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Abstract Favorable outcome after chemotherapy of

glioblastomas cannot unequivocally be linked to promoter

hypermethylation of the O6-methylguanine-DNA methyl-

transferase (MGMT) gene encoding a DNA repair enzyme

associated with resistance to alkylating agents. This indi-

cates that molecular mechanisms determining MGMT

expression have not yet been fully elucidated. We here

show that glioblastomas are capable to downregulate

MGMT expression independently of promoter methylation

by elongation of the 30-UTR of the mRNA, rendering the

alternatively polyadenylated transcript susceptible to

miRNA-mediated suppression. While the elongated tran-

script is poorly expressed in normal brain, its abundance in

human glioblastoma specimens is inversely correlated with

MGMT mRNA expression. Using a bioinformatically

guided experimental approach, we identified miR-181d,

miR-767-3p, and miR-648 as significant post-transcrip-

tional regulators of MGMT in glioblastomas; the first two

miRNAs induce MGMT mRNA degradation, the latter

affects MGMT protein translation. A regression model

including the two miRNAs influencing MGMT mRNA

expression and the MGMT methylation status reliably

predicts The Cancer Genome Atlas MGMT expression

data. Responsivity of MGMT expressing T98G glioma

cells to temozolomide was significantly enhanced after

transfection of miR-181d, miR-767-3p, and miR-648.

Taken together, our results uncovered alternative polyad-

enylation of the MGMT 30-UTR and miRNA targeting as

new mechanisms of MGMT silencing.
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Introduction

Glioblastoma (GBM) is the most common and most

aggressive primary brain tumor [32]. Research on epige-

netic regulation has recently led to the discovery of

an important biomarker that has gained translational rele-

vance: Epigenetic silencing of the DNA repair enzyme

O6-methylguanine-DNA methyltransferase (MGMT) by

promoter methylation has been shown to be associated with

a substantial survival advantage after radiotherapy plus

concomitant and adjuvant temozolomide (TMZ) in GBM

patients. The 18-month survival rate was 62 % among

patients with a methylated MGMT promoter compared with

only 8 % in the absence of promoter methylation [5, 28].

The association between promoter methylation and favor-

able treatment response after chemotherapy with alkylating

agents is explained by the assumption that methylation of a

CpG island within the promoter of the MGMT gene silences

its transcription. This subsequently reduces MGMT protein
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expression, thereby preventing the disadvantageous repair

of chemotherapy-induced DNA damage [12].

However, discordant findings exist; a considerable num-

ber of GBM patients with unmethylated tumors experience

an unexpected favorable outcome after radiochemotherapy,

and some patients with a methylated promoter do not benefit

from concomitant and adjuvant TMZ treatment. In these

discordant cases, occurring in approximately 20 % of all

patients, MGMT mRNA expression was found to be low

(high) despite an unmethylated (methylated) MGMT pro-

moter [4, 24] and was shown to determine outcome

independently of MGMT promoter methylation: Patients

with low MGMT expression did significantly better than

those with high transcript levels [16]. These discordant

findings point to the existence of so far unknown post-tran-

scriptional regulation of MGMT, which currently impairs

the use of this biomarker for treatment decision (in favor of

chemotherapy or not) in GBM patients.

The current study aimed to identify additional pathways

regulating the expression of MGMT. We particularly

focused on post-transcriptional mechanisms involving the

30-UTR of the MGMT gene and potential targeting by micro-

RNAs (miRNAs), which have been recognized to essentially

impact multiple biological characteristics of GBM [17].

Materials and methods

Human tissue samples

GBM tissue samples were obtained and processed as

described previously [16]. All patients gave written

informed consent, and the prospective study protocol was

reviewed and approved by the institutional review board of

the Ludwig Maximilians University, Munich, Germany

(AZ 216/14).

Cell culture

HEK 293 cell lines were routinely maintained in Dul-

becco’s Modified Eagle Medium (DMEM) supplied with

10 % fetal bovine serum (FBS), 1 % penicillin/strepto-

mycin/glutamine (v/v) and 1 % NEAA. HEK 293 Tet-Off

Advanced cells require the addition of 100 lg/ml ge-

neticin. U87 cells were grown in DMEM medium

supplied with 10 % FBS, 2 % glutamine, 1 % penicillin/

streptomycin, and 1 % sodium-pyruvate. T98G cell were

maintained in DMEM (4.5 g/l Glucose) supplemented

with 10 % FBS, 1 % penicillin/streptomycin/glutamine

(v/v), 1 % sodium-pyruvate, and 1 % NEAA. A549 cells

were cultured in RPMI medium supplied with 10 % FBS,

1 % penicillin/streptomycin/glutamine, and 1 % HEPES

(10 mM).

Vector construction

The psiCheck-2 Dual-Luciferase Vector (Promega) was

used for generation of MGMT long and short 30-UTR

reporter constructs. Briefly, the long MGMT 30-UTR was

amplified by PCR from 100 ng of cDNA isolated from

human glioma tissue with the primers given in Table 1

(synthesized by Metabion). The following cycling condi-

tions were applied: 95 �C for 5 min denaturing; 36 cycles

of 95 �C for 30 s, 62.9 �C for 30 s, 72 �C for 60 s; and a

final extension at 72 �C for 5 min. PCR products were first

ligated into the pSC-B amp/kan vector (UltraBlunt PCR

Cloning Kit, Stratagene) according to the manufacturer’s

protocol and subsequently subcloned into the PmeI and

NotI restriction sites of the psiCheck-2 plasmid. To gen-

erate the short UTR reporter construct, a NotI restriction

site was introduced into the long UTR reporter downstream

of the first APA site using the QuikChange Lightning

Mutagenesis Kit (Stratagene) and the primers listed in

Table 1. For Tet-Off experiments, sequences encompass-

ing the hRluc reporter gene coding region and the

respective UTR were excised from the psiCheck-2 con-

structs using the restriction enzymes NheI and NotI and

were subsequently ligated into the pTRE-Tight vector

(Clontech). All constructs were verified by sequence

analysis (MWG Biotech).

30-Rapid amplification of cDNA ends (RACE)

30-RACE reactions were performed with 1 lg total RNA

starting material using the FirstChoice RLM-RACE kit

(Ambion). Primer sequences are given in Table 1. PCR

products were subcloned into the StrataClone Blunt Vec-

toramp/kan (Stratagene).

Cell transfections

Cell transfections were performed using the NeonTM

Transfection System (Invitrogen). To determine MGMT 30-
UTR stability, HEK 293 Tet-Off Advanced cells were

transfected with 1 lg of pTRE-Tight vector containing the

MGMT 30-UTR variants. After 30 h, doxycycline was

added to a final concentration of 3 lg/ml. Cells were har-

vested 8 or 30 h later for qPCR analyses of Renilla

luciferase mRNA or reporter gene assays, respectively.

Reporter gene assays

U87 cells were co-transfected with 1 lg of psiCheck-2

luciferase reporter vector containing MGMT 30-UTR

variants and either control or pre-miR microRNA precursor

molecules (Ambion) at concentrations of 50 nM. 48 h later,

luciferase activities were measured with the Dual-Glo
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Luciferase Assay System (Promega), and Renilla luciferase

activities were normalized to Firefly luciferase activities.

All experiments were performed at least in triplicates.

RNA isolation and synthesis of cDNA

Total RNA was isolated using either the RNAqueos� Micro

Kit or the mirVana miRNA Isolation Kit followed by a

DNase-digest with the Turbo DNA-free Kit (Ambion).

RNA quantity was assessed using the NanoDrop� ND-1000

spectrophotometer (Peqlab). cDNA was synthesized from

1 lg of total RNA using the SuperScript III First Strand

Synthesis System (Invitrogen) and random hexamers.

Quantitative real-time PCR (qPCR)

Analyses were performed on a Light Cycler 480 (Roche

Diagnostics) using UPL probes and reference gene nor-

malization to SDHA and TBP as described in [15].

Expression of mature miRNAs was performed using the

TaqMan� MicroRNA Assay (Applied Biosystems); RNU6b

served as endogenous control.

MTT assay

Cell growth and viability was determined by colorimetric

MTT cell viability/proliferation assay. Briefly, T98G cells

were transfected with scrambled control, premiR-767-3p,

premiR-181d, premiR-648 or with all 3 premiRs simulta-

neously (20 nM each premiR) and seeded into 24-well

plates. 12 h after electroporation, cells were treated with

TMZ (Sigma) dissolved in DMSO. After incubation for

further 12 h, cells were treated with 100 ll MTT reagent

(Sigma; 5 mg/ml) for 1 h. Finally, optical density at

550 nm was determined.

Western blot analysis

Western blotting was performed with 30 lg of total protein

extract on a 10 % SDS-gel. MGMT protein was detected

using anti-MGMT mouse monoclonal antibody (GeneTex).

Immunoreactive bands were detected using horserad-

ish peroxidase-labelled horse anti-mouse antibody (Cell

Signaling).

Table 1 Oligonucleotides
Cloning

MGMT 30-UTR for 50 NNNNNGTTTAAACGGGAGGGAGCTCAGGTCT 30

MGMT 30-UTR rev 50 TGGCAGGTAGGAAACAAAGC 30

Mutagenesis

MGMT mut for 50 CTGGGAACAAGCGCGGCCGCCCTTTCTGTTTCC 30

MGMT mut rev 50 GGAAACAGAAAGGGCGGCCGCGCTTGTTCCCAG 30

30-RLM-RACE

30-RACE adapter 50 GAGCACAGAATTAATACGACTCACTATAGGT12VN 30

30-RACE outer primer 50 GCGAGCACAGAATTAATACGACT 30

30-RACE inner primer 50 CGCGGATCCGAATTAATACGACTCACTATAGG 30

MGMT 30-UTR short for 50 GTGATTTCTTACCAGCAATTAGCA 30

Real-time PCR

MGMT 30-UTR long for 50 AGGCCGTCCACACTAGAAAG 30

MGMT 30-UTR long rev 50 CACAGCCATGGACACAGC 30

UPL probe #43

MGMT 30-UTR short for 50 GTGATTTCTTACCAGCAATTAGCA 30

MGMT 30-UTR short rev 50 CTGCTGCAGACCACTCTGTG 30

UPL probe #52

Rluc (Renilla Luciferase) for 50 AACACCGAGTTCGTGAAGGT 30

Rluc (Renilla Luciferase) rev 50 CATTTCATCTGGAGCGTCCT 30

UPL probe #41

SDHA for 50 GAGGCAGGGTTTAATACAGCA 30

SDHA rev 50 CCAGTTGTCCTCCTCCATGT 30

UPL probe #132

TBP for 50 GAACATCATGGATCAGAACAACA 30

TBP rev 50 ATAGGGATTCCGGGAGTCAT 30

UPL probe #87
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Bioinformatics and statistical analyses

MGMT mRNA expression data, miRNA expression data,

and methylation data were downloaded from The Cancer

Genome Atlas (TCGA) database (https://tcga-data.nci.nih.

gov/tcga, Level 3 data) [2]. The Cancer Genome Atlas is a

public repository that comprises tumor tissue from a

diverse set of malignancies. The database aims at providing

all levels of biomedical information available, such as

genomic, transcriptomic, proteomic, as well as clinical

data. At the time of writing, TCGA contains samples from

a total of more than 600 GBM patients. In the current

study, only samples with complete information were con-

sidered (n = 206), herein referred to as the training set. A

set of n = 19 patients enrolled in our own study is referred

to as validation set 1, and a second download of n = 71

newly added patients from the TCGA database is referred

to as validation set 2. MiRNAs were identified using four

different programs (TargetScan, PITA, RNA22, miRDB)

[11, 19, 23, 31], implementing both prediction scores and

agreement between the different programs.

The training set was used for the selection of candidate

regulatory miRNAs by considering correlation of miRNA

expression with MGMT expression, significant negative

correlation in bivariate linear regression analysis including

MGMT methylation status (cg12981137) and the expression

of the respective miRNA in glioma tissue, and selection in a

linear regression stepwise forward algorithm. After identi-

fication and biomolecular validation of the two candidate

miRNAs with the most significant impact on MGMT

expression levels, a multivariate linear regression model was

trained and evaluated on the training set. In order to apply the

model to the validation sets, miRNA and mRNA expression

values were discretized into 5 quantiles, whereas methyla-

tion status was binarized with the median value being

the cut-off. The model was retrained on the discretized

data (MGMT-expression = -1.57 9 (methylation state) -

0.17 9 (hsa-miR-181d expression) - 0.14 9 (hsa-miR-

767-3p expression) ? 3.43). All data were analyzed using

SigmaPlot 11.0 software (Systat Software) and the statis-

tical software package R. Analysis was performed with

Student’s t test with p \ 0.05 considered as significant and

p \ 0.001 considered as highly significant.

Results

GBMs express two MGMT transcripts differing in their

30-UTR lengths

Recent data indicate that MGMT expression in GBM is not

only regulated by promoter methylation but also by further

so far unexplored mechanisms [16]. MiRNAs have gained

significant attention as potent regulators of gene expression

[20]. To determine, whether MGMT is subject to post-

transcriptional regulation by specific miRNAs, we per-

formed bioinformatics analyses of the MGMT-30-UTR.

This suggested that MGMT may be subject to alternative

polyadenylation, since two possible MGMT transcripts

with 30-UTR lengths of 105 and 522 nt were found, with

the short transcript containing a canonical poly(A) signal

upstream the putative cleavage site and the long transcript

possessing an alternative poly(A) site (Fig. 1a). To deter-

mine which of these isoforms are expressed in human

normal brain tissue and in GBMs, we performed 30-RLM-

RACE analyses (positions of RACE forward primers are

depicted in Fig. 1a). As shown in Fig. 1b, in normal brain

tissue, only one MGMT transcript was expressed, whereas

in GBMs, we detected a second mRNA. Amplicon lengths

of approximately 440 and 850 nt pointed at the expected

105 and 522 nt MGMT transcripts, which were verified by

sequencing.

Low MGMT expression is accompanied by enhanced

expression of the long 30-UTR

We next systematically analyzed the expression patterns of

the two MGMT isoforms in six normal brain samples and

in 49 GBM samples using qPCR with specifically designed

primer-probe sets. While the elongated MGMT 30-UTR

generally is poorly expressed in normal brain tissue with a

median expression ratio long/short 30-UTR of less than 0.1,

GBM tissues showed a clear tendency towards 30-UTR-

elongation with decreasing MGMT expression (Fig. 1c).

Thus, we categorized GBM samples into three groups with

respect to MGMT expression based on the dataset descri-

bed in [16]: low MGMT expression (relative expres-

sion level \0.35, encompassing 25 % of GBMs), medium

MGMT expression ([0.35, \0.75, 50 % of GBMs), and

high MGMT expression ([0.75, 25 % of GBMs). In

tumors with high MGMT expression, 30-UTR expression

patterns did not significantly differ from normal brain,

which is unmethylated and exhibits the highest MGMT

expression levels [16]. In contrast, reduced MGMT

expression levels were found to be associated with a higher

abundance of the elongated 30-UTR. As compared to nor-

mal brain, a 3.2- and 5.1-fold increase of the long 30-UTR

was detected in the medium and low expression group,

respectively (Fig. 1d). These results were independent of

the promoter methylation status, as the medium expression

group exhibits homogenous 30-UTR expression patterns

although consisting of both unmethylated and methylated

tumors (Summary of methylation status in Supplementary

Table S1).
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Expression of full-length MGMT 30-UTR confers

reduced protein expression due to a reduced mRNA

stability

To determine how the different 30-UTR isoforms influence

protein expression, we fused the full-length and the short-

ened MGMT 30-UTRs to the MCS of the psiCheck-2 vector

downstream of the Renilla luciferase (hRluc) gene and

performed transfection experiments in HEK 293 cells. As

shown in Fig. 2a, the full-length UTR reporter yielded

significantly lower luciferase activity than the construct

containing the short UTR region (p = 0.008). Thus,

expression of long MGMT 30-UTR confers reduced protein

expression, most likely due to an impaired mRNA stability

and/or translation. To directly determine the stability of

both mRNA isoforms, we performed experiments with a

Tet-Off system. Therefore, both the short and the elongated

MGMT 30-UTR were subcloned downstream of the Renilla

luciferase gene. These constructs were subsequently ligated

into the pTRE-Tight vector, in which addition of doxycy-

cline turns off transcription of the inserted luciferase-

30-UTR construct. The decay of luciferase mRNA and

luciferase protein resulting from the vector constructs

containing the long 30-UTR was significantly faster than

those derived from the short UTR constructs (Fig. 2b, c).

These results indicate that the reduced protein expression

of the long MGMT 30-UTR is due to a reduced mRNA

stability.

30-UTR elongation renders MGMT prone to miRNA

regulation

As the elongated 30-UTR may harbor miRNA binding sites

and/or AU-rich sequences (AREs) rendering it prone to an

enhanced degradation, we next screened the long 30-UTR

in silico for the respective consensus sequences. As AREs

were not detected, we focused on miRNA-mediated regu-

lation. Using four different miRNA target prediction

programs, 32 potential miRNAs target sites have been

predicted within the 30-UTR of the MGMT mRNA. Two of

them were localized within the short UTR (miR-655 and

miR-1197), 29 were exclusively situated in the long UTR

(in the sequence between the two APA sites), and one site

(miR-181d) was localized in both UTRs. To further restrict

the number of the miRNAs potentially targeting the long

30-UTR, we screened the TGCA database for miRNAs that

are expressed in human GBMs. We additionally performed

correlation analyses to identify miRNAs that show a

Fig. 1 Malignant gliomas express two MGMT mRNA isoforms with

different 30-UTR lengths. a Schematic diagram of polyadenylation

sites within the MGMT 30-UTR and position of 30-RACE forward

primer with expected PCR product lengths. b 30-RLM-RACE

performed on total RNA from normal brain and GBM tissues. One

experiment representative of n = 3 is shown (MM, molecular

marker). c Expression of MGMT 30-UTR variants was determined

by qPCR in normal brain (n = 6) and in GBM tissues (n = 49). The

correlation of MGMT mRNA expression and 30-UTR long/short ratio

in GBM samples relative to normal brain is illustrated; r = -0.86,

p \ 0.0001. d GBMs were categorized into 3 groups with respect to

MGMT expression: (1) low MGMT expression (n = 13); (2) medium

MGMT expression (n = 25); (3) high MGMT expression (n = 11).

Values represent the 30-UTR long/short ratio relative to normal brain;

mean ± SEM; *p \ 0.05
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negative correlation with MGMT expression (Supplemen-

tary Table S2). Taking into account prediction scores,

correlation analyses, and seed match position, nine miR-

NAs were selected for experimental validation: those

miRNAs potentially targeting the short UTR as well as

seven miRNAs potentially targeting the long UTR

(Fig. 3a). To analyze direct binding and targeting of the

predicted miRNAs, we subcloned both 30-UTRs into the

MCS of the psiCheck-2 vector, which contains both Renilla

reniformis luciferase (Rluc) and Photinus pyralis (Firefly)

luciferase (Fluc) on a single plasmid with the MCS located

downstream of the Renilla encoding region. The reporter

vector was co-transfected with the respective pre-miRs (or

with scrambled control), and Rluc/Fluc ratios were calcu-

lated. The three miRNA binding sites located in the short

UTR—namely miR-181d, miR-655 and miR-1197—did

not exhibit significant regulatory activity when transfected

with the short-UTR luciferase construct, which indicates

that the MGMT isoform containing the short UTR is not

influenced by miRNA regulation (Fig. 3b). Out of the

candidate miRNAs potentially regulating the long UTR,

miR-661, miR-370, miR-181d, miR-767-3p, and miR-648

significantly repressed luciferase activity (inhibition by

14.4 ± 8 %, 15.2 ± 6 %, 29.2 ± 2 %, 31.6 ± 2 % and

36.5 ± 4 %, respectively) and thus turned out to be regu-

lators of the long UTR-expressing MGMT isoform

(Fig. 3c). To further confirm these findings, we systemat-

ically introduced two nucleotide mutations within the

particular predicted seed region of the respective miRNA

to prevent specific miRNA-target interactions. As shown in

Supplementary Figure S1, mutations resulted in a complete

reversal of the inhibitory effect of the three miRNAs.

Western blotting experiments with A549 cells (expressing

both MGMT isoforms) transfected with the respective pre-

miRs were in line with these experiments, as a significant

protein reduction was seen for miR-181d, miR-767-3p, and

miR-648. Notably, the strongest reduction was achieved by

miR-648 (Fig. 3d), whereas miR-661 and miR-370 did not

exert visible effects on MGMT protein expression. Unex-

pectedly, the strong effect of miR-648 on MGMT protein

could not be seen on mRNA level, as qPCR experiments

revealed that MGMT transcripts were only significantly

repressed by miR-181d and miR-767-3p (Fig. 3e). This

indicates that miR-181d and miR-767-3p exert their effects

by degradation of mRNA, whereas miR-648 inhibits pro-

tein translation.

We next studied the expression of the three miRNAs

regulating the long 30-UTR MGMT isoform in primary

human GBM tissue specimen as compared to normal brain

tissue. As shown in Fig. 4a, expression of miR-767-3p is

strongly enhanced (10.1 ± 1.9-fold), and miR-648 is

up-regulated 2.1 ± 0.4-fold, whereas miR-181d remains

unchanged.

After identification of candidate miRNAs that influence

MGMT expression in vitro, we evaluated the predictive

capabilities of these miRNAs in GBM data from The

Fig. 2 Expression of the long MGMT 30-UTR isoform reduces

MGMT protein levels and mRNA stability. a MGMT 30-UTR

isoforms were subcloned into the psiCheck-2 reporter vector and

protein expression was determined by luciferase assay. Results are

expressed as Rluc/Fluc ratio and represent the mean ± SEM; n = 6;

*p \ 0.05. b HEK 293 Tet-Off Advanced cells were transiently

transfected with pTRE-Tight vector containing the MGMT 30-UTR

variants, together with pTRE-Tight Firefly Luciferase Vector as

transfection efficiency control. 30 h post-transfection doxycycline

was added. MGMT mRNA stability was analyzed by quantitative RT-

PCR (n = 5) and by c determination of reporter activity (n = 5). Data

are presented as hRluc expression values in doxycycline treated cells

relative to untreated cells. Values are mean ± SEM; *p \ 0.05

676 Acta Neuropathol (2013) 125:671–681

123



Cancer Genome Atlas (TCGA) database. Therefore, we

constructed a linear regression model based on the

expression of these two miRNAs. Methylation state was

also included in the model, as it has repeatedly been shown

to have great impact on MGMT expression. As expected,

methylation status, miR-767-3p expression, and miR-181d

expression are highly significant predictors of MGMT

mRNA expression (Fig. 4b) and explain a large fraction of

the observed variation (multiple r2 0.45). In a linear

regression model, each coefficient represents by how much

Fig. 3 30-UTR lengthening renders MGMT mRNA prone to miRNA-

targeting. a Schematic diagram of selected predicted miRNA binding

sites in the short and long MGMT 30-UTR. b PsiCheck-2 reporter

vector containing the short MGMT 30-UTR variant was transfected

with either scrambled control or pre-miR molecules as indicated.

Luciferase activity was determined and data are presented as Rluc/

Fluc activity relative to scrambled control; mean ± SEM; n = 6.

c PsiCheck-2 reporter vector containing the long MGMT 30-UTR

variant was transfected with either scrambled control or pre-miR

molecules as indicated. Luciferase activity was determined and data

are presented as Rluc/Fluc activity relative to scrambled control;

mean ± SEM; n = 6; *p \ 0.05. d Western blot analysis of A549

cells transiently transfected with scrambled control or pre-miR

molecules as indicated using a MGMT specific antibody (b-actin

served as loading control; one experiment representative of n = 6 is

shown). e MGMT mRNA expression was analyzed in the same

samples by quantitative RT-PCR. Values are mean ± SEM; n = 6;

*p \ 0.05

Fig. 4 In human GBM, MGMT expression is influenced by miRNA-

targeting a MiRNA expression in GBM samples was quantified by

qPCR with TaqMan miRNA assays relative to RNU6b. Data are

presented as relative miRNA expression in GBM samples relative to

normal brain; mean ± SEM; n = 19; *p \ 0.05. b Linear regression

analysis of MGMT expression using TGCA data with observed

MGMT expression plotted against predicted MGMT expression and

calculated as: -1.03 9 expression(miR-767-3p) - 0.23 9 expres-

sion(miR-181d) - 2.1 9 methylation status ? 7.64. c Validation of

the linear regression model using n = 19 GBM samples. Observed

MGMT expression is plotted against predicted MGMT expression;

correlation: 0.79, r2: 0.60 (methylation: r2 0.54, miR-767-3p: r2 0.34,

hsa-miR-181d: r2 0.11), CI 0.52–0.91, p = 6.2e-05
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the prediction is influenced by the covariate. Accordingly,

methylation contributes to the model the most, followed by

miR-767-3p and miR-181d, respectively (Table 2). The

fact that all covariates in our model are negative implies an

inverse relationship with MGMT expression. It is not sur-

prising that miR-648 expression has no predictive value on

MGMT mRNA expression levels, as according to our

experimental analyses, its main effect appears to be in

translational repression rather than mRNA degradation. We

further tested whether additional inclusion of TGCA data

on copy numbers of DNA regions affecting the MGMT

gene would improve our model. Even though copy num-

bers were found to be significantly associated with MGMT

expression values (coefficient: 0.41, p value: 0.02), the

observed variance of MGMT expression explained by our

model (r2) increased only by 0.01, thereby not leading to

significant enhancement of predictability.

For further validation, we have applied the model to our

dataset of GBM patients (Fig. 4c) and to 71 patient samples

newly added to TGCA database (Supplementary Fig. S2).

Predictions showed high correlation with the observed

MGMT expression data (p \ 0.01) in both validation sets.

Transfection of MGMT expressing human GBM cells

with miR-181d, miR-767-3p, and miR-648 sensitizes

cells to alkylating agents

MGMT expression levels have been shown to be a major

predictor of TMZ sensitivity in human glioma cells [7, 13,

29]. We therefore assumed that miRNA-induced down-

regulation of MGMT would sensitize MGMT-expressing

glioma cells to TMZ. As expected, transfection of T98G

cells (exhibiting MGMT expression patterns resembling

those of unmethylated GBM with high MGMT expression,

data not shown) with miR-181d, miR-767-3p, and miR-648

resulted in significant reduction of MGMT protein

expression (Fig. 5a). We next examined the cytotoxic

effects of TMZ on both miRNA- and negative control-

transfected T98G cells with the aid of an MTT assay. As

shown in Fig. 5b, T98G cells transfected with all three

miRNAs showed a decrease in viable cells of approxi-

mately 40 % as compared to control cells (transfected with

scrambled control) after treatment with 100 and 500 lM

TMZ; all three miRNAs contribute to this effect (Fig. 5c).

Thus, transfection of the three miRNAs significantly

increased TMZ cytotoxicity of T98G glioma cells.

Discussion

In gliomas, promoter hypermethylation status of MGMT

has emerged as an important predictor of responses to

chemotherapy with alkylating agents [30]. However, an

incomplete understanding of the mechanisms regulating

the expression of MGMT still impairs its clinical use as a

valid biomarker. In the current study, we provide evidence

that the expression of MGMT is not only controlled by

promoter methylation, but also by post-transcriptional

processes involving alternative polyadenylation (APA) of

the MGMT 30-UTR and miRNA targeting. We show that in

addition to gene silencing by promoter methylation, human

glioma cells down-regulate MGMT expression via elon-

gation of the 30-UTR of the mRNA, thereby rendering the

alternatively polyadenylated transcript susceptible to miRNA-

mediated suppression.

In the last few years, APA has increasingly gained

attention as a critical post-transcriptional regulator of gene

expression [3]. Several array analyses pointed out that in

states of increased proliferation and malignant transfor-

mation, a global shortening of 30-UTRs occurs which, by

removal of regulatory sequence elements, affects expres-

sion quantitatively [22, 25]. Shorter transcripts have been

shown to possess less miRNA binding sites and AU-rich

elements (AREs), resulting in increased transcript stability

with production of higher levels of protein [6, 27]. In

contrast, 30-UTR lengthening has been described to occur

during developmental differentiation processes and has

been associated with down-regulation of genes involved in

DNA replication and cell cycle regulation [9]. Although in

cancer, truncation of messages is more prevalent, elonga-

tion of selected transcripts may also occur, and recent

reports presumed that this might enhance tumorigenesis as

well [26]. Consistent with this notion, we have identified

MGMT as such a candidate gene in human gliomas. In

normal brain tissue, MGMT is expressed as a transcript

with a relatively short 30-UTR that apparently is not post-

transcriptionally regulated. In GBM, a second mRNA

appears which is 417 nt longer, exhibits a significantly

reduced stability, and produces reduced protein levels.

Accordingly, MGMT expression in tumor samples is

inversely correlated with the abundance of the long 30-
UTR, irrespective of the promoter methylation status. The

exact mechanisms regulating APA are not fully eluci-

dated, yet. Here, the predominating short transcript possesses

a canonical poly(A) signal, while elongation of the UTR

is accomplished by utilization of the ‘‘weaker’’ distally

localized alternative polyadenylation site [3]. Taking into

Table 2 Linear regression model

Parameter Coefficient SEM P value

Intercept 7.64 2.03 0.000204

miR-767-3p -1.03 0.34 0.0028

miR-181d -0.23 0.06 0.000205

Methylation status -2.10 0.14 \2e-16
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account recent studies that have identified a large number

of 30-processing factors and co-factors determining the

shifts in poly(A) site utilization [8, 10], one can speculate

that tumor-specific changes in the stoichiometry of these

factors or of RNA binding proteins may account for this

phenomenon.

We further provide clear evidence that only the elon-

gated MGMT transcript is significantly regulated by

miRNAs, and that the altered properties of the long tran-

script are due to the influence of a set of specific miRNAs.

Using a combined bioinformatic and experimental

approach, we show that out of the various miRNAs,

potentially targeting the long MGMT 30-UTR, miR-181d,

miR767-3p, and miR-648 are significant regulators of

MGMT. Importantly, the first two miRNAs induce degra-

dation of the MGMT transcript, whereas miR-648

negatively affects MGMT protein translation. Of note,

miR-767-3p and miR-648 turned out to be significantly up-

regulated in GBMs thus indicating that APA processes and

altered miRNA expression patterns are strongly interre-

lated. The here described post-transcriptional regulation

may provide an explanation for recently reported findings.

A considerable number of patients with unmethylated

tumors exhibit low MGMT expression levels and experi-

ence unexpected favorable clinical courses. Also, in

methylated tumors, post-transcriptional regulation path-

ways may support MGMT suppression achieved by

promoter methylation leading to extremely low MGMT

expression levels. This could result in exceptionally good

responses to radiochemotherapy. This assumption is sup-

ported by experiments with MGMT expressing glioma cell

lines. Transfection of the three miRNAs resulted in sig-

nificant reduction of MGMT expression and sensitization

to temozolomide treatment.

Our findings were confirmed by a linear regression

analysis on the TGCA expression data: a model containing

both the methylation state and the expression of the two

miRNAs (influencing MGMT transcripts) proved reliable

in predicting the MGMT expression. This model also

applied to our own data set consisting of 19 GBM patient

samples. As the existence of additional miRNAs and/or

factors that also impact MGMT expression is highly

probable, this model still needs improvement. Accordingly,

we could not confirm a correlation with survival using

TGCA data as suggested by others for miR-181d [33]. This

is not surprising, as prediction of a multidimensional

measurement like patients’ survival requires the develop-

ment of a complex predictive model including the majority

of influencing parameters. So far, at least three different

layers of epigenetic regulation influencing the expression

of MGMT have been elucidated: (1) promoter methyla-

tion, (2) histone modifications [14, 34], and (3) the here

described alternative polyadenylation with consecutive

miRNA targeting. The complexity of this network is fur-

ther enhanced by the fact that individual CpGs within the

MGMT promoter differ with respect to their expression-

inhibiting properties [1, 21], and that interactions between

the layers of regulation have not yet been investigated.

Moreover, the supposed influence of specific transcription

factors still is elusive [18]. Complete elucidation of net-

works determining MGMT expression requires further

research.

Fig. 5 MiR-targeting of MGMT reduces cell viability upon TMZ

treatment. T98G cells were transiently transfected with premiR-767-

3p, premiR-181d and premiR-648 (either individually or altogether)

or with scrambled control. a Western blot analysis of cells transfected

with all three premiRs simultaneously using a MGMT specific

antibody and b-actin as loading control; one experiment representa-

tive of n = 3 is shown. b 12 h after electroporation of all three

premiRs simultaneously, cells were treated with TMZ (or with DMSO

only) for further 12 h at final concentrations as indicated. The

viability of the cells as determined by MTT assay is shown;

mean ± SEM; n = 6; *p \ 0.01. c 12 h after transfection of

individual premiRs, TMZ at a final concentration of 500 nM was

added. After 12 h, cell viability was determined. Data are presented as

% viability of premiR-transfected cells relative to control (transfected

with premiR scrambled control); mean ± SEM; n = 6; *p \ 0.05
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