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Background: Glioblastoma multiforme (GBM) is the most malignant brain tumor, and there 

is no effective treatment strategy. Patients with GBM have a median overall survival of only 

14.6 months. Current treatment consists of safe and maximal surgical excision, followed by 

concurrent chemoradiotherapy and maintenance chemotherapy. There are several obstacles that 

hinder the effectiveness of this aggressive treatment. Temozolomide (TMZ) is an oral alkylating 

drug that acts through alkylating the O6 position of guanine in DNA that leads to cell death. 

However, the expression and enzymatic activity of the DNA repair protein MGMT limits the 

therapeutic benefit from treatment with TMZ. MGMT reduces the efficacy of alkylating drugs 

by removing the methyl or alkyl group from damaged O6-methylguanine. Expression levels of 

MGMT play an important role in the outcome of GBM patients. miRNAs are a group of small 

regulatory RNAs that control target gene expression by binding to mRNAs. miR-142-3p has 

been found to be an important factor in the development and maintenance of the oncogenic state. 

Results: In this study, we sought to investigate whether miR-142-3p can regulate MGMT gene 

expression in GBM cells. Here, we show that miR-142-3p downregulates MGMT expression 

through binding to the 3′-UTR of MGMT mRNA, thus affecting protein translation. Responsive-

ness to TMZ was significantly enhanced after transfection with miR-142-3p. Overexpression 

of miR-142-3p also sensitized GBM cells to alkylating drugs. 

Conclusion: Above all, our findings demonstrate that miR-142-3p plays a critical role in 

regulating MGMT expression, has great potential for future clinical applications, and acts as a 

new diagnostic marker for this intractable disease.

Keywords: glioblastoma, O6-methylguanine-DNA methyltransferase, miR-142-3p, carmustine, 

temozolomide

Introduction
Glioma is a common type of brain tumor originating from glial cells that support and 

nourish the brain neurons. Glioblastoma multiforme (GBM) is the most aggressive 

type of glioma and is classified by the World Health Organization as a grade IV tumor. 

GBM accounts for >50% of all gliomas.1 GBM is characterized by pleomorphism, 

rapid proliferation, high invasiveness, and the capability to infiltrate and destroy the 

surrounding areas of the brain. Angiogenesis also occurs in neighboring tissues, which 

further enhances tumor growth and invasion.2–4 The estimated median survival of GBM 

patients is 14.6 months after diagnosis.5 Surgery cannot prevent recurrence, because 

tumor cells that spread and infiltrate into the surrounding brain tissue cannot be com-

pletely removed. Furthermore, the effectiveness of chemotherapeutic drugs is largely 
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limited by the blood–brain barrier (BBB), which excludes 

most chemotherapeutic drugs from entering the brain.6

Most chemotherapeutic drugs for GBM treatment are 

alkylating agents that cross the BBB, such as carmustine (bis-

chloroethylnitrosourea [BCNU]) and temozolomide (TMZ). 

Alkylating agents methylate guanine on the oxygen atom, 

thus forming O6-methylguanine residues in the nuclear DNA. 

O6-methylguanine forms cytotoxic DNA cross-links, which 

lead to consequent apoptosis of tumor cells.7 TMZ undergoes 

rapid chemical conversion in the systemic circulation under 

physiological conditions to become the active compound 

5-(3-methyltriazen-1-yl)-imidazole-4-carboxamide (MTIC). 

The cytotoxicity of MTIC is primarily due to alkylation of 

DNA, mainly occurring at the O6 and N7 positions of gua-

nine residues.8 Currently, concomitant and adjuvant TMZ 

is applied with radiation in order to improve the survival of 

GBM patients.1,5 However, MGMT limits the therapeutic 

benefit from treatment with TMZ.5,7,9,10 Hypermethylation of 

the MGMT promoter is associated with improved survival 

of GBM patients.11 The MGMT gene is located on chromo-

some 10q26 and consists of five exons. MGMT is a DNA 

repair protein that removes cytotoxic O6-methylguanine 

or O4-alkyl-thiamine lesions in DNA induced by drugs or 

exogenous agents. After receiving and covalently binding 

methyl/alkyl groups, MGMT is irreversibly inactivated and 

degraded through the ubiquitination-dependent pathway.12

Recently, it has become increasingly clear that miRNAs 

can function as either tumor suppressors or oncogenes.13 The 

dysregulation of miRNA expression has been implicated in 

the formation of specific cancers. Most miRNAs decrease the 

expression of tumor suppressors, leading to increased prolif-

eration, invasion, and angiogenesis, and decreased cell death, 

thus resulting in the development of tumors. The underlying 

mechanisms include the activation of promoters, elevated bio-

synthesis, and enhanced stability of miRNAs.14–17 miR-142-3p 

is generated and processed from the MIR142 gene, located on 

the human chromosome 17q22. Several studies indicate that 

miR-142-3p can be involved in cancers. For example, it has 

been shown that miR-142-3p can inhibit the expression of 

the RAC1 gene in hepatocellular carcinoma cell lines, which 

results in suppression of their migration and invasion capac-

ity.18 Similarly, miR-142-3p is able to inhibit proliferation 

and invasion of cervical cancer cells by targeting FZD7.19 In 

non-small-cell lung carcinoma cells, miR-142-3p can repress 

TGFβ-induced growth inhibition by targeting TGFβR1, thus 

acting as an oncogene in this type of cancer.20 Research on 

GBM cells has shown that IL6 inhibits miR-142-3p expres-

sion via increased methylation of its promoter. At the same 

time, IL6 expression is also suppressed by miR-142-3p, thus 

forming negative-feedback loop-based interplay between  

these two factors.21 It has previously been demonstrated that 

acquisition of TMZ resistance in GBM cells can be controlled 

by miRNAs, such as miR-195, miR-445-3p, and miR-10a.22

Therefore, in this study, we aimed to investigate whether 

miR-142-3p can regulate MGMT gene expression and to 

explore the effect of this regulation on resistance to alkylating 

agents in GBM cells. We demonstrate that miR-142-3p and 

MGMT had negatively correlated the patterns of expression 

in GBM cell lines. Furthermore, we show that miR-142-3p 

suppresses translation of MGMT in a 3′ -UTR-dependent 

manner, but does not have any effect on MGMT mRNA levels. 

Importantly, overexpression of miR-142-3p sensitized GBM 

cells to the alkylating drugs BCNU and TMZ.

Materials and methods
Cell culture
GBM cell lines were acquired from the Neurological Insti-

tute of Veterans General Hospital under the supervision and 

approval of the Taipei Veterans General Hospital institutional 

review board. The GBM cell lines S1 and R1 were maintained 

in MEM (Thermo Fisher Scientific, Waltham, MA, USA), 

supplemented with 10% FBS, nonessential amino acids, 

sodium pyruvate, l-glutamine, and 1% penicillin–streptomy-

cin at 37°C and 5% CO
2
. HEK293T/17 cells were cultured 

in DMEM containing 10% FBS (Thermo Fisher Scientific) 

and 1% penicillin–streptomycin.

Vector constructs
For overexpression of miR-142-3p, its precursor sequence 

was cloned into a pLKO.1-puro vector (Addgene, Cambridge, 

MA, USA). Lentiviral particles were produced by cotrans-

fecting HEK293T cells (ATCC, Manassas, VA, USA) with 

pLKO.1-puro, pCMV-dR8.91 (Addgene), and pCMV-VSV-G 

(Addgene) using standard calcium phosphate transfection. 

The virus was harvested at 48 hours posttransfection and 

purified by filtering culture supernatant through a 0.45 μm 

filter. S1 and R1 cells were infected with lentiviral particles by 

incubation for 24 hours in the presence of 8 μg/mL polybrene.

For luciferase reporter assays, full-length MGMT 3′ -UTR 

(1–522 nucleotides) and its truncated forms 3′ -UTR-del1 

(1–437 nucleotides), 3′ -UTR-del2 (1–229 nucleotides), and 

3′ -UTR-del3 (1–127 nucleotides) were amplified by poly-

merase chain reaction (PCR) from cDNA using the SpeI-tagged 

forward primer GCACTAGTGTATGTGCAGTAGGATG 

and the HindIII-tagged reverse primer AGAAGCTTCTCT-

GTAAGCACTGACT to amplify full-length 3′ -UTR, 

ATAAGCTTATGCCATCACAGCCATGGACACAGC 
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to amplify 3′ -UTR-del1, ATAAGCTTAATGGACAT-

GAAAAATAGAGCAAGG to amplify 3′ -UTR-del2, and 

ATAAGCTTAGAAAGGGCAGACACGCTTGTTCCC 

to amplify 3′ -UTR-del3. PCR products were ligated into 

SpeI–HindIII restriction sites of pMIR-REPORT Luciferase 

vector (Thermo Fisher Scientific). The resultant constructs 

were transfected into HEK293T cells using Lipofectamine 

2000 (Thermo Fisher Scientific) according to the manufac-

turer’s instructions.

Reverse-transcriptase PCR and 
quantitative real-time PCR
Total RNA was extracted using TRIzol reagent (Thermo 

Fisher Scientific) according to the manufacturer’s instruc-

tions. Total RNA (5 μg) was transcribed into cDNA 

using SuperScript III reverse transcriptase (RT; Thermo 

Fisher Scientif ic) according to the manufacturer’s 

instructions. The following pairs of primers were used 

to amplify the respective transcripts: MGMT (forward 

GCCCCTAGAACGCTTTGCGTCCCGA, reverse CCCT-

GCTCACAACCAGACAGCTCCA), miR-142-3p (for-

ward TGCAGGGCAGCAGAGGAGCTGCTGT, reverse 

ACTGAGGCTCTGGGCAGTCAGGACC), and GAPDH 

(forward: CTCATGACCACACTCCATGC, reverse: 

TTCAGCTCTGGGATGACCTT). For RT-PCR, Takara 

Taq polymerase was used and reaction products resolved 

by agarose gel electrophoresis. For quantitative real-time 

(qRT)-PCR, SYBR green PCR Master Mix was used and 

reactions run on an Applied Biosystems 7900HT fast real-

time PCR system (Thermo Fisher Scientific).

Methylation-specific PCR
Genomic DNA was extracted from cell lysates using 

the standard phenol:chloroform:isoamyl alcohol extrac-

tion method. Genomic DNA was treated with bisulfite 

prior to performing PCR. Two 35-cycle rounds of PCR 

were performed: during the first PCR, MGMT promoter 

methylated-specific (forward TTTCGACGTTCGTAG-

GTTTTCGC, reverse GCACTCTTCCGAAAACGAAACG) 

and unmethylated-specific (forward TTTGTCTTTTGAT-

GTTTGTAGGTTTTTGT, reverse AACTCCACACTCTTC-

CAAAAACAAAACA) primer pairs were used. During the 

second PCR, nested primers (forward GYGTTTYGGATAT-

GTTGGGATAGTT, reverse AAACTCCRCACTCTTC-

CRAAAAC) were used to amplify the 10× diluted first 

PCR amplification product. PCR products were resolved in 

2%–3% agarose gel and visualized under ultraviolet light 

after staining with ethidium bromide.

Luciferase assay
HEK293T cells grown in 12-well dishes (5×104 cells/well) 

were transfected with the appropriate pMIR-REPORT 

Luciferase constructs and pMIR-REPORT β-galactosidase 

reporter control vector for normalizing transfection effi-

ciency, using the standard Lipofectamine 2000 protocol. 

Luciferase assays were performed at 48 hours posttransfec-

tion using a Dual-Light system (Thermo Fisher Scientific) 

according to the manufacturer’s protocol. Briefly, cells were 

lysed in lysis solution containing 0.5 mM dithiothreitol 

and transferred into microcentrifuge tubes. The lysate was 

centrifuged at 13,200 rpm at 4°C for 2 minutes to remove 

cellular debris. Lysate (5 μL) was transferred into an assay 

cuvette, to which 12.5 μL buffer A and 50 μL buffer B (con-

taining 100× diluted Galacton-Plus substrate) were added. 

Chemiluminescence detection of luciferase activity was 

performed using a luminometer. Samples were maintained 

at room temperature for 30–60 minutes. The activities of 

β-galactosidase in samples were determined by the addition 

of a Light Emission Accelerator-II.

Cell viability assay
S1 and R1 cells (1–2×104 cells/mL) were seeded into 24-well 

plates and incubated overnight. On the next day, fresh 

media with different concentrations of drugs (0, 15, 30, 60, 

125, and 250 μM BCNU (Sigma-Aldrich, St Louis, MO, 

USA) and 0, 15, 30, 60, 125, 250, 500, and 1,000 μM TMZ 

(Sigma-Aldrich) were added to the wells. Each treatment was 

performed in triplicate. After 48 hours of incubation with 

drugs, aliquots of fresh media containing 500 μg/mL MTT 

(Sigma-Aldrich) were added to each well, followed by incu-

bation at 37°C for 1–2 hours in the dark. Medium (200 μL) 

was transferred into 96-well plates and absorbance measured 

at 560 and 670 nm using an enzyme-linked immunosorbent 

assay reader. IC
50

 was determined by Excel and graphs were 

plotted using SigmaPlot.

Results
Expression profiles of MGMT protein and 
miR-142-3p in different GBM cell lines
Initially, we sought to investigate the expression patterns of 

MGMT protein and miR-142-3p in different GBM cell lines. 

We used in-house S1 and R1 cell lines derived from patients 

with first-diagnosed GBM and recurrent GBM, respectively, 

as well as popular commercially available GBM cell lines: 

LN18, U87MG, GBM8401, and GBM8901. The control fetal 

glial cell line SVG p12 was used as a representative of normal 

glial cells. Using Western blotting, we observed high levels 
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of MGMT protein expression in GBM cell lines S1, R1, and 

LN18; however, its expression was not detected in U87MG, 

GBM8410, GBM8901, or SVG p12 cells (Figure 1B). In 

contrast, using qRT-PCR, we found that miR-142-3p was 

expressed at lower levels in the cell lines with higher levels 

of MGMT protein expression (Figure 1A). Based on these 

findings, further miR-142-3p gain-of-function experiments 

were performed using the cell lines S1 and R1, which had 

the lowest endogenous levels of miR-142-3p and at the same 

time expressed high levels of MGMT protein.

Marginal effect of overexpression 
of miR-142-3p on MGMT promoter 
methylation in GBM cell lines
Preliminary results indicated that GBM cell lines with higher 

MGMT protein expression exhibited lower miR-142-3p 

expression. Many previous studies have indicated that GBM 

patients with a methylated MGMT promoter were more resis-

tant to alkylating agents, and thus, their treatment efficacy 

was reduced. Therefore, we tested the effect of miR-142-3p 

overexpression on the methylation status of the MGMT 

promoter. For this purpose, we used lentivirus vector to 

overexpress miR-142-3p in S1 (Figure 2C) and R1 cell lines 

(Figure 2D), using low and high multiplicities of infection. 

The effect of overexpressed miR-142-3p on methylation sta-

tus of the endogenous MGMT promoter was analyzed using 

methylation-specific PCR (Figure 2A and B). Overexpres-

sion of miR-142-3p marginally enhanced methylation of the 

MGMT promoter compared with the control (shLuc) in both 

S1 (Figure 2A) and R1 (Figure 2B) cell lines.

Overexpression of miR-142-3p does 
not affect MGMT mRNA, but decreases 
MGMT protein level
As the next step, we examined whether miR-142-3p overex-

pression affected the expression of MGMT at an mRNA or a 

protein level (Figure 3). S1 and R1 cells were infected with 

miR-142-3p-encoding recombinant lentiviruses, and levels 

of MGMT mRNA were analyzed by qRT-PCR. Overexpres-

sion of miR-142-3p did not change MGMT mRNA levels in 

Figure 1 Expression of MGMT and miR-142-3p in GBM cell lines.
Notes: (A) qRT-PCR analysis of expression of miR-142-3p in GBM cell lines S1, R1, LN18, U87MG, GBM8401, GBM8901, and fetal glial SVG p12 cells. Expression levels in 
GBM cell lines quantified relative to expression levels in the SVG p12 cell line. (B) Western blotting analysis of MGMT expression in GBM cell lines. β-Actin was detected 
as a loading control.
Abbreviations: GBM, glioblastoma multiforme; qRT-PCR quantitative real-time polymerase chain reaction.
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either S1 (Figure 3A) or R1 (Figure 3B) cell lines. On the 

other hand, MGMT protein levels examined by Western blot-

ting were noticeably reduced in both S1 (Figure 3C) and R1 

(Figure 3D) cells, with more pronounced effect at the high 

multiplicity of infection.

miR-142-3p binds MGMT 3′-UTR directly 
to regulate MGMT gene
The aforementioned findings showed that increased expres-

sion of miR-142-3p suppressed the expression of MGMT 

protein, but MGMT mRNA expression was not affected. To 

determine whether this effect of miR-142-3p on MGMT 

expression was dependent on complementary binding to the 

3′-UTR of MGMT mRNA, the 3′-UTR sequence of MGMT 

was cloned downstream of the luciferase-coding sequence 

in the luciferase-reporter vector pMIR-REPORT Luciferase. 

Easily transfectable HEK293T cells were cotransfected 

with the MGMT 3′-UTR-luciferase construct and different 

amounts (0, 50, 100, and 150 ng) of plasmid expressing 

miR-142-3p (pLKO-miR-142-3p). As shown in Figure 4A, 

miR-142-3p overexpression significantly decreased lumi-

nescence generated by MGMT 3′-UTR luciferase reporter 

in a dose-dependent manner. To confirm further that 

decreased luminescence in HEK293T cells was induced 

by the inhibitory action of miR-142-3p on MGMT 3′-UTR, 

cells were cotransfected with 0, 15, and 30 ng of an miR-

142-3p-specific miRNA sponge construct. The effects of the 

miRNA sponge were determined by luminescence measure-

ment in HEK293T cells cotransfected with MGMT 3′-UTR 

and miR-142-3p. miR-142-3p diminished luminescence 

in HEK293T cells in the absence of the miRNA sponge; 

however, in cells cotransfected with 15 and 30 ng miRNA 

sponge, miR-142-3p-induced decrease in luminescence was 

not observed (Figure 4B).

As our findings implied that miR-142-3p mediated 

MGMT mRNA translation by direct interaction with its 

3′-UTR, we tried to predict the binding site using the com-

mon miRNA target prediction tools TargetScan, PicTar, and 

miRanda. However, no specific miR-142-3p-binding site was 

identified, which could have been due to the design of these 

algorithms, which are based on 3′-UTR alignment with the 

region between the second and eighth nucleotides of miRNA, 

ignoring the possibility of base pairing with other regions. 

Therefore, we aimed to identify the miR-142-3p-interacting 

region within MGMT 3′-UTR experimentally. For this pur-

pose, we constructed luciferase-reporter constructs with 

various truncated fragments of MGMT 3′-UTR, as shown 

in Figure 4C, and coexpressed them with different doses 
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Figure 2 Overexpression of miR-142-3p increases MGMT promoter methylation in GBM cell lines.
Notes: Methylation-specific PCR assay showing methylation status of MGMT promoter in S1 cells (A) and R1 cells (B) infected with control (shLuc) and miR-142-3p-encoding 
recombinant lentivirus at low and high multiplicities of infection. Lane U represents amplification of unmethylated MGMT promoter and lane M represents methylated MGMT 
promoter. Total DNA extracted from PBMCs was used as control: lane U represents amplification of unmethylated PBMC DNA and lane M represents amplification of 
methylated PBMC DNA pretreated with SssI methyltransferase. qRT-PCR showing overexpression of miR-142-3p in S1 cells (C) and R1 cells (D) after infection with 
recombinant lentivirus at low (Low) and high (High) multiplicities of infection. Expression levels in miR-142-3p-overexpressing cells quantified relative to expression level in 
control cells infected with shLuc lentiviral construct, with ΔΔCt quantification with GAPDH amplification used as internal control.
Abbreviations: GBM, glioblastoma multiforme; qRT-PCR quantitative real-time polymerase chain reaction; PBMCs, peripheral blood mononuclear cells.
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of miR-142-3p (Figure 4D). The results showed that miR-

142-3p markedly reduced only the luciferase activity of the 

full-length MGMT 3′-UTR reporter construct (3′-UTR-FL) 

in a dose-dependent manner, but did not affect other reporter 

constructs with truncated 3′-UTRs (3′-UTR-del1, 3′-UTR-

del2, and 3′-UTR-del3; Figure 4D).

miR-142-3p overexpression inhibits 
GBM-cell viability after treatment with 
alkylating agents
Current treatment regimens for GBM patients include 

alkylating agents that cross the BBB. However, outcomes 

are limited by the level and activity of MGMT expression. 

Given the fact that elevated miR-142-3p can inhibit MGMT 

protein expression (Figure 2), we analyzed the cytotoxic 

and survival effects of increased miR-142-3p expression in 

GBM cell lines. Two alkylating drugs – BCNU dissolved 

in ethanol and TMZ dissolved in dimethyl sulfoxide – were 

tested. The cell viabilities were assessed by MTT assay after 

incubation with different concentrations of alkylating drugs 

for 72 hours. As shown in Figure 5, the IC
50

 values of both 

BCNU and TMZ decreased in S1 and R1 cells infected with 

miR-142-3p-encoding recombinant lentivirus compared to 

the control. Moreover, this decrease in IC
50

 values was more 

pronounced in the case of BCNU treatment compared to TMZ 

treatment. As such, our findings demonstrate that increased 

miR-142-3p expression can reduce resistance to alkylating 

drugs in GBM cell lines.

Discussion
It is commonly known that miRNAs are important regula-

tory molecules whose dysregulation is widely implicated in 

oncogenesis.23 Similarly to other miRNAs, miR-142-3p has 

been shown to be involved in different kinds of cancer by 

regulating various targets implicated in both oncogenic and 

tumor-suppressor pathways.24 For example, in non-small-cell 

lung carcinoma cells, miR-142-3p can repress TGFβ-induced 

growth inhibition by targeting the TGFβR1 receptor, thus 

acting as an oncogene.20 On the other hand, tumor suppressor 

functions of miR-142-3p are often associated with targeting 
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Figure 3 Overexpression of miR-142-3p does not affect MGMT mRNA, but decreases MGMT protein level.
Notes: qRT-PCR analysis of expression of MGMT mRNA in S1 (A) and R1 cells (B) infected with control (shLuc) and miR-142-3p-encoding recombinant lentiviruses at low 
and high multiplicities of infection. Expression levels of MGMT mRNA in miR-142-3p-infected cells quantified relative to control shLuc-infected cells and presented as mean 
from three independent experiments with SD error bars. Western blotting analysis of expression of MGMT protein in S1 (C) and R1 cells (D) after infection with shLuc 
control and miR-142-3p-encoding recombinant lentivirus at low and high multiplicities of infection. β-Actin and tubulin were used as loading controls.
Abbreviation: qRT-PCR quantitative real-time polymerase chain reaction.
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the HMG family of proteins, such as HMGB1 in lung 

cancer25,26 and osteosarcoma,27 HMGA1 in osteosarcoma,28 

and HMGA2 in GBM.21 In our recent study, we found that 

oncogenic cytokine IL6 promotes GBM propagation by sup-

pressing expression of miR-142-3p.21 Given the fact that high 

expression of the DNA repair protein MGMT is one of the 

most crucial factors of poor prognosis in GBM patients,29 

we sought to investigate a possible functional link between 

miR-142-3p and MGMT. Therefore, we tested the expression 

levels of miR-142-3p and MGMT protein in different GBM 

cell lines and found that they were negatively correlated. For 

our further experiments, we used two GBM cell lines, S1 and 

R1, derived from patients with first-diagnosed and recurrent 

GBM, respectively, in which miR-142-3p was expressed at 

very low levels and MGMT was highly expressed (Figure 1). 

In comparison, in several other tested GBM cell lines and the 

normal glial cell line SVG p12, the high level of expression 

of miR-142-3p correlated with the absence of expression 

of MGMT (Figure 1). Such patterns of expression made S1 

and R1 cells a good model for miR-142-3p gain-of-function 

study to investigate whether miR-142-3p has an effect on 

MGMT expression.

Here, we demonstrated that overexpression of miR-

142-3p suppressed MGMT protein expression; however, 

it did not have any effect on its mRNA levels (Figure 3), 

which indicated that miR-142-3p might inhibit transla-

tion of MGMT mRNA, but did not affect its stability. As 

is commonly known, the regulatory functions of miRNAs 

depend on the base-pairing region between the second and 

seventh nucleotides of miRNA, known as the seed region, 

which binds the 3′-UTR of a target gene. Currently, most 

analyses also follow this canonical miRNA-binding rule 

to predict the potential targets of miRNAs. However, we 

were unable to predict a binding site of miR-142-3p within 
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Figure 4 Regulatory effect of miR-142-3p on MGMT 3′-UTR.
Notes: (A) Luciferase-reporter assay demonstrating the effect of miR-142-3p on MGMT 3′-UTR-mediated luciferase activity. The luciferase-reporter construct (pMIR-
REPORT Luciferase) containing MGMT 3′-UTR insert was cotransfected into HEK293T cells with the indicated amounts of miR-142-3p-encoding plasmid (pLKO-miR-142-3p) 
and luminescence determined at 48 hours posttransfection. Readouts from three wells were normalized by β-galactosidase activity and expressed as mean with SD error 
bars. *P<0.05 (Student’s t-test). (B) Inhibitory effect of miR-142-3p overexpression on MGMT 3′-UTR-mediated luciferase activity reduced by coexpression of miR-142-3p-
specific miRNA sponge. MGMT 3′-UTR-tagged pMIR-REPORT Luciferase construct was cotransfected into HEK293T cells with different amounts (0, 50, 100, and 150 ng) of 
pLKO-miR-142-3p and 0, 15, and 30 ng of miRNA sponge construct. Luminescence was determined at 48 hours posttransfection. Readouts from three wells were normalized 
by β-galactosidase activity and expressed as mean with SD error bars. *P<0.05 (Student’s t-test). (C) Design of luciferase reporter tagged with full-length MGMT 3′-UTR 
(3′-UTR-FL [1–522 nucleotides]) and three truncated MGMT 3′-UTRs (3′-UTR-del1, 3′-UTR-del2, and 3′-UTR-del3). (D) miR-142-3p-dependent suppression of luciferase 
activity mediated by FL MGMT 3′-UTR, but not by its truncated forms. pMIR-REPORT Luciferase reporter vectors with various lengths of MGMT 3′-UTR (FL, del1, del2, 
and del3) were cotransfected into HEK297T cells with different amounts of pLKO-miR-142-3p (0, 50, 100, and 150 ng). After 48 hours, luciferase activity was measured and 
normalized by β-galactosidase activity. Experiments were performed with three replicates, with mean and SD error bars shown. *P<0.05 (Student’s t-test).
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the MGMT 3′-UTR using the available bioinformatic tools 

(TargetScan, PicTar, and miRanda). Nevertheless, using the 

luciferase-reporter assay, we have experimentally proven 

that miR-142-3p inhibits translation of MGMT mRNA via 

a 3′-UTR-binding mechanism (Figure 4). Moreover, by 

testing the ability of different truncated forms of MGMT 

3′-UTR to mediate the repressive effect of miR-142-3p on 

translation, we showed that only the full-length 3′-UTR 

consisting of 522 nucleotides was capable of this. Given that 

the shortest tested truncated form comprised nucleotides 

1–437 of the 3′-UTR, we could assume that nucleotides 

438–522 of MGMT 3′-UTR contained an miR-142-3p-

response element. miR-142-3p has partial complementar-

ity with this region in at least two possible ways, albeit 

without a particular bias to the seed region (Figure 6A). In 

a number of recent studies, the roles of miRNAs involved 

in regulating downstream gene expression were not limited 

to the seed region, and binding sites were not only within  

the sequence of a target-gene 3′-UTR. miRNAs also show the 

inhibitory activities through binding to the 5′-cap region and 

open reading frames of target genes.30–33 The genome-wide 

mapping of miRNA–mRNA interaction sites in mouse brain 

revealed that a significant proportion of them were medi-

ated by noncanonical seed-independent mechanisms.34,35 

Based on a recently described mechanism in Caenorhabdi-

tis elegans, although noncanonical interaction may not be 

sufficient on its own to recruit the miRNA-induced silenc-

ing complex, it facilitates its recruitment by neighboring 

canonical seed-pairing interactions.36 Interestingly, two 

miRNAs, miR-181d-5p and miR-409-3p, have been shown 

cooperatively to suppress MGMT expression, augmenting 

each other’s effect.37 Therefore, in spite of the apparent 

noncanonical mode of interaction of miR-142-3p with 

MGMT 3′-UTR, it may exert its effect by cooperating with 
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Figure 5 Overexpression of miR-142-3p leads to reduction of resistance to alkylating drugs in GBM cell lines.
Notes: S1 cells (A, C) and R1 cells (B, D) were infected with control (shLuc) and miR-142-3p-encoding recombinant lentiviruses and treated with the indicated concentrations 
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Abbreviations: GBM, glioblastoma multiforme; BCNU, bis-chloroethylnitrosourea (carmustine); TMZ, temozolomide.
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other miRNAs. In a recent study, it was shown that miR-603 

directly regulated MGMT expression and targeted MGMT 

mRNA on five 3′-UTR sites.38 One of these sites is located 

adjacently to our predicted miR-142-3p response element 

(Figure 6A), which makes miR-603 a good candidate for a 

partner of miR-142-3p in a cooperative model of miRNA-

induced silencing-complex recruitment.

Many previous studies have indicated that methylation 

of the MGMT promoter is associated with treatment out-

comes in GBM patients.39,40 In the current study, we have 

shown that the ratio of methylated:unmethylated MGMT 

promoter was slightly increased in GBM cell lines, exog-

enously overexpressing miR-142-3p, whereas the MGMT 

mRNA level was not affected. Although this effect was 

very mild and did not result in a change in MGMT mRNA 

levels in S1 or R1 cells, it is highly possible that it could 

be more pronounced in a different cellular environment of 

other cell lines.

Currently, the best standard treatment of GBM is 

maximal safe surgical resection, followed by concurrent 

radiochemotherapy and TMZ maintenance. However, the 

options of chemotherapeutic drugs are limited by drug 

resistance. Although alkylating agents are characterized 

by better BBB permeability, their efficacy is decreased by 

the DNA-repairing capability of MGMT protein. MGMT 

expression is known to be negatively regulated epigeneti-

cally by methylation of its promoter. Traditionally, MGMT 

promoter methylation is the most commonly used predictor 

for alkylating agent treatment outcome.9,41 However, different 

studies have produced ambiguous results on the predictive 

power of MGMT promoter methylation, as high methylation 

status is not always associated with positive alkylating agent 

treatment outcome in GBM patients.42,43 In addition, this cri-

terion is not applicable to 60% of GBM patients, who have 

unmethylated MGMT promoters, but still can be potentially 

responsive to alkylating agent treatment.44 Therefore, given 

the fact that MGMT expression is abundantly regulated at 

the posttranscriptional level by miRNAs, it makes this class 

of molecules good candidates as potential biomarkers to 

predict alkylating agent treatment.45 In cell viability assays, 

we observed that overexpression of miR-142-3p increased 

the resistance of S1 and R1 cells to the alkylating drugs 

TMZ and BCNU, commonly used in chemotherapy of GBM, 

which was highly consistent with the molecular effect of 

suppression of MGMT activity by miR-142-3p (Figure 5). 

We also observed that miR-142-3p overexpression was more 

efficient in increasing the sensitivity to BCNU compared to 

TMZ, and thus, it may potentially be considered to be a better 

prognostic factor for the former drug, a possibility that can 

be tested in clinical studies.

Conclusion
To summarize, in our study, we found that miR-142-3p 

expression was negatively correlated with MGMT protein 
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Figure 6 Model of interaction between miR-142-3p and MGMT.
Notes: (A) Best complementarity of miR-142-3p to 3′-UTR of MGMT mRNA within the region 438–522 nucleotides, experimentally proven to mediate the repressive effect 
on translation. (B) miR-142-3p inhibits MGMT mRNA translation and thus diminishes MGMT protein level by binding to MGMT 3′-UTR. Therefore, overexpression of miR-
142-3p in GBM cell lines enhanced alkylating agents’ efficacy, which caused GBM cell death.
Abbreviation: GBM, glioblastoma multiforme.
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levels in GBM cells. Overexpression of miR-142-3p in 

MGMT-expressing GBM cell lines S1 and R1 diminished 

MGMT protein levels, but not mRNA levels. Our data indi-

cate that miR-142-3p downregulates MGMT through bind-

ing to MGMT 3′-UTR by a noncanonical seed-independent 

mechanism. MGMT promoter methylation status was slightly 

increased after miR-142-3p overexpression; however, it did 

not result in changes in transcription. miR-142-3p overex-

pression inhibited GBM cell viability after treatment with 

alkylating drugs, commonly used in chemotherapy for GBM, 

particularly to BCNU (Figure 6B). This makes miR-142-3p 

a good candidate as a potential biomarker and a therapeutic 

target in GBM.
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