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ABSTRACT
The critical role of microRNAs in cancer development has been extensively described. miRNAs are both specific markers and putative
therapy targets. miR-155 has been identified to be an oncomiRNA and is highly expressed in several solid cancers, including glioblastoma.
In this study, we found that miR-155 is a good potential therapy target. Knockdown of miR-155 sensitizes glioma cells to the
chemotherapy of temozolomide (TMZ) by targeting the p38 isoforms mitogen-activated protein kinase 13 [MAPK13, also known as p38
MAPKd or stress-activated protein kinase 4 (SAPK4)] and MAPK14 (also known as p38 MAPKa). As tumor suppressor genes, MAPK13 and
MAPK14 play important roles in lowering the accumulation of reactive oxygen species (ROS), inducing cell apoptosis, and slowing
the progression of cancer. Knockdown of miR-155 enhanced the anticancer effect of TMZ on glioma by targeting the MAPK13 and
MAPK14-mediated oxidative stress and apoptosis, but did not affect the secretion of MMP2 and MMP9. J. Cell. Biochem. 116: 1213–1221,
2015. © 2014 Wiley Periodicals, Inc.
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MicroRNAs (miRNAs) play a critical role in tumorigenesis and
are involved in the initiation and progression of cancer

through post-transcriptional modifications. Additionally, miRNAs
are considered to be potential biomarkers for cancer diagnosis and
treatment monitoring [Lee et al., 2012; Liu et al., 2012; Sandhu et al.,
2012]. miR-155 was first shown to be expressed at high levels in
diffuse large B cell lymphomas (DLBCLs) that have an activated B cell
phenotype [Eis et al., 2005]. Multiple studies have established that
miR-155 is one of the most overexpressed miRNAs in several solid
cancers, such as breast cancer [Volinia et al., 2006; Iorio et al., 2005;
Mattiske et al., 2012], lung cancer [Volinia et al., 2006; Yang et al.,
2013], stomach carcinoma [Volinia et al., 2006], prostate cancer
[Volinia et al., 2006; Yang et al., 2013], colorectal carcinoma [Yang
et al., 2013], and pancreatic carcinomas [Volinia et al., 2006; Yang
et al., 2013]. The high expression of miR-155 is also a potential
diagnosis marker for solid cancers. For example, a high expression
pattern of miR-155 could be used as an adjunctive diagnostic tool or
a clinically relevant biomarker for pulmonary NE tumors [Lee et al.,
2012]. In addition, the levels of circulating miR-155 in the plasma

may serve as a reliable, novel, and noninvasive biomarker for early
diagnosis and detection of esophageal cancer [Liu et al., 2012].

Gliomas are the most common malignant tumors in the adult
central nervous system and account for 50 to 60% of primary brain
tumors. The characteristic of glioma is extensive invasion through-
out the brain and a poor prognosis [Ohgaki and Kleihues, 2005].
Studies have shown that miR-155 is high expressed in the primary
and secondary glioblastoma tissues [D0Urso et al., 2012]. Knockdown
of miR-155 inhibited the cell proliferation and GABA-A receptor
regulating signaling pathway in glioblastoma primary culture cells
[Poltronieri et al., 2013]. Inhibiting the expression of miR-155 can
enhance the chemosensitivity of glioblastoma cells to taxol by
targeting EAG1 expression [Meng et al., 2012].

miRNAs have emerged as key regulators of gene expression; they
can repress gene expression through sequence-specific base pairing
with a binding site in the 30UTRs, 50UTRs, or CDS of target transcripts
[Bartel, 2004; Tay et al., 2008]. Up to now, there have 147 target
genes of miR-155 validated. They are mainly involved in many
biological behaviors, such as proliferation, differentiation, apopto-
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sis, angiogenesis and epithelial-msenchymal transition, and provide
the prospects for the application potential of miR-155 [Volinia et al.,
2006].

In this study, we detected the expression of human miR-155 in
various differential grade glioma tissues and cell lines and
designated this miRNA as a marker for the prognosis of glioma.
Importantly, knockdown of miR-155 inhibits cell growth and
invasion by targeting the p38 isoform thatmediates ROS activity and
apoptosis.

MATERIALS AND METHODS

CELL CULTURE
Six human glioma-derived cell lines, U251, U87, A172, SF767,
SF126, and SHG-44 were obtained from the Cell Center of the Peking
Union Medical College in China. U251, U87, and A172 cells were
maintained in Dulbecco0s Modified Eagle0s Medium (DMEM) with
10% fetal calf serum (FCS) and standard antibiotics. SF767, SF126,
and HG-44 cells weremaintained inmodified Eagle0smedium (MEM)
with 10% fetal calf serum (FCS) and standard antibiotics. All cells
were maintained at 37°C under an atmosphere of 5% CO2 and 95%
air.

PATIENT SAMPLES
All human primary brain tumor samples were obtained from
randomly selected cancer patients at the Xiangya Hospital, Hunan,
China, and all of the diagnoses were pathologically confirmed.
Written informed consent was obtained from each patient who
participated in the study before surgery, and all of the protocols were
reviewed by the Joint Ethics Committee of the Central South
University Health Authority and performed in accordance with
national guidelines.

IN SITU HYBRIDIZATION ANALYSIS
The miR-155 miRCURYTM LNA custom detection probe (Exiqon,
Vedbaek, Denmark) was used for the in situ hybridization (ISH).
Hybridization, washing, and scanning were performed according to
the manuals and protocols that were provided by the Exiqon life
science department, and staining assessments were performed by
two independent pathologists. Staining intensity was scored as 0
(negative), 1þ (weak), 2þ (medium), or 3þ (strong). Low expression
was defined as an intensity of 0, 1, 2, or 3 with<10% stained cells or
by an intensity of 0 or 1 with <50% stained cells. High expression
was defined as an intensity of 2 or 3 with>10% stained cells or by an
intensity of 1, 2, or 3 with >50% stained cells [Tang et al., 2013].

MTT ASSAY
Synthesized RNA duplexes of negative control, miR-155 mimics,
and miR-155 inhibitors were obtained from GeneChem (GeneChem,
Shanghai, China). After transient transfection of miRNA mimics or
inhibitors, the cells were seeded into 96-well plates at 1500 cells/
well, and the MTT assays (Sigma-Aldrich, St. Louis, MO, USA) were
performed daily for 48 h. In this assay, themediumwas replaced with
fresh medium containing 0.5mg/ml MTT for 4 h and then carefully
removed. Subsequently, 150ml of dimethyl sulfoxide (DMSO) was

added to each well and mixed for 10min. The optical density at
490 nm was determined using an enzyme linked immunosorbent
assay (ELISA) reader.

INVASION AND MIGRATION ASSAYS
Invasion assays were performed using Transwell1 plates (Corning,
Corning, NY). Matrigel (Becton Dickinson, (Bedford, MA)) was
diluted in cold serum-free medium, and 25mg of the preparation was
added to the top side of porousfilters (pore size, 8mm) and allowed to
gel at 37°C overnight. After the coated filters were rehydrated with
100ml medium, 1� 105 cells in 200ml of serum-free medium
supplemented with 0.2% bovine serum albumin were seeded into the
upper part of each chamber, and the lower compartments were filled
with 500ml of culture medium. Following incubation for 24 h in a
humidified incubator at 37°Cwith 5%CO2, cells that had not invaded
on the upper surface of the filter were wiped out with a cotton swab,
and the cells that had invaded on the lower surface of the filter were
fixed and stainedwith hematoxylin. Invasiveness was determined by
counting cells in four microscopic fields per well, and the extent of
invasion was expressed as an average number of cells per
microscopic field. The results are expressed as the mean� SD.

Cell migration was evaluated by using the scratch wound assay;
cells with or without treatment were cultured to 90% confluence and
washed with serum-free medium. Then, the respective cell mono-
layers were disrupted by scratching with a 10-mL plastic pipette tip,
and the wounded areas were photographed using an inverted
microscope. The furthest distance that cellsmigrated from thewound
edge was measured and the extent of migration was expressed as an
average value of five independent microscope fields. The experi-
ments were repeated three times and the results are expressed as the
mean� SD.

REAL-TIME QUANTITATIVE PCR ANALYSIS
Total RNA was extracted from the cells with TRIZOL reagent
(Invitrogen, Carlsbad, CA), and human b-actin was amplified in
parallel as an internal control. RT and PCR reactions were performed
using a qSYBR green-containing PCR kit (Invitrogen, Carlsbad, CA),
and human b-actin or U6 snRNAwas used as an endogenous control
for mRNA ormiRNA detection, respectively. Expression of each gene
was quantified by measuring the Ct values and normalized using the
2-DDdt method relative to U6-snRNA or b-actin.

LUCIFERASE ASSAY
The MAPK13 and MAPK14 30UTRs were cloned into the Sac1 and
Mlu1 sites of the pMIR-REPORT luciferase vector (Ambion, Austin,
TX) using a PCR-generated fragment that was designed using the
Targetscan 6.1 software. Luc-mut vectors with the first five
nucleotides, which are complementary to miR-155 seed regions,
were mutated by site-directed mutagenesis (Stratagene, CA) and
used as controls. The MAPK13 30UTR primers were forward 50-
CCTACAAACGACACCCTG-30 and reverse 50-ATCCCTTCTGATCT-
CAACAA -30. The MAPK14 30UTR primers were forward 50-
GCTGGGAGGGAAGGTGAA-30 and reverse 50-TTGATTTGGCGGTG-
GATG-30. The Luc-wt, Luc-mut, and Luc-ctrl plasmids were
co-transfected with miR-155 mimics into HEK293 cells, and the
pMIR-REPORT b-galactosidase control vector was transfected as a
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control. Luciferase activity was measured in cell lysates 48 h after
transfection using the Dual-Light1 Luminescent Reporter Gene
Assay kit (Applied Biosystems, Carlsbad, CA). The pMIR-REPORTTM-
b-gal control vector was co-transfected as an internal control to
correct for differences in the transfection and harvest efficiencies.

MAPK13 AND MAPK14 SILENCING BY siRNAs
The sense sequences of the siRNA oligonucleotides that targeted
MAPK13 and MAPK14 were the following: MAPK13 siRNA, sense
strand siRNA 50-GCACAUCUACAAGGAGAUUTT-30 and antisense
strand siRNA 50-AAUCUCCUUGUAGAUGUGCTG-30; MAPK14
siRNA, sense strand siRNA 50-CUGCGGUUACUUAAACAUATT-30

and antisense strand siRNA 50-UAUGUUUAAGUAACCGCAGTT -30

(Sangon, Shanghai). A scrambled siRNA was used as a negative
control. The cells were plated in culture dishes or in 6-well plates for
24 h and transfected with siRNA using Lipofectamine 2000
(Invitrogen) for 48 h. The cells were then subjected to further assays
or to RNA and protein extraction.

FLOW CYTOMETRY ASSAY
Annexin V/propidium iodide staining and flow cytometry were
performed using the Annexin V-fluorescein isothiocynate Apoptosis
Detection Kit (KeyGen, Nanjing, China) according to the man-
ufacturer0s guidelines. Briefly, 5� 105 cells were washed in ice-cold
PBS, resuspended in 50ml of binding buffer and incubated with 2ml
of propidium iodide and 2ml of Annexin V-fluorescein isothiocy-
nate for 15min in the dark at room temperature, washed and
resuspended in 500ml PBS. Flow cytometric analysis was performed
immediately using a FACSCalibur (Becton Dickinson, San Jose, CA).

DETECTION OF MMP2 AND MMP9 BY ELISA
Glioma cells in subconfluent culture condition (�80–90% confluent)
were washed and treated with or without miR-155, MAPK13 siRNA,
or MAPK14 siRNA for 24 h. The conditioned serum-free mediumwas
collected, centrifuged, and frozen at – 70°C until assayed. The
protein concentrations of total MMP2 and MMP9 (pro- and active
MMP9) in the culture supernatants were measured using ELISA kits
(Boster Biotech, China) according to the manufacturer0s instructions.
The experiments were performed in triplicate and repeated once. The
results are expressed as the mean� SE.

WESTERN BLOT
Western blots were performed as previously described [Tang et al.,
2013]. Anti-MAPK13 and MAPK14 antibodies were obtained from
Cell Signaling Technology (Danvers, MA, USA) and b-actin
antibodies were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, USA).

APOPTOSIS DETECTION ASSAY
To morphologically detect apoptosis, treated or untreated cells were
cultured for 48 h, fixed with 4% paraformaldehyde, and stained with
Hoechst 33258 (0.5mg/ml) for 15min.

INTRACELLULAR REACTIVE OXYGEN SPECIES MEASUREMENT
The production of reactive oxygen species (ROS) wasmeasured using
the ROS-sensitive dye carboxy- 2, 7-dichlorodihydro-fluorescein

diacetate (H2DCFDA, Invitrogen) as an indicator. Briefly, glioma
cells were homogenized in assay buffer, and the homogenates were
incubated with H2DCFDA at 37 °C for 3 h. The fluorescent product
that was formed was quantified using a spectrofluorometer that was
set at 485/525 nm (Beckman, USA), and changes in fluorescence
were expressed in arbitrary units. Nacetylcysteine (NAC) was
purchased from Sigma (USA).

STATISTICAL ANALYSIS
Differences between the variables of groups were tested using
Student0s t test or a one-way ANOVA using the SPSS 11.0 program.
A P-value of <0.05 was considered statistically significant.

RESULTS

DIFFERENTIAL EXPRESSION OF miR-155 BETWEEN NORMAL
CEREBRUM AND GLIOMA TISSUES
The level of expression of miR-155 was investigated in 24 normal
brain tissues and 66 glioma tissues by in situ hybridization analysis
(Fig 1A). The staining of miR-155 was strong and was detected in the
cytoplasm of cells in 93.93% (62/66) glioma tissue samples. In
contrast, miR-155 staining was undetectable or low in most of the
normal cerebrums with positive staining in only 8.3% (3/24) of the
samples. More importantly, we also found that the staining of miR-
155 in astrocytomas was gradually enhanced with the increase in
WHO grade from II to III andwas accompanied by the proliferation of
blood vessels in grade IV astrocytomas (Fig. 1A). The upregulated
expression of miR-155 in grade IV astrocytomas (glioblastoma) was
consistent with the results reported by D0Urso (2012). To confirm
these findings, RNAs were extracted from 10 normal cerebrum
samples and 42 astrocytoma samples and analyzed by real-time PCR
(Fig. 1B). Consistent with the in situ hybridization data, the results
demonstrated that in astrocytoma WHO grade II, III and IV, the
expression of miR-155 was higher than that in the normal cerebrum
samples and gradually enhanced with the increase in WHO grade
from II to IV (Fig. 1B).

miR-155 REGULATES CELL INVASIVE GROWTH IN GLIOMA TISSUES
We detected the expression of miR-155 in six glioma cell lines by
real-time PCR assay. We found that miR-155 was expressed the
highest in U87 cells, whereas, the lowest expression was in SFF767
cells (Fig. 2A). Therefore, we chose to use the U87 and SF767 cells to
perform our research. We over-expressed miR-155 in SF767 cells
through transfection of miR-155 mimics, and we interfered with the
expression of miR-155 in U87 cells through transfection of a miR-
155 inhibitor. As expected, the miR-155 mimics promoted the
expression of miR-155 in SF767 cells, and the miR-155 inhibitor
significantly suppressed the expression of miR-155 in U87 cells at
96 h post-transfection (Fig. 2B). Next, we investigated cell growth in
SF767 cells expressing the miR-155 mimics and found that cell
growth was promoted in these cells. We also noted a decrease in cell
viability and proliferation for U87 cells transfected with themiR-155
inhibitor at 96 h (Fig 2C).

To observe the effect of miR-155 on the invasion potential of
SF767 and U87 cells, we performed aMatrigel matrix invasion assay
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(Fig. 2D). When SF767 cells were treated with the miR-155 mimics,
the invasion ability of cells increased compared to the invasion of
cells treated with the negative control (P< 0.05). In contrast, when
U87 cells were treated with the miR-155 inhibitor, invasion of U87
cells was inhibited comparedwith the invasion ability of cells treated
with the negative control (P< 0.01).

To further investigate the cell migration ability at shorter
incubation times, wound healing assay was used to detect cell
migration ability after cells were cultured for 24 h and 48 h. ThemiR-
155 mimics significantly promoted SF767 cell migration compared
with the negative control transfected cells (P< 0.01), whereas,
knockdown of miR-155 inhibited migration of U87 cells (P< 0.05)
(Fig. 2E).

p38 ISOFORMS MAPK13 AND MAPK14 ARE THE TARGET GENES OF
miR-155
To further understand the mechanism of miR-155-regulated glioma
cell growth and invasion, TARGETSCAN 6.1 software was utilized to
predict the miR-155 target genes. We found that MAPK13 and
MAPK14 are potential target genes of miR-155. MAPK13 and
MAPK14 are the isoforms of p38 and are also known as p38 delta and
p38 alpha, respectively [Tan et al., 2010; Paillas et al., 2012]. p38 is a
key member of the mitogen activated protein kinase (MAPK) family.
The MAPK family pathway is implicated in diverse cellular
processes, and its evolution is conserved throughout the eukaryotic
kingdom [Li et al., 2011]. Our data verified that miR-155 could
interact with the 30UTR of MAPK13 and MAPK14 in the luciferase
assay (Fig. 3A). The miR-155 mimics inhibited the expression of
MAPK13 and MAPK14 at the mRNA (Fig. 3B) and protein level
(Fig. 3C). To elaborate whether miR-155 affects the invasion of

glioma cells by targetingMAPK13 andMAPK14, MAPK13 siRNA, or
MAPK14 siRNA were transfected into SF767 cells, the matrigel
matrix invasion assay was detected. As shown in Fig. 3D, MAPK13
siRNA, or MAPK14 siRNA promoted the cell invasion of SF767 cells.

miR-155 REGULATES THE SECRETION OF MMP2 AND MMP9 BY
TARGETING THE p38 ISOFORMS MAPK13 OR MAPK14
Matrix metalloproteinases (MMPs) contribute to cancer through
their involvement in cancer invasion and metastasis [Slattery et al.,
2013]. To further determine whether miR-155 affects the secretion of
MMP2 and MMP9 by targeting MAPK13 and MAPK14, miR-155
mimics, MAPK13 siRNA, or MAPK14 siRNA were transfected into
SF767 cells, and the secretion of MMP2 and MMP9 was detected by
ELISA. Compared with the negative control, miR-155 mimics
increased the secretion of MMP2 and MMP9 (Fig. 4A). In contrast,
MAPK13 siRNA or MAPK14 siRNA significantly decreased MAPK13
or MAPK14 expression, respectively, and increased the secretion of
MMP2 and MMP9 (Fig. 4B). These results suggest that miR-155
increased the secretion of MMP2 and MMP9 by targeting MAPK13
and MAPK14 expression.

Knockdown of miR-155 sensitizes human primary glioblastoma
cells to the ROS-induced apoptosis by the chemotherapeutic drug
temozolomide

To investigate whether knockdown of miR-155 affects the
inhibition of temozolomide (TMZ) on glioma cells, U87 cells were
used to evaluate the anti-tumor effects of the designed treatments
(i.e., miR-155 inhibitor for 6 h, followed by a subsequent TMZ
treatment) in vitro. When we knocked down miR-155 for 6 h
followed by a subsequent TMZ treatment, the MTT assay indicated
that the combined knockdown of miR-155 and TMZ resulted in a

Fig. 1. Up-regulation of miR-155 in different WHO grade astrocytomas. A. ISH analysis of miR-155 in paraffin-embedded tissue sections from gliomas and normal brain
tissues. The photomicrograph shows: normal brain tissue showing no or lowed expression of miR-155; grade II- IV showing immunopositivity and the staining of miR-155 in
astrocytomas that is gradually enhanced with increase in WHO grade from II to III (original magnification100�). B. Histogram showing the mean expression þ/� 95%
confidence intervals for normal cerebrums and different WHO grade astrocytomas. **P-value <0.01 versus normal.
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distinct decrease in U87 cell proliferation compared with miR-155
knockdown alone or TMZ alone (Fig. 5A). To further demonstrate
that the mechanism of miR-155 knockdown affects TMZ chemo-
sensitivity, ROS production and cells apoptosis were measured. The
results showed that TMZ promoted the production of ROS, and
knockdown of miR-155 increased the ability of TMZ to promote ROS
production (Fig. 5B upper pannel). N-acetylcysteine(NAC) is a ROS
inhibitor that can inhibit intracellular ROS production. NAC
treatment significantly blocked the effects on ROS production

from miR-155 inhibitor or TMZ (Fig. 5B low panel, left). At the same
time, interfering MAPK13 or MAPK14 can inhibit the production of
ROS (Fig. 5B low panel, right).

Additionally, Hoechst 33258 (Fig. 5C) and Annexin V assay
(Fig. 5D) were used to detect cell apoptosis. The results indicated that
knockdown of miR-155 increased the apoptosis of U87 cells that was
induced by TMZ. We also detected the effect of MAPK13 and
MAPK14 siRNA on apoptosis, MAPK13 and MAPK14 siRNA can
inhibit cell apoptosis by Hoechst 22358 (data not shown). And the

Fig. 2. miR-155 regulates the growth and invasion of glioma cells. A: The expression of miR-155 in the six glioma cell lines. The expression of miR-155 is the highest in the U87
cells, and it is the lowest in the SFF767 cells. B: Transfection efficiency of miR-155 mimics in SF767 cells or miR-155 inhibitor in U87 cells. C: The MTT assay was used to detect
the effect of miR-155 on glioma cells. miR-155 mimics promoted the proliferation of SF767 cells, and miR-155 inhibitor suppressed the proliferation of U87 cells. The
experiments were repeated three times. *P-value<0.05. ** P-value<0.01 versus NC. D: The Matrigel matrix invasion assay was used to detect the effect of miR-155 on glioma
cells. miR-155 mimics promoted the invasion of SF767 cells, and the miR-155 inhibitor suppressed the invasion of U87 cells. The histogram represents the mean of invasive cells
which was determined by counting cells in four microscopic fields per well. The experiments were repeated three times. * P-value<0.05 versus NC. ** P-value<0.01 versus NC. E:
The wound healing assay was used to detect the effect of miR-155 on glioma cells. miR-155mimics promoted themigration of SF767 cells, and themiR-155 inhibitor suppressed
the migration of U87 cells. The histogram represents the extent of migration which is expressed as an average value of five independent microscope fields. The experiments were
repeated three times. * P-value <0.05 versu. NC. ** P-value <0.01 versus NC.
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effect that knockdown of miR-155 decreased the cells proliferation
and increased the ROS production and apoptosis which induced by
TMZ due to inhibition of MAPK13 andMAPK14 expression (Fig. 5E).
However, the combined treatment of miR-155 knockdown and TMZ
did not show synergistic inhibition on the secretion of MMP2 and
MMP9 when compared with the knockdown of miR-155 alone or
TMZ alone in U87 cells (Fig. 5F).

DISCUSSION

Glioma is the most common malignant primary tumor of the brain
and usually has a poor prognosis [Zhang et al., 2008]. Even with
improved therapy regimens including the drug TMZ, the survival

rate is not ideal. miRNAs are a kind of gene expression regulators,
which can directly regulate the expression of target genes to play an
important roles in cells proliferation, apoptosis and survival [Tang
et al., 2012, 2013]. For example, miR-211 can influence the cell
chemosensitivity and radiosensitivity by MMP9 [Asuthkar et al.,
2012]. The expression of miR-155 is overexpressed in many tumors,
such as lung cancer, glioblastoma and leukmias [Poltronieri et al.,
2013]. Here, we provide evidence thatmiR-155 is highly expressed in
glioma tissues. Overexpression of miR-155 promoted cell prolifer-
ation, invasion, and migration in SF767 cells, which normally have
low expression of miR-155. Anti-miR-155 treatments inhibited cell
proliferation, invasion, and migration in U87 cells, which normally
have higher expression of miR-155. Our research further confirmed
that knockdown of miR-155 is a potentially useful therapy target for

Fig. 3. miR-155 promotes cell invasion by targeting MAPK13 and MAPK14 in glioma cells. A: Luciferase activity assay for the binding of miR-155 to MAPK13 or MAPK14. *P-
value<0.05 versus NC; ** P-value<0.01 versus NC. B: Transfection of miR-155 decreased the mRNA expression ofMAPK13 orMAPK14 by real-time PCR. *P-value<0.05 versus
NC. C: The western blot shows that transfection of miR-155 decreased the protein expression of MAPK13 or MAPK14 in SF767 cells. Transfection of the miR-155 inhibitor
decreased the protein expression ofMAPK13 orMAPK14 in U87 cells. D: TheMatrigel matrix invasion assay was used to detect the effect ofMAPK13 siRNA orMAPK14 siRNA on
glioma cells. MAPK13 orMAPK14 siRNA promoted the invasion of SF767 cells. The histogram represents themean of invasive cells which was determined by counting cells in four
microscopic fields per well. The experiments were repeated three times. *P-value <0.05 vs. siNC.
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glioma [Poltronieri et al., 2013]. However, the mechanism of miR-
155 in anti-cancer therapy is still unknown.

In this study, we predicted and confirmed that the p38 isoforms
MAPK13 andMAPK14 are targets of miR-155. p38 is a component of
the MAPK signaling pathway and is a serine/threonine protein
kinase. The p38-MAPK pathway plays an important role in the
cellular response to various types of stress, including cancer
[Kumphune et al., 2013]. Chlorpyrifos (CPF), a pesticide that
activates the p38-MAPK signaling pathway, mediates apoptosis
by generating ROS [Ki et al., 2013]. MAPK13 and MAPK14 are the
p38 isoforms. MAPK13 encodes p38d, and e pigenetic silencing of
MAPK13 contributes to melanoma progression. MAPK13 re-
expression restored the tumor suppressive functions in melanoma
cells [Gao et al., 2013]. Upon silencing ATP5A1, the expression of
MAPK13 was upregulated by oxidative stress due to impaired ATP
synthesis[Anitha et al., 2013]. MAPK14 encodes p38a/MAPK, which
can inhibit liver fibrogenesis and consequently hepatocarcino-
genesis by reducing the accumulation of reactive oxygen species
[Sakurai et al., 2013]. The synthetic flavonoid WYC02–9 activated
MAPK14 pathway to block the cells growth through the ROS in
colorectal carcinoma [Chen et al., 2013]. Our data showed that the
expression of MAPK13 and MAPK14, as target genes of miR-155, is
downregulated with miR-155 treatment in SF767 cells. Furthermore,
the expression of MAPK13 and MAPK14 was upregulated under the
knockdown of miR-155 in U87 cells.

Under pathological condition, matrix metalloproteinases (MMPs)
is activated, especially gelatimases MMP2 and MMP9, and mainly
involved in cell migration, invasion and angiogenesis [Tarassishin
and Lee, 2013]. Our studies indicated that overexpression ofmiR-155
promoted the secretion of MMP2 and MMP9 in the supernatant of
SF767 cells. Additionally, interfering with MAPK13 or MAPK14 also
increased the secretion of MMP2 and MMP9 in the supernatant of
SF767 cells, suggesting that miR-155 can increase the secretory

expression of MMP2 and MMP9. Thus, miR-155 may be involved in
the invasive proliferation of glioma cells by targeting and inhibiting
MAPK13 or MAPK14.

Malignant gliomas are treated with a combination of surgery,
radiation, and chemotherapy drugs such as temozolomide (TMZ), but
these therapies ultimately fail due to tumor recurrence [Wan et al.,
2013]. MicroRNAs are aberrantly expressed inmany cancers and can
exert tumor-suppressive or oncogenic functions. Oncomirs usually
promote cells proliferation and invasion during chemotherapy,
therefore, combiningwith chemotherapy drugs and oncomirs silence
are a valuable approach for cancers [Meng et al., 2012]. In this study,
we aimed to identify the combined effects of knockdown of miR-155
and TMZ on the invasive pathogenesis of glioma cells. Knockdown
of miR-155 increased the inhibitory effect of TMZ on U87 cells
proliferation and increased the TMZ-induced ROS production. There
is an effective strategy for destroy cancer stem cells by regulating
ROS generation [Diehn et al., 2009]; however, p38 MAPK signaling
can mediate apoptosis by generating ROS [Ki et al., 2013]. Our
findings suggested that knockdown of miR-155 enhanced the
anticancer effect of TMZ on gliomas through MAPK13 and
MAPK14-mediated ROS accumulation. However, knockdown of
miR-155 did not increase the secretion of MMP2 andMMP9 that was
induced by TMZ. It is possible that there is another mechanism
involved in the effect of the knockdown of miR-155 on TMZ
induced- secretion of MMP2 and MMP9. The aim of our future
studies will be to examine whether the knockdown of miR-155 can
affect TMZ induced-activation of MMP2 and MMP9.

CONCLUSIONS

The increased expression of miR-155 is implicated in glioma
carcinogenesis. Knockdown of miR-155 inhibits the invasive

Fig. 4. Effect of miR-155, MAPK13 siRNA or MAPK14 siRNA on the secretion of MMP2 and MMP9. A: Supernatants were collected after SF767 cells were treated with miR-
155 for 24 h. The MMP2 andMMP9 secretion levels in SF767 cells were analyzed using an ELISA assay kit. The relative secretion expression compared with NC is shown. *P-value
<0.05 versus NC. B: Supernatants were collected after SF767 cells were treated withMAPK13 siRNA orMAPK14 siRNA for 24 h.MMP2 andMMP9 secretion levels in SF767 cells
were analyzed using an ELISA assay kit, and the relative secretion expression compared with the siRNA control is shown. *P-value <0.05 versus NC.
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Fig. 5. Knockdown ofmiR-155 sensitizes cells to chemotherapy in gliomas through ROS-induced apoptosis. A: TheMTT assay indicated that the combined knockdown ofmiR-155 and
TMZ resulted in a distinct decrease in U87 cell proliferation compared with miR-155 knockdown alone or TMZ alone. *P-value<0.05 vs. NC or control; **P-value<0.05 vs. TMZ or miR-
155I. TMZ: 100mM, miR-155I:20mM. B: Upper panel: The DCHF-DA assay indicated that the combined miR-155I and TMZ increased the induction of ROS production in U87 cells
compared with miR-155 knockdown alone or TMZ alone. *P-value<0.05 versus control or NC; **P-value<0.05 versus TMZ or miR-155I. TMZ: 100mM, miR-155I:20mM. Lower panel
(Left): TheROS inhibitorNACblocked the effect ofmiR-155I or/and TMZonROSproduction inU87 cells. **P-value<0.01 versus control. Lower panel (Right): The knockdownofMAPK13
or MAPK14 inhibited ROS production in SF767 cells. *P-value<0.05 versus siNC. C: The Hoechst 33258 staining indicated that the knockdown of miR-155 increased the cell apoptosis
induced by TMZ inU87 cells comparedwithmiR-155 knockdown alone or TMZalone. *P-value<0.05 versus control orNC; **P-value<0.05 versus TMZormiR-155I. TMZ: 100mM,miR-
155I:20mM. D: Annexin V assay indicated that the knockdown of miR-155 increased the cell apoptosis induced by TMZ in U87 cells compared with miR-155 knockdown alone or TMZ
alone. *P-value<0.05 versus control or NC; **P-value<0.05 versus TMZormiR-155I. TMZ: 100mM,miR-155I:20mM. E: Thewestern blot assay indicated that the combined knockdown
ofmiR-155 and TMZ increased the expression ofMAPK13 orMAPK14 inU87 cells comparedwithmiR-155 knockdown alone or TMZ alone.b-actin was used as an internal reference for
loading. TMZ: 100mM,miR-155I:20mM. F: The ELISA assay indicated that the combined treatment ofmiR-155 knockdown and TMZ did not synergistically affect the secretion ofMMP2
and MMP9 compared with miR-155 knockdown alone or TMZ alone. *P-value <0.05 versus control or NC TMZ: 100mM, miR-155I:20mM.
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proliferation of glioma cells by targeting the p38 isoforms. The
knockdown of miR-155 enhanced the anticancer effect of
temozolomide on glioma cells through the induction of MAPK13
and MAPK14-mediated oxidative stress and apoptosis. Thus, miR-
155 may be a potential target for glioma therapy.
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