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The dysregulation of microRNA (miRNA) expression is closely related with tumorigenesis and tumor
development in glioblastoma (GBM). In this study, we found that miRNA-598 (miR-598) expression was
significantly downregulated in GBM tissues and cell lines. Restoring miR-598 expression inhibited cell
proliferation and invasion in GBM. Moreover, we validated that metastasis associated in colon cancer-1
(MACCI1) is a novel target of miR-598 in GBM. Restoring MACCI1 expression reversed the inhibitory
effects of miR-598 overexpression on GBM cells. In addition, miR-598 overexpression suppressed Met/
AKT pathway activation in GBM. Our results provided compelling evidence that miR-598 serves tumor-
suppressive roles in GBM and that its antioncogenic effects are mediated chiefly through the direct sup-
pression of MACC1 expression and regulation of the Met/AKT signaling pathway. Therefore, miR-598 is a

potential target in the treatment of GBM.
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INTRODUCTION

Gliomas, the most common type of primary cere-
bral tumors, originate from neural mesenchymal cells’.
Gliomas could be classified into four histopathologic
grades (I-IV) on the basis of their degree of malig-
nancy’. Glioblastoma (GBM), a grade IV glioma, is the
most prevalent and aggressive histological subtype of
glioma in the adult population’. Despite recent improve-
ments in combined approaches, including surgery,
radiotherapy, and chemotherapy, for the treatment of
GBM, patients with this malignancy exhibit poor ther-
apeutic outcome with a median survival time of only
9—12 months®. Distant metastasis occurs frequently, and
the local infiltration of GBM to other parts of the brain
appears as tentacle-like projections, which hinder the
treatment of this malignancy through complete surgical
excision’. Moreover, our insufficient understanding of
the malignant phenotype of GBM is also responsible for
the poor prognosis of patients with this disease’. Hence,
studying the molecular mechanisms that underlie the
pathogenesis of GBM should aid in the identification

of novel and effective targets for the treatment of this
life-threatening disease.

microRNAs (miRNA) are a series of endogenous,
noncoding small RNA molecules that act as gene regula-
tors’. miRNAs modulate gene expression by binding to
partially complementary sequences in the 3’-untranslated
regions (3’-UTRs) of their target genes and then inhibit-
ing mRNA translation or inducing mRNA degradation®.
Over 2,500 miRNAs have been identified in the human
genome, and these miRNAs may regulate the expression
of >50% of all human protein-coding genes’. In recent
years, emerging evidence has shown that the dysregula-
tion of miRNAs is a common characteristic of human
malignancies, including GBM'". Aberrantly expressed
miRNAs are involved in the regulation of important
pathological processes, such as cell proliferation, apo-
ptosis, angiogenesis, epithelial-mesenchymal transition,
and metastasis' ™. Numerous miRNAs have been impli-
cated in the occurrence and development of GBM and
may serve as new markers for the diagnosis and treatment
of this malignancy'*'®. Therefore, in-depth research on
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the role of miRNAs in GBM may aid the development of
novel therapeutic strategies for this disease.

miR-598 was downregulated in colorectal cancer'
and osteosarcoma'® and may play key roles in multiple
malignancy-associated processes. However, the expres-
sion, detailed biological roles, and associated molecu-
lar mechanisms of miR-598 in GBM remain unclear.
Therefore, we aimed to detect miR-598 expression, as
well as examine its biological roles and underlying mech-
anisms, in GBM.

MATERIALS AND METHODS
Ethics Statement and Tissue Samples

This study was approved by the Ethics Committee of
Xiangyang No. 1 People’s Hospital (Hubei, PR. China).
All patients provided written informed consent before
participating in this study. A total of 21 paired GBM tis-
sues and matched adjacent normal brain tissues were col-
lected from patients who were diagnosed with GBM and
underwent surgical resection at Xiangyang No. 1 People’s
Hospital. No recruited patients received radiotherapy or
chemotherapy before surgical resection. All tissues were
quickly frozen in liquid nitrogen and maintained in liquid
nitrogen until analysis.

Cell Culture

Four human GBM cell lines (T98G, LN229, U87, and
U251) were obtained from the Shanghai Cell Bank of the
Chinese Academy of Sciences (Shanghai, P.R. China)
and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS), 100 U
of penicillin/ml, and 100 ng of streptomycin/ml (all
from Gibco, Invitrogen, Carlsbad, CA, USA). Normal
human astrocytes (NHAs) were ordered from Sciencell
Research Laboratories (Carlsbad, CA, USA) and grown
in astrocyte medium (Sciencell Research Laboratories)
according to the supplier’s instructions. All cell lines
were maintained at 37°C in a fully humidified atmosphere
containing 5% CO,.

Cell Transfection

miR-598 mimic and miRNA negative control mimic
(miR-NC) were purchased from GenePharma (Shanghai,
P.R. China). Metastasis associated in colon cancer-1
(MACCI1) overexpression plasmid pCMV-MACCI1 and
empty pCMV plasmid were produced by Amspring Bio-
logical Technology Co., Ltd. (Changsha, P.R. China).
Cells were inoculated into six-well cell culture plates
at a density of 50%—60% confluence. miRNA mimic or
plasmids were transfected into cells using Lipofectamine
2000 Transfection Reagent (Invitrogen) in accordance
with the manufacturer’s instructions.
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RNA Isolation and Reverse Transcription Quantitative
Polymerase Chain Reaction

TRIzol reagent (Invitrogen; Thermo Fisher Scientific,
Waltham, MA, USA) was employed to isolate total RNA
from tissues or cells in accordance with the manufac-
turer’s instructions. The purity and concentration of total
RNA were detected using NanoDrop 2000 (NanoDrop
Technologies; Thermo Fisher Scientific, Inc., Pittsburgh,
PA, USA). To quantify miR-598 expression, total RNA
wasreverse transcribed into complementary DNA (cDNA)
using a TagMan MicroRNA Reverse Transcription Kit
and then amplified with a TagMan MicroRNA PCR Kit
(all from Applied Biosystems, Foster City, CA, USA).
To analyze MACC1 mRNA expression, cDNA was pre-
pared from total RNA using a PrimeScript RT Reagent
Kit (Takara, Dalian, PR. China). Quantitative polymerase
chain reaction (qQPCR) analysis was performed with a
SYBR Premix Ex Tag™ II Kit (Takara) with ABI PRISM-
7900 Sequence Detection System (Thermo Fisher Sci-
entific). miR-598 and MACC1 mRNA expression was
normalized to U6 snRNA and GAPDH mRNA expres-
sion, respectively. Data were analyzed using the 27
method"”.

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide (MTT) Assay

At 24 h posttransfection, cells were trypsinized, col-
lected, and inoculated into 96-well culture plates at a
density of 3,000 cells per well. The plates were incubated
at 37°C with 5% CO, for 0, 1, 2, and 3 days. At every
time point, cell proliferation was determined through
MTT assay. Briefly, 10 pl of MTT solution (5 mg/ml;
Sigma-Aldrich, St. Louis, MO, USA) was added to each
well, and cells were incubated at 37°C for an additional
4 h. Thereafter, the medium was discarded, and 150 pl of
dimethyl sulfoxide (DMSO) was added to each well to
dissolve the formazan crystals. The absorbance was mea-
sured at a wavelength of 490 nm with SpectraMax M3
microplate reader (Molecular Devices, LLC, Sunnyvale,
CA, USA). Three independent experiments were carried
out with five replicate wells in each group.

Matrigel Invasion Assay

To detect cell invasion capacity, 24-well Transwell
plates (Corning Inc., Corning, NY, USA) precoated with
Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) were
utilized. At 48 h posttransfection, cells were trypsinized,
collected, and suspended in FBS-free DMEM. A total
of 5x10* cells were placed into the upper chamber
of Transwell plates, whereas the lower chambers were
filled with 500 pul of DMEM containing 10% FBS. Cells
were allowed to invade for 24 h at 37°C under 5% CO,.
Noninvasive cells were removed from the upper chambers
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with cotton swabs. Invasive cells were fixed with 4%
paraformaldehyde at room temperature for 15 min and
stained with 0.1% crystal violet (all from Beyotime,
Haimen, PR. China) at room temperature for 15 min.
Invasive cells were counted under an inverted micro-
scope (CKX41; Olympus, Tokyo, Japan), and the average
values of five randomly selected fields were used.

Bioinformatics Prediction and Dual-Luciferase
Reporter Assay

The 3’-UTRs of human MACCI gene containing
the wild-type or mutant binding sequences for miR-598
were amplified by GenePharma and inserted into pGL3
vectors (Promega Corp., Madison, WI, USA). The con-
structs were designated as pGL3-MACC1-3’-UTR Wt
and pGL3-MACCI1-3-UTR Mut. One night prior to
transfection, cells were inoculated into 24-well cell cul-
ture plates. Then miR-598 mimics or miR-NC, together
with pGL3-MACCI1-3’-UTR Wt or pGL3-MACCI-3’-
UTR Mut, was introduced into cells using Lipofectamine
2000 Transfection Reagent in accordance with the pro-
tocol provided by the manufacturer. After 48 h of trans-
fection, cell lysates were collected and then subjected
to luciferase activity analysis using the Dual-Luciferase
Reporter Assay System (Promega Corp.) in accordance
with the manufacturer’s instructions. Firefly luciferase
activity was normalized to Renilla luciferase activity.

Western Blot Analysis

Total Protein Extraction Kit (Nanjing KeyGen Biotech
Co., Ltd., Nanjing, P.R. China) was used to extract total
protein from cells. Total protein concentration was evalu-
ated using the Pierce™ BCA Protein Assay Kit (Pierce;
Thermo Fisher Scientific, Inc.). Equal amounts of protein
were separated by 10% SDS-PAGE, electrotransferred
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onto polyvinylidene fluoride membranes (EMD Milli-
pore, Billerica, MA, USA), and blocked at room tempera-
ture with 5% skimmed milk dissolved in TBS-Tween 20
(TBST) for 2 h. After washing with TBST three times,
membranes were incubated with primary antibodies at
4°C overnight. Primary antibodies were purchased from
Cell Signaling Technology, Inc. (Danvers, MA, USA) and
included rabbit anti-human monoclonal MACCI1 (#86290;
1:1,000 dilution) and rabbit anti-human GAPDH mono-
clonal (#5174; 1:1,000 dilution) antibodies. Membranes
were washed three times for 10 min with TBST and further
incubated with horseradish peroxidase-conjugated goat
anti-rabbit secondary antibody (#7074; 1:2,000 dilution;
Cell Signaling Technology, Inc.). After three cycles of
washing with TBST, protein bands were visualized using
an enhanced chemiluminescence reagent (EMD Milli-
pore). Band density was analyzed with ImagelJ software
(version 1.48; National Institutes of Health, Bethesda,
MD, USA).

Statistical Analysis

Data were expressed as meanzxstandard deviation
and analyzed with SPSS 17.0 software (SPSS Inc.,
Chicago, IL, USA). Differences between groups were
analyzed with Student’s z-test and one-way ANOVA
with Student—-Newman—Keuls post hoc test. A value of
p<0.05 was considered statistically significant.

RESULTS
miR-598 Is Downregulated in GBM Tissues
and Cell Lines

To quantify miR-598 expression in GBM, we first
detected miR-598 expression in 21 paired GBM tissues
and matched adjacent normal brain tissues through

Relative expression of miR-598

:Iﬁﬂﬁﬁ

NHAs T98G T98G U87 U251

Figure 1. MicroRNA (miR)-598 underexpressed in glioblastoma (GBM) tissue and cell lines. (A) Reverse transcription quantitative
polymerase chain reaction (RT-qPCR) analysis of miR-598 expression in 21 paired GBM tissues and matched adjacent normal brain
tissues. *p <0.05 compared with normal brain tissues. (B) miR-598 expression levels in four human GBM cell lines (T98G, LN229,
U87, and U251) and normal human astrocytes (NHAs) were examined through RT-qPCR. *p<0.05 compared with NHAs.
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reverse transcription quantitative polymerase chain reac-
tion (RT-qPCR). The data revealed that miR-598 expres-
sion in GBM tissues was downregulated relative to that
in adjacent normal brain tissues (p<0.05) (Fig. 1A).
Consistent with the result from GBM tissues, miR-598
expression in all four tested GBM cell lines was lower
than that in NHAs (p<0.05) (Fig. 1B). These results sug-
gested that miR-598 may play important roles in GBM
development.

Upregulated miR-598 Expression Restricts Cell
Proliferation and Invasion in GBM

To explore the effects of miR-598 on the progression
of GBM, we transfected miR-598 mimic or miR-NC into
U87 and U251 cells, which express relatively lower lev-
els of miR-598 among the four GBM cell lines. RT-qPCR
analysis confirmed that miR-598 expression markedly
increased in U87 and U251 cells transfected with miR-
598 mimic compared with that in cells transfected with
miR-NC (p<0.05) (Fig. 2A). The effect of miR-598 over-
expression on GBM cell proliferation was determined
through MTT assay. The restored expression of miR-
598 attenuated the proliferation of U87 and U251 cells
(»<0.05) (Fig. 2B). Additionally, we performed Matrigel
invasion assay to examine the invasion ability of U87 and
U251 cells transfected with miR-598 mimics or miR-NC.
Figure 2C shows that the enforced expression of miR-598
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drastically reduced the invasion capacities of U87 and
U251 cells (p<0.05) (Fig. 2C). Therefore, these results
suggested that miR-598 may play tumor-suppressive
roles in GBM.

miR-598 Directly Targets MACCI in GBM

To identify the molecular mechanism that underlies
the action of miR-598 in GBM, bioinformatics analysis
was performed to predict the potential targets of miR-
598. MACCI, which contains a 3’-UTR sequence com-
plementary to the seed sequence of miR-598 (Fig. 3A),
attracted our attention because MACC1 is overexpressed
in GBM and contributes to the onset and progression of
this malignancy®” . Therefore, we conducted the dual-
luciferase reporter assay to determine if the 3’-UTR of
MACCI is a direct target of miR-598. The results showed
that compared with introducing miR-NC, introducing
miR-598 mimic to U87 and U251 cells with the wild-
type reporter plasmid significantly inhibited luciferase
activities (p<0.05). However, the luciferase activities of
the mutant reporter plasmid were unaffected in U87 and
U251 cells cotransfected with miR-598 mimics (Fig. 3B).
To further investigate the association between miR-598
and MACCI1 in GBM, we detected MACCI expression
in 21 paired GBM tissues and matched adjacent normal
brain tissues. Data from RT-qPCR analysis indicated that
GBM tissues exhibited higher MACC1 mRNA expression
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Figure 2. miR-598 overexpression suppresses the proliferation and invasion abilities of U87 and U251 cells. U87 and U251 cells
were transfected with miR-598 mimic or miR-negative control (miR-NC) and used in the following experiments. (A) Total RNA was
isolated at 48 h posttransfection, and miR-598 expression was detected through RT-qPCR. *p <0.05 compared with miR-NC. (B) MTT
assays were employed to determine the effect of miR-598 overexpression on U87 and U251 cell proliferation. *p<0.05 compared
with miR-NC. (C) Matrigel invasion assay was performed to evaluate the invasion ability of cells at 48 h posttransfection. *p <0.05

compared with miR-NC.
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Figure 3. Metastasis associated in colon cancer-1 (MACC1) is a direct target of miR-598. (A) Predicted wild-type (Wt) and mutant
(Mut) miR-598 binding sequence in the 3’-untranslated region (3"-UTR) of the MACC1 gene. (B) U87 and U251 cells were cotrans-
fected with miR-598 mimics or miR-NC and a luciferase reporter plasmid containing either Wt or Mut miR-598 binding sites in
the 3’-UTR of the MACCI gene. Luciferase activity was measured at 48 h posttransfection using a dual-luciferase reporter assay
system. *p<0.05 compared with miR-NC. (C) RT-qPCR was performed to detect MACC1 mRNA expression in 21 paired GBM tis-
sues and matched adjacent normal brain tissues. *p < 0.05 compared with normal brain tissues. (D) Spearman’s correlation analysis
was performed to identify the association between miR-598 and MACC1 mRNA expression in GBM tissues. r=—-0.6497, p=0.0014.
(E, F) U87 and U251 cells were transfected with miR-598 mimics or miR-NC. Total RNA and protein were extracted to quantify
MACCI1 mRNA and protein expression through RT-qPCR and Western blot analysis. *p <0.05 compared with miR-NC.

than adjacent normal brain tissues (p<0.05) (Fig. 3C).
Spearman’s correlation analysis revealed that miR-598
and MACC1 mRNA levels in GBM tissues were inversely
correlated (r=—-0.6497, p=0.0014) (Fig. 3D). Further-
more, RT-qPCR and Western blot analysis demonstrated

that miR-598 overexpression downregulated MACCI1
expression on the mRNA (p<0.05) (Fig. 3E) and protein
(p<0.05) (Fig. 3F) levels in U87 and U251 cells. The
above results suggested that MACCI is a direct target
gene of miR-598 in GBM.
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MACCI Reintroduction Partially Reverses the
Suppressive Effects of miR-598 in GBM

The above results showed that upregulating miR-598
expression suppresses GBM cell proliferation and inva-
sion and validated that MACCI is a direct target of
miR-598. Therefore, we addressed whether the inhibitory
effects of miR-598 on GBM cell proliferation and inva-
sion are directly mediated by MACC1 suppression. We
cotransfected U87 and U251 cells with miR-598 mimics
and the empty pCMV plasmid or pCMV-MACCI. After
transfection, Western blot analysis proved that cotransfec-
tion with pPCMV-MACCI restored MACCI protein levels
in miR-598-overexpressing U87 and U251 (p<0.05)
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(Fig. 4A). Subsequent MTT and Matrigel invasion assays
indicated that restored MACCI1 expression antagonizes
the inhibition of proliferation (p <0.05) (Fig. 4B) and inva-
sion (p<0.05) (Fig. 4C) of U87 and U251cells induced
by miR-598 overexpression. These results demonstrated
that miR-598 exerts tumor-suppressive roles in GBM, at
least in part, by downregulating MACCI1 expression.

miR-598 Inhibits the Met/AKT Signaling
Pathway in GBM
MACCI participates in the Met/AKT pathway regu-

lation***, Hence, we explored the effect of miR-598 on
the Met/AKT pathway in GBM. U87 and U251 cells were
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Figure 4. Restored MACCI expression counteracts the suppressive effects of miR-598 overexpression on U87 and U251 cells.
pCMV-MACCI1 or pCMV was introduced into U87 and U251 cells in the presence of ectopic miR-598 expression. (A) Western blot
analysis was performed at 72 h posttransfection to measure MACCI protein level. *p<0.05 compared with miR-NC. #p<0.05 com-
pared with miR-598 mimics + pPCMV-MACCI. (B) MTT and (C) Matrigel invasion assays were applied to detect cell proliferation and
invasion. *p<0.05 compared with miR-NC. #p<0.05 compared with miR-598 mimics+pCMV-MACCI.
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transfected with miR-598 mimic or miR-NC. After 72 h
of transfection, total protein was isolated from the cells
and then subjected to Western blot analysis for the detec-
tion of Met, p-AKT, and AKT protein levels. The results
showed that the ectopic expression of miR-598 decreased
Met and p-AKT expression without altering total AKT
expression in U87 and U251 cells (p<0.05) (Fig. 5).
These results suggested that miR-598 inhibits the Met/
AKT pathway activation in GBM.

DISCUSSION

A growing body of evidence has demonstrated that
miRNAs act as oncogenes or tumor suppressor genes in
GBM by regulating their target genes; thus, the dysregula-
tion of miRNA expression is closely related with tumori-
genesis and tumor development in GBM**?*, Therefore,
investigating the mechanisms that underlie GBM for-
mation and progression may improve the diagnosis and
therapy of this aggressive disease. Our current study
demonstrated that miR-598 was significantly underex-
pressed in GBM tissues and cell lines. Upregulated miR-
598 expression suppressed cell proliferation and invasion
in GBM. Additionally, MACC1 was confirmed as a novel
direct target of miR-598 in GBM. Restored MACC1
expression partially abolished the tumor-suppressive
effects of miR-598 in GBM. Moreover, the upregulation
of miR-598 expression suppressed the Met/AKT signal-
ing pathway in GBM. Overall, miR-598 may act as a
tumor suppressor in GBM by directly targeting MACC1
and suppressing the Met/AKT signaling pathway.

The expression and functions of miR-598 in sev-
eral types of human cancer have been well studied. For
example, a previous study showed that miR-598 was
overexpressed in bile duct cancer and that the expres-
sion level of miR-598 could serve as prognostic and
predictive markers for survival of patients with bile duct
cancer”. However, Chen et al. found that miR-598 was
significantly underexpressed in colorectal cancer tissues

miR-NC___ miR-598 mimics miR-NC _ miR-598 mimics
Met

us7 U251
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and cell lines. Restoring miR-598 expression decreased
metastasis and epithelial-mesenchymal transition in col-
orectal cancer because it inhibited the jagged 1 (JAG1)/
Notch2 pathway'’. Liu et al. also found that miR-598
was underexpressed in osteosarcoma tissues and cell
lines, as well as plasmids. Upregulated miR-598 expres-
sion directly targeted platelet-derived growth factor B
(PDGFB) and MET to attenuate the proliferation, migra-
tion, and invasion of osteosarcoma in vitro and to decrease
tumor growth in vivo'®. These findings indicated that the
expression and roles of miR-598 are tissue specific and
suggested that miR-598 is a potential target in the therapy
of patients with different malignancies.

miRNAs act as either tumor suppressors or oncogenes
in human cancers. The actions of miRNAs are mainly
dependent on the functional characteristics of their target
genes. Thus, identifying the targets of miR-598 is essen-
tial to understand its biological functions in GBM and
may help develop effective targeted therapies for patients
with this fatal disease. In our current study, we identi-
fied MACCI as a novel direct target of miR-598 in GBM.
MACCI1 was overexpressed in multiple types of human
malignancies, such as gastric cancer™, colorectal cancer’’,
and hepatocellular carcinoma®™. The aberrant expression
of MACCI was closely correlated with the clinicopatho-
logical characteristics and prognosis of patients with dif-
ferent malignancies. For example, upregulated MACC1
expression in lung squamous cell carcinoma was strongly
associated with tumor grade, lymph node metastasis, and
TNM stages. High MACCI1 expression levels were asso-
ciated with the low overall survival rate of patients with
lung squamous cell carcinoma. Multivariate analysis had
validated that MACC1 was an independent prognostic fac-
tor for the overall survival of patients with lung squamous
cell carcinoma®. MACC]1 deregulation had crucial roles in
the biological behaviors, including proliferation, cell cycle,
apoptosis, migration, invasion, epithelial-mesenchymal
transition, autophagy, angiogenesis, and chemoresistance,
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Figure 5. Resumed miR-598 expression suppresses the Met/AKT signaling pathway in GBM. Western blot analysis was used to detect
Met, p-AKT, and AKT expression in U87 and U251 cells transfected with miR-598 mimics or miR-NC. GAPDH was used as the load-

ing control. *p<0.05 compared with miR-NC.
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of various malignancies’ ™. These findings suggested
that MACCI1 is a potential prognostic indicator and
oncotherapy target.

MACCI1 was highly expressed in GBM, and its
upregulated expression was associated with advanced
pathological grade. GBM patients with high MACCI1
expression had poorer prognosis than those with low
MACCI expression*”'. Additionally, MACC1 was an
independent prognostic factor of the overall survival
of patients with GBM?*'. In GBM, inhibiting MACC]I
expression restricted cell proliferation, migration, and
invasion, as well as promoted apoptosis and increased
chemosensitivity”>*. Hence, targeting MACC1 may
be an effective method for GBM treatment. In GBM,
MACCI has been previously reported to be regulated
by miR-338". Furthermore, miR-944*, miR-433%*, and
miR-200a% directly targeted MACCI and therefore
inhibited progression of gastric cancer, colorectal cancer,
and hepatocellular carcinoma, respectively. In combina-
tion with the results of this study, miRNA-based therapy
targeting MACCI could be investigated as an effective
therapeutic strategy for GBM patients in the future.

In conclusion, miR-598 was downregulated in GBM
and exerted tumor-suppressive effects by regulating the
MACCI1/Met/AKT signaling pathway. Therefore, this
research proposes that miR-598 can be targeted for the
development of novel treatment for GBM patients.
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