activity and 

contribute to TMZ resistance in GBM (61). Interestingly, the interaction of MALAT1 with 

chromatin-modulating factors was previously reported to play a critical role in regulating 

cellular growth programs (25). Whether, MALAT1 regulates histones to mediate the 

response to TMZ is a potential mechanism that will require further analysis.

In order to target MALAT1 therapeutically, siRNA was encapsulated in a polymeric vector 

and delivered via stereotactic injection into GBM xenografts. Notably, a recent report also 

demonstrated that targeted MALAT1 knockdown improved the efficacy of TMZ against 

intracranial GBM (32). In that study, si-RNA targeting MALAT1 was delivered via 

intravenous injection. We used direct intratumoral injection to minimize the systemic effects 

of MALAT1 depletion. These studies suggest that MALAT1 is a potential target for 

chemosensitization and raised the question of whether MALAT1 expression is also 

informative of patient outcome in GBM as it is in other malignancies (21,62). We examined 

MALAT1 expression both in GBM tissue by ISH and in publically available databases. In 

contrast to protein coding genes whose mRNA expression may not accurately reflect protein 

level, ncRNA expression more directly indicates the level of the functional end product of 

the gene. We found that tumoral MALAT1 expression level did not have prognostic value. In 

addition, no significant difference in MALAT1 expression was seen between gliomas of 
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different grade. These findings are in contrast to results from a previous study that examined 

MALAT1 by qPCR in a series of grade I-IV gliomas where it was reported that MALAT1 

expression correlated with grade and was an independent predictor of survival (58).

It is important to highlight potential limitations of this study. First, we found that loss of p65 

did not block induction of MALAT1 by TMZ. While this finding may be because TMZ acts 

via p50 and not p65 (3), it is also possible that cross-compensation by other NF-кB subunits, 

for example crel (54), may facilitate the continued expression of MALAT1 in the absence of 

p65. Second, MALAT1 was identified as a mechanism of resistance based on screening 

studies focused on the NF-кB pathway. Such an approach likely excludes identification of 

other important pathways of TMZ resistance downstream of MGMT. Clearly, resistance to 

TMZ is multifactorial involving not only cell intrinsic processes but also factors in the GBM 

microenvironment (63–65). Finally, although we did not observe a prognostic role for 

MALAT1 in GBM, it is important to note that we identified MALAT1 following TMZ 

treatment. However, in most glioma databases, tumor tissue is procured prior to treatment 

initiation. Therefore, despite the ability of MALAT1 to attenuate cytotoxicity, its expression 

level in ‘treatment-naive’ specimens would not necessarily be expected to correlate with 

survival. Indeed, analysis of recurrent glioma tissue demonstrated increased MALAT1 

expression compared to primary, treatment-naive tumors. Interestingly, a recent report noted 

that serum MALAT1 was higher in GBM patients that responded poorly to TMZ (48). 

Although this study did not report a correlation between tumor MALAT1 and survival, given 

the ease of obtaining serum samples, analyzing serum MALAT1 level following TMZ 

treatment may be a potential strategy for predicting response to TMZ.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

These findings identify NF-кB and p53 as regulators of the lncRNA MALAT1 and 

suggest MALAT1 as a potential target for the chemosensitization of GBM.
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Figure 1. Gene expression analysis.
(A) Number of transcripts significantly altered in response to TMZ (100 μM, 16 hrs) in U87 

cells expressing indicated shRNA (FDR<0.05). (B) List of genes most significantly altered 

(FDR < 0.01) following TMZ treatment in cells expressing sh-control but not sh-p50/p105. 

(C) RNA expression in U87 cells expressing sh-control or sh-p105 following treatment with 

TMZ (100 μM, 16 hrs). Data show mean expression relative to GAPDH, ±SD of triplicate 

samples from two biological experiments normalized to vehicle. Inset: immunoblot in U87 

cells expressing control or p105 shRNA. *, p< 0.05.
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Figure 2. MALAT1 is induced in a p50/p53-depedent manner.
qPCR analysis of MALAT1 expression. (A) U87 cells transfected with the indicated si-RNA 

(si-cntl: scrambled sequence) and treated as shown (100 μM TMZ, 24 hours). Inset: 

immunoblot in U87 cells expressing control or p105 si-RNA. (B) U87 cells treated with 100 

μM TMZ for the indicated time. (C) U87 cells treated for 48 hours with TMZ. (D) Nfkb1+/+ 

and Nfkb1−/− MEFs untransfected or transfected with empty vector (EV), p50wt or p50S329A 

and treated as indicated (TMZ, 100 μM, 24 hours). Inset: immunoblot in Nfkb1−/− MEFs 

expressing EV, S329A or wt-p50. (E) U87 cells transfected with si-RNA against p53 and 

treated as shown (100 μM TMZ, 24 hours). Inset: immunoblot in U87 cells transected with 

p53 si-RNA. Data show mean expression relative to GAPDH, ±SD of triplicate samples 

from three biological experiments normalized to vehicle. *, p< 0.05; **, p< 0.01.
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Figure 3. TMZ modulates binding of p53 and NF-кB to кB and p53 binding sites.
(A) Schematic representation of the кB and p53 binding sites in human MALAT1. (B) 

EMSA using the кB and p53 probes with increasing concentrations of purified His-p50 or 

p53 (0 - 300 ng). (C) EMSA using nuclear extracts from U87 cells treated with vehicle or 

TMZ (100 μM TMZ, 16 hours). Supershift (SS) with anti-p50 and anti-p53. Oct1 EMSA 

demonstrates equal lysate loading. (D) qChIP using primers spanning the кB and p53 BSs in 

U87 cells treated as shown (100 μM TMZ, 16 hours). Data represent chromatin enrichment 

of the indicated protein, relative to input DNA after controlling for non-specific binding 

using anti-histone H1 (positive control) and anti-IgG, normalized to vehicle, mean ±SD of 

triplicate samples shown. *, p< 0.05.
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Figure 4. Recruitment to the кB and p53 binding sites is dependent on p105/p50.
(A) EMSA using nuclear extract from U87 cells stably expressing sh-p105/p50 or sh-control 

treated with vehicle or TMZ (100 μM, 16 hours). SS with the indicated antibody. 

Competition performed with specific (SC) and non-specific (NS) cold probe identifies the 

NF-кB band. (B) qChIP using primers spanning the human кB and p53 BSs in sh-cntl and 

sh-p105/p50 U87 cells. Cells were treated as shown (100 μM TMZ, 16 hours) and IP 

performed with the indicated antibodies. (C) qChIP in Nfkb1−/− MEFs expressing either 

p50wt or p50S329A using primers spanning murine BSs in MALAT1. qChIP data represent 

chromatin enrichment of the indicated protein, relative to input DNA after controlling for 

non-specific binding using anti-histone H3 (positive control) and anti-IgG, normalized to 

vehicle, mean ± SD of triplicate samples, repeated with similar results. *, p< 0.05; **, p< 

0.01.
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Figure 5. MALAT1 кB and p53 binding sites are functional.
(A) Schematic of the 2.4 kbp luciferase reporter containing putative human p53 and p50 

BSs. (B-E) Luciferase assays. Data show mean luciferase expression relative to renilla, ±SD 

of triplicate samples. (B) U87 cells treated with 100 μM TMZ for different times as noted 

(left) or U87 cells treated with TMZ for 16 hours (right). (C) U87 cells transfected with the 

indicated reporter construct and treated as shown (100 μM TMZ, 16 hours). (D) sh-cntl and 

sh-p105/p50 U87 cells treated as in C. (E) U87 cells stably expressing sh-p105/p50 were 

transfected with p50wt or p50S329A and the indicated кB reporter (p53-wt). Cells were 

treated as in C. Data represent mean ±SD of triplicate samples, repeated with similar results. 

*, p < 0.05, **p < 0.01.
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Figure 6. Knockdown of MALAT1 enhances the anti-glioma effect of TMZ.
(A) Clonogenic assay in U87 cells transfected with si-cntrl or si-MALAT1-#1 treated as 

shown. (B) Trypan blue assay in GBM34 GSCs transfected with si-cntrl or si-MALAT1-#1 

following treatment with TMZ for 72 hours. (C) MALAT1 expression in U87 cells 

following infection with the indicated sh-RNA construct. (D) Clonogenic assay in U87 cells 

expressing sh-control or sh-MALAT1 treated with TMZ. (E) qPCR analysis of MALAT1 

and LMP2 mRNA expression, relative to GAPDH, in U87 cells treated with nanoparticles 

carrying si-control (NP-si-cntrl) or si-MALAT1 (NP-si-Malat1). (F) Clonogenic assay in 

U87 cells following treatment with the indicated nanoparticles. (G) Kaplan-Meier survival 

curves of mice bearing intracranial U87 GBM xenografts (n= 6 mice per group) following 

treatment with TMZ (days 4, 7 and 10) and/or the indicated NP. P < 0.02, Log-rank: TMZ + 

NP-si-MALAT1-#1 vs. TMZ + NP-si-cntl or NP-si-MALAT1-#1 alone. Trypan blue, 

clonogenic, qPCR data represent mean ±SD of triplicate samples, repeated with similar 

findings. *, p< 0.05; **, p< 0.01 relative to control.
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Figure 7. MALAT1 expression is not prognostic of overall survival in GBM.
(A) Representative MALAT1 in-situ hybridization staining in GBM. Low staining (bottom) 

and high staining (top). (B) Kaplan-Meier survival curves in thirty-four GBM patients 

separated by their MALAT1 ISH staining score. Significance was analyzed by Log-rank 

method. (C) Kaplan-Meier survival curves in all GBM patients from TCGA based on RNA-

SEQ expression separated at median value. (D) Model illustrating the mechanism by which 

TMZ induces MALAT1 expression. p50-containing dimers occupy the кB-site at rest 

(upper). Following treatment (lower), phosphorylation of p50 Ser329 leads to decreased p50 

dimer binding and a concomitant increased p53 chromatin recruitment resulting in increased 

MALAT1 expression.
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