miR-195, miR-455-3p and miR-10a* are implicated in acquired temozolomide resistance
in glioblastoma multiforme cells
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ABSTRACT

To identify microRNAs (miRNAs) specifically involved in the acquisition of temozolomide
(TMZ) resistance in glioblastoma multiforme (GBM), we first established a resistant variant,
U251R cells from TMZ-sensitive GBM cell line, U251MG. We then performed a
comprehensive analysis of miRNA expressions in U251R and parental cells using miRNA
microarrays. miR-195, miR-455-3p and miR-10a* were the three most up-regulated miRNAs
in the resistant cells. To investigate the functional role of these miRNAs in TMZ resistance,
U251R cells were transfected with miRNA inhibitors consisting of DNA/LNA hybrid
oligonucleotides. Suppression of miR-455-3p or miR-10a* had no effect on cell growth, but
showed modest cell killing effect in the presence of TMZ. On the other hand, knockdown of
miR-195 alone displayed moderate cell killing effect, and combination with TMZ strongly
enhanced the effect. In addition, using in silico analysis combined with cDNA microarray
experiment, we present possible mRNA targets of these miRNAs. In conclusion, our findings
suggest that those miRNAs may play a role in acquired TMZ resistance and could be a novel
target for recurrent GBM treatment.

1. Introduction

Glioblastoma multiforme (GBM) is one of the most incurable forms of human cancers. Its
five-year survival rate is less than 3% [1]. Because of its highly invasive nature, not only
surgical therapy but also adjuvant chemoradiotherapy is indispensable. In 1990s, a new drug
temozolomide (TMZ) emerged [2]. TMZ chemotherapy concomitant with radiotherapy has
been reported to make statistically significant prognostic progress in GBM patients, and thus it
has become the first line chemoradiotherapy regimen for treatment of GBM [3]. TMZ is an
alkylating agent that methylates the O6 position of guanines. The formation of O6-methyl
guanine leads to mismatch with thymine during DNA replication, eventually resulting in cell
death. These methyl adducts are removed by a DNA repair enzyme, O6-methyl guanine
methyltransferase (MGMT) [4]. High level of MGMT activity in cancer cells creates a
resistant phenotype by blunting the effect of TMZ. Accordingly, epigenetic silencing of the
MGMT gene by promoter methylation compromises DNA repair in cancer cells and is
associated with better prognosis [5]. However, little is known about acquired TMZ resistance,
which is a serious impediment in the treatment of GBM.

Micro RNAs (miRNAs) are approximately 22 bases long, non-coding and single-stranded
regulatory RNAs that are found in both plants and animals [6]. Mature miRNA binds to target

messenger RNA (mRNA) and induces its cleavage or translational repression depending on
the degree of complementarity [7]. Although hundreds of miRNAs have been already cloned,
only a part of them has been characterized. Several miRNAs have been shown to participate in
cell proliferation or apoptosis in various types of cancers. miR-15a and miR-16 have been
reported to induce apoptosis by targeting BCL2 [8], and they are frequently deleted or
underexpressed in chronic lymphocytic leukemia, prostate cancer and pituitary adenoma
[9-11]. Reduced let-7 expression has been identified in lung cancer with poor prognosis [12]
and inversely correlated with expression of RAS protein [13]. Compared to these
underexpressed miRNAs, miR-17-92 cluster has an anti-apoptotic function and is
overexpressed in lung cancer, B-cell lymphoma and anaplastic thyroid cancer [14-16].
Knockdown of miR-17-3p in anaplastic thyroid cancer cells induced caspase activation,
resulting in apoptotic cell death [16]. As mentioned above, miRNAs can act as both tumor
suppressor and oncogene.

Distinct miRNA expression patterns have also been reported in GBM. The functional
significance of some of these up- or down-regulated miRNAs has been identified so far. For
example, miR-21, one of the best characterized cancer-associated miRNAs, is highly
expressed in GBM and has multi-faced functions such as inhibition of apoptosis and growth
promotion [17, 18]. miR-221 and miR-222 are other up-regulated miRNAs in GBM [19-21].

These miRNAs have been thought to affect cell cycle by targeting CDKN1B and CDKN1C.
miR-128 has been identified as one of the most frequently down-regulated miRNAs in GBM.
It has been demonstrated that miR-128 targets Bmi-1 and then reduces cellular proliferation
and also self-renewal of glioma stem cells [22]. As described above, miRNAs play a variety of
oncogenic roles in GBM; however, there is no report regarding the relationship between drug
resistance and miRNAs in GBM. It is likely that miRNAs can also modulate sensitivity to
anti-cancer drug and induce resistance. In fact, there were significant correlations between
miRNA expression pattern and compound potency using the NCI-60 cancer cell panel [23]. In
the present study, therefore, we used TMZ-sensitive GBM cell lines to generate TMZ-resistant
variants by continuous exposure to the drug. We then performed comprehensive analysis of
miRNA expression using miRNA microarray to explore the mechanisms of acquired resistance
against TMZ.

2. Materials and Methods

2.1. Cell culture and reagent
We used GBM cell lines of human origin: U251MG, U87MG, M059K and M059J, which are
sensitive to TMZ. These were purchased from American Type Culture Collection (Manassas,

VA, USA). All cells were maintained in DMEM supplemented with 5% fetal bovine serum
(FBS, Invitrogen, Carlsbad, CA, USA) and 1% penicillin/streptomycin at 37ºC in a humidified
atmosphere with 5% CO2. TMZ was purchased from WAKO Pure Chemical Industries (Osaka,
Japan).

2.2. Cell survival assay
Cells (5×102 cells) were plated in each well of 96-well plates and treated with or without TMZ
for 7 days. After incubation, a water-soluble tetrazolium salt (WST)-based assay was
performed using Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) according to the
manufacturer’s instruction. Optical densities were measured at 450 nm in a microplate reader
ImmunoMini NJ-2300 (System Instruments, Tokyo, Japan).

2.3. Methylation-specific PCR
DNA methylation patterns in the promoter region of the MGMT gene were analyzed by
methylation-specific PCR as previously described [24, 25] with minor modifications. Briefly,
genomic DNA was isolated from each cell line using QIAamp DNA Mini kit (QIAGEN,
Valencia, CA, USA). Bisulfite conversion was then performed using EpiTect Bisulfite kit
(QIAGEN). Following PCR was done using ExTaq HS (TaKaRa Bio, Ohtsu, Japan). The
sequences of used primers were: for methylated template

5’-TTTCGACGTTCGTAGGTTTTCGC-3’ (forward),
5’-GCACTCTTCCGAAAACGAAACG -3’ (reverse); for unmethylated template,
5’-TTTGTGTTTTGATGTTTGTAGGTTTTTGT-3’ (forward),
5’-AACTCCACACTCTTCCAAAAACAAAACA-3’ (reverse). The thermal profile was as
follows: 95ºC for three minutes; 35 cycles of 94ºC for 30 seconds, 59ºC for 30 seconds and
72ºC for 10 seconds; and then stored at 4ºC. DNA from U138MG was treated with SssI
methyltransferase (New England Biolabs, Beverly, MA, USA) and used as a methylated
control. DNA from U251MG was amplified by GenomiPhi V2 kit (GE Healthcare
Bio-sciences, Piscataway, NJ, USA) and used as an unmethylated control. PCR product was
loaded onto a 15% polyacrylamide gel, stained with ethidium bromide and visualized under
ultraviolet illumination with a BioDoc-It (UVP, Cambridge, UK).

2.4. miRNA microarray and cDNA microarray
Total RNAs were extracted from U251MG and U251 TMZ-resistant (U251R) cells using
mirVana miRNA Isolation kit (Applied Biosystems/Ambion, Austin, TX, USA). Three
hundred nanograms of the total RNA were subjected to Agilent miRNA microarray analysis
service (Bio Matrix Research, Nagareyama, Japan). The array contained 556 probes for mature
miRNAs. Specificity of this array is excellent and basically is capable of discriminating single
base difference. Probes with “1” flag score in both samples were used for data analyses (264

probes). One microgram of the total RNAs was also subjected to Affymetrix GeneChip
Human Genome U133 Plus 2.0 microarray analysis service (Bio Matrix Research). The array
contained 54,675 probes for mRNAs. Probes with “present call” flag score in both samples
were used for data analyses (22,075 probes).

2.5. Real-time reverse transcription-polymerase chain reaction (RT-PCR) for miRNA
The quantitative real-time RT-PCR for miRNA was performed using TaqMan MicroRNA
Assays (Applied Biosystems, Foster City, CA, USA). Briefly, 10 ng of total RNA was reverse
transcribed using a specific looped RT primer for each miRNA using a corresponding TaqMan
MicroRNA Reverse Transcription kit (Applied Biosystems). The following amplification was
performed using a corresponding TaqMan MicroRNA Assay Mix, TaqMan Universal PCR
Master Mix and No AmpErase UNG (Applied Biosystems) in a Thermal Cycler Dice
Real-time System (TaKaRa Bio). The cycle threshold value, which was determined using
second derivative, was used to calculate the normalized expression of the indicated miRNAs
using Q-Gene software [26].

2.6. miRNA loss of functional analysis using LNA/DNA oligonucleotides
Locked nucleic acid (LNA) and deoxyribonucleic acid (DNA) hybrid (LNA/DNA)
oligonucleotides (miR inhibitors) were designed using LNA design web tool, IDT SciTools

(http://test.idtdna.com/analyzer/Applications/lna/) and chemically synthesized by Gene Design
Inc. (Osaka, Japan). LNA bases were inserted to increase specificity for the target as
previously described [27]. The sequences of the miR inhibitors were as follows: LNA-195:
5’-gCcaaTaTttCTgTgCtgcTa-3’, LNA 455-3p: 5’-gTgtaTatGcCcaTggaCtgc-3’, LNA-10a*:
5’-tatTcCcCtagaTACgaatTtg-3’ and LNA control: 5’-cgTcAgTaTgCgAaTc-3’. Capital letters
indicate LNAs and lower-case letters indicate DNAs in the above sequences. Cells (1.5x104
cells) were plated in each well of 24-well plate, treated with TMZ for 24 hours. Then the cells
were transfected with miR inhibitors using Lipofectamine 2000 reagent (Invitrogen). After 96
hours, the cells were detached by trypsinization, and the cell number was counted using a
Coulter counter (Beckman Coulter, Fullerton, CA, USA) as the manufacturer’s instruction.

2.7. Statistical analysis
Differences between groups were examined for statistical significance using ANOVA followed
by Tukey’s post test. P-value not exceeding 0.05 was considered statistically significant. Data
were analyzed with PRISM version 4 software (GraphPad Software, La Jolla, CA, USA).

3. Results

3.1. Generation of TMZ-resistant cell lines
First of all, U251MG wild type (U251Wt) cells were exposed to 100 M TMZ for two weeks
to generate TMZ-resistant variant. The majority of the cells died, but a small population
survived and propagated. We then selected surviving colonies and established U251MG
TMZ-resistant cells (U251R). Their chemosensitivity was evaluated by water-soluble
tetrazolium salt (WST)-based assay, and U251R cells displayed apparent resistance to TMZ as
compared to U251Wt cells (Fig. 1A). Similarly, we established U87R, M059KR and M059JR
cells from U87MG, M059K and M059J cells, respectively (data not shown).

3.2. MGMT promoter methylation status in U251Wt and U251R cells
To determine whether MGMT expression is responsible for the acquired resistance in U251R
cells, methylation status of the MGMT promoter was assessed by methylation-specific PCR.
As shown in Fig. 1B, the promoter region was fully methylated in both U251Wt and U251R
cells. In addition, we also examined MGMT mRNA expression by real-time RT-PCR. The
MGMT expression in both U251Wt and U251R cells was hardly detectable, compared to that
in U138 cells (positive control). These data suggest that MGMT expression is not involved in
the acquisition of TMZ resistance in U251MG cells.

3.3. Distinct miRNA expression pattern in GBM cells
To identify miRNAs specifically deregulated in U251R cells, we performed a comprehensive
analysis of miRNA expression in U251Wt and U251R cells using miRNA microarrays.
Thirteen miRNAs were overexpressed (>2.0-fold) and two were underexpressed (<0.5-fold) in
U251R cells compared to U251Wt cells. Fold changes of representative miRNAs expression
are listed in Table 1. To validate the microarray data, we utilized TaqMan real-time RT-PCR
assay for miR-455-3p, miR-195 and miR-10a*, the three most up-regulated miRNAs. As
shown in Fig. 2, these miRNAs were certainly upregulated in U251R cells. We also
investigated expression of those miRNAs in other three established resistant variants: U87R,
M059KR and M059JR cells. Similar trend was observed in all tested cells except miR-195 in
M059JR cells (Fig. 2), suggesting that up-regulation of those miRNAs is involved in the
acquisition of TMZ resistance in GBM cells.

3.4. Loss of functional analysis using LNA/DNA oligonucleotides
To determine the biological function of those up-regulated miRNAs, we knocked down each
miRNA using specific miR inhibitors (LNA/DNA hybrid oligonucleotides, see Materials and
Methods section) and investigated cell killing effect in U251R cells. Knockdown of
miR-455-3p or miR-10a* did not show difference from LNA control (transfection control) or

TMZ treatment alone; however, combined treatment with both LNA-455-3p or LNA-10a* and
TMZ showed modest cell killing effect (Fig. 3A). On the other hand, miR-195 knockdown
alone showed moderate growth inhibition, and, moreover, combination with TMZ strongly
enhanced cell death (Fig. 3A).
Since miR-195 up-regulation in M059JR cells was not clear (Fig. 2), we also performed
knockdown experiments in M059JR cells. As shown in Fig. 3B, knockdown of miR-455-3p
and miR-10a* showed similar results. However, knockdown of miR-195 alone strongly
induced cell killing effect, and combination with TMZ did not make significant differences
(Fig. 3B) (although there was a tendency of enhancement). These data suggest that miR-195 is
not involved in the acquisition of TMZ resistant in M059J cells. Taken together, inhibition of
those miRNAs, at least in part, successfully reversed TMZ resistance in GBM cells.

3.5. In silico identification of possible targets and cDNA microarray analysis
To explore the mechanisms by which those miRNAs regulate TMZ resistance, three
web-based databases, miRanda [28], TargetScan [29] and PicTar [30], were used to find
possible target mRNAs of those miRNAs. Regarding targets of miR-195, 962 genes in
miRanda, 967 genes in TargetScan and 746 genes in PicTar are predicted. Among the three
databases, 62 genes are commonly shared. Correspondingly, 47 genes are shared as targets of
miR-455-3p in miRanda and TargetScan (but there is no data in PicTar). Regarding miR-10a*,

only miRanda shows predicted target genes. Of the 796 possible targets, we selected the top
100 scored genes (Fig. 4).
miRNAs were initially proposed to mediate translational repression of their target mRNAs.
However, it has been recently demonstrated that this is often accompanied by decrease in
mRNA abundance itself [31, 32]. Therefore, transcriptional profiling is a useful means to
identify potential miRNA targets. We therefore performed a cDNA microarray analysis using
total RNA extracted from U251Wt and U251R cells. A comprehensive analysis of this
microarray data will be reported elsewhere. Here we attempted to identify target genes which
were actually down-regulated. Among possible targets selected using the above-mentioned
databases, genes that were down-regulated (<0.8-fold) in the cDNA microarray data are shown
in Table 2. Ten genes for miR-195, 15 genes for miR-455-3p and 15 genes for miR-10a* were
selected. We further performed a literature search using PubMed and Online Mendelian
Inheritance in Man (OMIM) and selected promising candidate targets (Table 3).

4. Discussion

TMZ has improved the prognosis of GBM patients [3, 5]; however, almost all of them die of
recurrence after chemoradiotherapy. We first assessed whether the TMZ resistance in U251R

cells depends on epigenetic silencing of the MGMT promoter, the most well-known drug
resistant mechanism in GBM. In our data, methylation status of the promoter region was not
changed (fully methylated in both U251Wt and U251R cells), suggesting that MGMT
expression is not involved in the acquired TMZ resistance in GBM. This is consistent with a
previous report by Auger et al. [33] in which SNB-19 glioma cells and their resistant variants
were used. Other mechanism may be involved in the step of obtaining the resistance.

In the present study, miR-455-3p, miR-195 and miR-10a* were up-regulated in U251R cells
compared to parental U251Wt cells. There seems to be only one published paper about
miR-455-3p. Guled et al. [34] showed that miR-455-3p was up-regulated in smoker group of
malignant mesothelioma patients compared to non-smoker group. Its function, however,
remains to be further examined. Regarding miR-10*, there is no report at the present time.

Compared to the two above-mentioned miRNAs, a greater number of reports about miR-195
have been published so far. miR-195 was reported to be up-regulated in cardiac hypertrophy,
and transgenic mice overexpressing miR-195 resulted in cardiac growth with disorganization
of cardiomyocytes [35]. Ji et al. [36] reported that miR-195 was highly expressed in rat
carotid artery and down-regulated in the process of wound healing caused by balloon injury
(see its supplemental data). The Neurogenin3 transcript is targeted by miR-195, which

contributes to islet cell regeneration in pancreas [37]. These data indicate that miR-195 plays
a variety of roles in different diseases. In oncology reports, miR-195 has been considered as
tumor suppressor and/or inhibitor of cell proliferation. miR-195 is down-regulated in tongue
squamous cell carcinoma [38], primary peritoneal carcinoma [39], bladder cancer [40], gastric
cancer [41], and hepatocellular carcinoma cells [42]. However, in our present study, inhibition
of miR-195 itself significantly decreased the cell number, suggesting that the function of this
miRNA might depend on the type of cancer cells. In addition, miR-195 has been reported to
drive cell cycle progression in embryonic stem cells through WEE1 [43]. The function of
WEE1 is further discussed below. Since drug resistance may be involved in cancer stem cells
which have become a very important concept in glioma field, miR-195 might facilitate growth
of cancer stem cells. However, to our knowledge, there is no paper addressing the relationship
between miR-195 and drug resistance in cancer cells.

Since the recent evidences have suggested that mRNA abundance is also affected by miRNA
[31, 32], we combined in silico analysis of predicted targets of those miRNAs with cDNA
microarray data to select the possible target genes (Table 3). Among these candidates, three
genes (SIAH1, WEE1 and RANBP3), which are possible targets of miR-195, seem to be
promising. SIAH1, an E3 ubiquitin ligase, was underexpressed in breast cancer compared to
normal tissue, and low level of its expression correlated with decreased probability of

disease-free survival [44]. SIAH1 is a p53 target gene and contributes to p53-mediated cell
cycle arrest through -catenin pathway [45]. Moreover, SIAH1 down-regulates
MDR/P-glycoprotein expression and sensitizes the multidrug-resistant cells to
chemotherapeutic agents [46]. Hara et al. [47] demonstrated that SIAH1 mediates apoptotic
cell death by its binding to GAPDH. WEE1, a cell cycle regulator, inhibits G2/M transition
and blocks cell division. Knockdown of WEE1 promotes G2/M progression and sensitizes
stathmin-overexpressing breast cancer cells to paclitaxel and vinblastine [48]. RANBP3
ablation causes overactivation of Wnt signaling pathway, and the chromosome region 19p13.3
containing the RANBP3 gene is deleted in various types of cancers and may contain tumor
suppressor gene [49]. Three promising genes (LTBR, EI24 and SMAD2) were identified as
targets of miR-455-3p. LTBR, a proapoptotic gene, was down-regulated in busulfan-resistant
human myeloid leukemia cells compared to sensitive cells [50]. EI24, a p53-target gene, was
lost in invasive breast cancers, and knockdown of EI24 conferred resistance to etoposide
treatment in breast cancer cells [51]. SMAD2 expression is lower in glioma cells than in
normal astrocytes [52]. Similarly, two genes (EPHX1 and BRD7) are promising targets of
miR-10a*. EPHX1 expression was higher in BCNU-resistant L1210 leukemia cells than in
sensitive cells. BRD7, a putative tumor suppressor, interacted with BLOS2 and selectively
suppressed transcription of E2F3 and cyclin A.

Since it has been demonstrated that each miRNA can have hundreds of mRNA targets, the
mechanism of acquisition of the resistance might be the consequence of deregulation of
several hundreds of mRNAs/proteins even though the change in each expression is less
prominent. Presumably, such an integral change in mRNA/protein may cooperate to create a
TMZ-resistant phenotype in our setting. In four established resistant variants, those miRNAs
were consistently up-regulated (except miR-195 in M059JR cells), suggesting that this
common mechanism may be shared, at least in part, in GBM cells. Importantly, in the present
study, our miR inhibitors (LNA/DNA hybrid oligonucleotides) successfully reversed TMZ
resistance in U251R cells, likely due to change of many target gene expressions including the
above mentioned. Further study is needed to identify definite target gene sets.

In conclusion, our results demonstrate that miR-195, miR-455-3p and miR-10a* , at least in
part, may play a role in acquired TMZ resistance in GBM cells, and miR inhibitors against
these miRNAs can reverse the resistance. Corresponding miR inhibitors could be a novel
therapeutic approach to recurrent GBM after treatment with TMZ.
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Table 1.

Differentially expressed miRNAs between U251Wt and U251R cells
Fold change (R/Wt)
miRNA
hsa-miR-455-3p
hsa-miR-195
hsa-miR-10a*

5.477
4.281
3.597

hsa-miR-502-3p
hsa-miR-193b*
hsa-miR-584
hcmv-miR-US25-2-5p
hsa-miR-500*
hsa-miR-193a-5p
hsa-miR-452
hsa-miR-132

3.564
3.447
3.253
3.078
2.906
2.824
2.755
2.334

hsa-miR-503

2.062

hsa-miR-106b*

0.3765

hsa-miR-210

0.3715

Table 2A. Predicted targets of miR-455-3p and their expressions in cDNA microarray
Gene
symbol
LHX2
ALS2CR8
DIP2A

Gene description

Probe set

Fold change

LIM homeobox 2

206140_at

0.503

amyotrophic lateral sclerosis 2 (juvenile) chromosome region, candidate 8

219834_at

0.523

1561286_a_at

0.561

229106_at

0.675

DIP2 disco-interacting protein 2 homolog A (Drosophila)

DYNLL2

dynein, light chain, LC8-type 2

C6orf145

chromosome 6 open reading frame 145

212923_s_at

0.697

FBXL15

F-box and leucine-rich repeat protein 15

218938_at

0.699

LTBR

lymphotoxin beta receptor (TNFR superfamily, member 3)

203005_at

0.715

ASB1

ankyrin repeat and SOCS box-containing 1

212819_at

0.721

patatin-like phospholipase domain containing 6

203718_at

0.736

reticulon 4

214629_x_at

0.741

RUN and SH3 domain containing 1

206949_s_at

0.7592

EI24

etoposide induced 2.4 mRNA

216396_s_at

0.763

HSF1

heat shock transcription factor 1

202344_at

0.775

SMAD family member 2

226563_at

0.776

guanine nucleotide binding protein-like 1

203307_at

0.779

PNPLA6
RTN4
RUSC1

SMAD2
GNL1

Table 2B.

Predicted targets of miR-195 and their expressions in cDNA microarray

Gene
symbol
PPP2R1A

Gene description

Protein phosphatase 2 (formerly 2A), regulatory subunit A , alpha isoform

Probe set

Fold change

200695_at

0.431

AP2A1

adaptor-related protein complex 2, alpha 1 subunit

234068_s_at

0.496

SIAH1

seven in absentia homolog 1 (Drosophila)

202980_s_at

0.589

HAS2

hyaluronan synthase 2

206432_at

0.640

amyotrophic lateral sclerosis 2 (juvenile) chromosome region, candidate 2

223266_at

0.657

CCNE1

cyclin E1

213523_at

0.657

SESN1

sestrin 1

218346_s_at

0.686

WEE1

WEE1 homolog (S. pombe)

215711_s_at

0.735

RAN binding protein 3

202640_s_at

0.756

vesicle amine transport protein 1 homolog (T. californica)

208626_s_at

0.768

ALS2CR2

RANBP3
VAT1

Table 2C. Predicted targets of miR-10a* and their expressions in cDNA microarray
Gene
symbol
CCL2
SULT1A3

Gene description

Probe set

Fold change

chemokine (C-C motif) ligand 2

216598_s_at

0.214

sulfotransferase family, cytosolic, 1A, phenol-preferring, member 3

233334_x_at

0.298

202017_at

0.429

204247_s_at

0.476

229377_at

0.510

EPHX1

epoxide hydrolase 1, microsomal (xenobiotic)

CDK5

cyclin-dependent kinase 5

GRTP1

growth hormone regulated TBC protein 1

BRD7

bromodomain containing 7

221776_s_at

0.556

PDIA5

protein disulfide isomerase family A, member 5

203857_s_at

0.579

iduronate 2-sulfatase (Hunter syndrome)

212223_at

0.610

paraspeckle component 1

226574_at

0.613

IDS
PSPC1
RWDD2B

RWD domain containing 2B

218377_s_at

0.632

COL6A1

collagen, type VI, alpha 1

212091_s_at

0.711

GIYD2

GIY-YIG domain containing 2

218317_x_at

0.725

HSPA1B

heat shock 70kDa protein 1B

202581_at

0.752

glutamate receptor, metabotropic 6

208035_at

0.763

Mitochondrial ribosomal protein L19

232071_at

0.784

GRM6
MRPL19

Table 3.
Gene
symbol

Potential TMZ resistance-related candidates of target genes
Function

SIAH1 is a significant prognostic factor in breast cancer.
SIAH1

SIAH1 down-regulates MDR1/P-glycoprotein expression through the JNK pathway.

Reference

Confalonieri S, 2009.
Liu M, 2008.

SIAH1-GAPDH mediates apoptotic signal

Hara MR, 2005.

WEE1 sensitizes resistant breast cancer cells to paclitaxel and vinblastine.
WEE1 blocks cell division when overexpressed in HeLa cells.

McGowan, 1993.

RANBP3 ablation causes overactivation of Wnt signaling.

Hendriksen, 2005.

LTBR

proapoptotic gene, down-regulated in busulfan-resistant human myeloid leukemia.

Valdez BC, 2008.

EI24

Loss of EI24 confers etoposide resistance in invasive breast cancer.

Mork CN, 2007

SMAD2

down-regulated in malignant glioma cells.

Zhang L, 2006.

EPHX1

EPHX1 is overexpressed in BCNU-resistant leukemia cells compared to sensitive cells.

Ribrag V, 1994.

WEE1
RANBP3

BRD7

Putative tumor suppressor, negatively regulates cell proliferation.

Alli E, 2007

Sun J, 2008.

Figure legends

Fig. 1. A, Establishment of TMZ resistant variant: U251R cells. U251R cells were generated
from U251MG cells by continuous exposure to TMZ. Indicated cells were treated with
indicated concentrations of TMZ for 7 days, and then the relative number of cells was
determined using WST-based assay. Each point indicates the mean and standard error of six
wells. Similar results were obtained in two independent experiments. B, Methylation status of
the MGMT promoter in U251Wt and U251R cells. Genomic DNA was extracted and analyzed
by methylation-specific PCR. Methylated control, unmethylated control and template-free
negative control were also included. The lower bands in the negative control lanes were
probably due to primer dimer. L: DNA maker ladder, M: methylated, U: unmethylated.

Fig. 2. TaqMan real-time quantitative RT-PCR for miRNAs. In each cell line, the expression
level of indicated miRNA was compared between parental (Wt) cells and established resistant
variant (R) as described in Materials and Methods section. RNU6B was used as an internal
control. Each bar indicates the mean and standard error of the data collected in triplicate.
Similar results were obtained in at least two independent experiments.

Fig. 3. Effect of miR inhibitors on TMZ resistance. Indicated cells were treated with or
without 100 M (A, for U251 cells) or 25 M (B, for M059J cells) TMZ for 24 h and then
transfected with indicated miR inhibitors. The cells were further cultured with or without
TMZ for 96 h, and the number of cells was counted. Each bar represents the mean and
standard error of four wells. Similar results were obtained in three independent experiments.
*p<0.05 between two groups.

Fig. 4. Possible target mRNAs of each miRNA. Venn diagrams of the number of predicted
target mRNAs in indicated web-based database are shown.

