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Abstract Glioblastoma multiforme (GBM) is the most
common primary brain tumor in adults. The extraordinary
invasion of human GBM into adjacent normal brain tis-
sues contributes to treatment failure. However, the
mechanisms that control this process remain poorly
understood. Increasing evidence has demonstrated that
microRNAs are strongly implicated in the migration and
invasion of GBM. In this study, we found that microRNA-
98 (miR-98) was markedly downregulated in human
glioma tissues and cell lines. Functional experiments
indicated that restored expression of miR-98 attenuated
glioma cell invasion and migration, whereas depletion of
miR-98 promoted glioma cell invasion and migration.
Subsequent investigation showed that pre-B-cell leukemia
homeobox 3 (PBX3), an important transcription factor
that controls tumor invasion, was a direct and functional
target of miR-98 in GBM cells. Consistently, an ortho-
topic mouse model also demonstrated the suppressive
effects of miR-98 overexpression on tumor invasion and
PBX3 expression. Silencing of PBX3 using small inter-
fering RNA inhibited the migratory and invasive capaci-
ties of glioma cells, whereas reintroduction of PBX3 into
glioma cells reversed the anti-invasive function of miR-
98. Furthermore, depletion of PBX3 phenocopied the
effects of miR-98 overexpression in vivo. Finally,
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quantitative real-time polymerase chain reaction results
showed that miR-98 was negatively correlated with PBX3
expression in 24 glioma tissues. Thus, we propose that
PBX3 modulation by miR-98 has an important role in
regulating GBM invasion and may serve as therapeutic
target for GBM.
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Introduction

Glioblastoma multiforme (GBM) represents one of the
most frequently occurring and aggressive forms of primary
brain tumors in adults (Dolecek et al. 2012). Despite recent
advances in multimodal therapies, including surgical
resection followed by radiation and chemotherapy, the
prognosis for patients afflicted with this disease remains
extremely poor, with median survival being on average a
little over a year (Stupp et al. 2005; Van Meir et al. 2010).
The highly invasive nature of GBM, which contributes to
the poor prognosis, favors its infiltration into the sur-
rounding normal brain parenchyma, making complete
surgical resection impossible (Lefranc et al. 2005; Onishi
et al. 2011). Therefore, it is essential to determine the novel
molecular mechanisms underlying and supporting glioma
cell invasion.

MicroRNAs (miRNAs) are a class of evolutionarily
conserved, small non-coding RNAs of 19-23 nucleotides
in length, which negatively regulate gene expression at
the post-transcriptional level via imperfect base pairing
with the 3’-untranslated regions (3’-UTRs) of corre-
sponding messenger RNAs (mRNAs) (Bartel 2004).
Mounting evidence indicates that miRNAs play pivotal
regulatory roles in cancer initiation and progression, and
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aberrant miRNA expression profiles are a common hall-
mark of human cancers including GBM (Calin and Croce
2006; Lu et al. 2005). Moreover, evidence suggests that
miRNAs regulate glioma cell migration and invasion
(Wei et al. 2016a; Chen et al. 2015b). MiRNA-98 (miR-
98), a member of the let-7 family, is located on chro-
mosome Xpl1.22. It predominantly has tumor-suppress-
ing properties and is downregulated in a number of
malignancies, including salivary adenoid cystic carci-
noma (Liu et al. 2016), lung cancer (Yang et al. 2015; Ni
et al. 2015), oral squamous cell carcinoma (Du et al.
2015), melanoma (Li et al. 2014a), breast cancer (Siragam
et al. 2012), and esophageal squamous cell carcinoma
(Huang et al. 2012). Recently, it has been reported that
miR-98 inhibits tumor growth by enhancing the anti-
proliferative effects of vitamin D (Ting et al. 2013).
Moreover, downregulation of miR-98 has been associated
with the invasive nature of glioma, and several target
genes have been identified, such as IkB Kinase (IKKg)
(Fan et al. 2015), high mobility group A2 (HMGA2)
(Chen et al. 2013), and enhancer of zeste 2 (EZH2) (Smits
et al. 2010). Because one miRNA can regulate hundreds
of mRNAs, we hypothesized that other target genes may
exist and contribute to glioma invasion. In this study, we
focused on miR-98 and its target gene, pre-B-cell leuke-
mia homeobox 3 (PBX3), in GBM.

PBX3 is an important member of the highly conserved
PBX group of proteins, which belong to the three amino
acid loop extension homeobox (HOX) gene family. PBX3
is expressed ubiquitously in various mammalian cells and
plays an important role in regulation of gene transcription
by interacting with a subset of HOX proteins and facili-
tating their DNA-binding affinities and specificities,
thereby enabling downstream target gene expression (Shah
and Sukumar 2010; Chang et al. 1996; Li et al. 2013).
Aberrant expression of PBX3 has been observed in various
types of human cancers including prostate cancer (Ram-
berg et al. 2016), multiple myeloma (Lu et al. 2016),
gastric cancer (Li et al. 2014b), hepatocellular carcinoma
(Han et al. 2016), and colorectal cancer (Han et al. 2014).
Furthermore, overexpression of PBX3 is associated with
cancer cell migration and invasion (Han et al
2014, 2016, 2012). However, the expression prolife and
potential role of PBX3 in GBM have not been investigated
thus far.

In the current study, we demonstrated that miR-98 was
appreciably downregulated in human glioma cells and tumor
tissue compared with their normal counterparts. We identi-
fied PBX3 as a direct downstream target of miR-98, and
knockdown of PBX3, or overexpression of miR-98 signifi-
cantly inhibited glioma invasion and migration. Collec-
tively, our results suggest that the miR-98/PBX3 axis may be
a clinically relevant therapeutic target for GBM.
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Materials and Methods

Chinese Glioma Genome Atlas (CGGA) Database
and Human Tissue Samples

A total of 158 glioma cases with microarray data for
miRNA expression were downloaded from the CGGA data
portal (http://www.cgga.org.cn.portal.phpg). The 158
glioma samples included 48 astrocytomas (A, World
Health Organization (WHO) grade II), 13 oligoden-
drogliomas (O, WHO grade II), eight anaplastic astrocy-
tomas (AA, WHO grade 1III), 10 anaplastic
oligodendrogliomas (AO, WHO grade III), 15 anaplastic
oligoastrocytomas (AOA, WHO grade III), and 64 GBMs
(WHO grade IV). Twenty-four glioma tissue specimens
were obtained postoperatively from the Department of
Neurosurgery, First Affiliated Hospitals of Nanjing Medi-
cal University, from 2014 to 2015. Of these 24 samples,
eight were low-grade glioma samples (grades I and II) and
sixteen were high-grade glioma samples (grades III and
IV). The histological features of all specimens were con-
firmed by pathologists according to the WHO criteria. Prior
to tumor resection, none of the patients had received
chemotherapy or radiotherapy. In addition, eight normal
brain tissues (NBTs) were collected as negative controls
from patients who underwent decompressive craniotomy
for severe traumatic brain injury (TBI). All tissue samples
collected from glioma or TBI patients were immediately
frozen in liquid nitrogen. This study was reviewed and
approved by Institutional Review Board of Nanjing Med-
ical University. Written informed consent was obtained
from all patients who were included in this study.

Cell Culture

Human GBM cell lines U87 and U251 were purchased
from the Chinese Academia Sinica Cell Repository
(Shanghai, China). Cells were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM; Hyclone, USA) supple-
mented with 10% fetal bovine serum (FBS) (Gibco,
Invitrogen, Carlsbad, CA, USA). Normal human astrocytes
(NHAs) were obtained from Lonza (Walkersville, MD,
USA) and cultured following the manufacturer’s instruc-
tions. All cells were incubated at 37 °C in a fully humid-
ified atmosphere containing 5% CO, in filtered air.

Oligonucleotides, Lentiviral Vectors, Plasmid
Construction, and Cell Transfection

An miR-98 inhibitor and miRNA inhibitor negative control
(NC) were obtained from RiboBio (Guangzhou, China) and
used to evaluate the effects of miR-98 loss-of-function.
Lentiviruses carrying hsa-miR-98 or hsa-miR-NC or
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siRNA-PBX3 or siRNA-NC were purchased from Gene-
pharma (Shanghai, China). Stable U87 and U251 cell lines
were established by lentiviral infection and puromycin
selection according to the manufacturer’s protocol. These
stable cell lines were used to examine the effects of miR-98
overexpression. siRNA-PBX3 oligonucleotides and control
siRNA-NC were obtained from Santa Cruz Biotechnology.
The PBX3-overexpression plasmid was generated by
inserting the PBX3-coding region into a pcDNA3.1 vector.
The plasmid was sequenced verified by Genepharma. All
oligonucleotides and plasmids were transfected into cells
using Lipofectamine 2000 Transfection Reagent (Invitro-
gen) according to the manufacturer’s instructions.

RNA Extraction and Quantitative Real-time
Polymerase Chain Reaction (QRT-PCR)

Total RNA in human tissue samples and cultured cells was
extracted using TRIzol reagent (Invitrogen) following the
manufacturer’s instructions. cDNA was synthesized from
1 pg total RNA with an miScript II Reverse Transcription
Kit (Qiagen) for miRNA and TaqgMan Reverse Transcrip-
tion Reagents (Applied Biosystems) for mRNA. gqRT-PCR
for miRNA and mRNA expression analyses was performed
using an ABI-7500 Fast RT-PCR system (Applied
Biosystems). A miScript SYBR Green PCR Kit (Qiagen)
was used for miRNA, and SYBR Green PCR Mixture
(Invitrogen) was used for mRNA. U6 and B-actin mRNAs
were also amplified as internal controls for miR-98 and
PBX3, respectively. Primers for qRT-PCR obtained from
Genepharma were as follows: miR-98 forward 5'-ATC-
CAGTGCGTGTCGTG-3' and reverse 5'-TGCTTGAGG-
TAGTAAGTTG-3'; U6 forward 5-ATTGGAACGATAC
AGAGAAGATT-3' and reverse 5-GGAACGCTTCAC-
GAATTTG-3’; PBX3 forward 5-CAAGTCGGAGC-
CAATGTG-3' and reverse 5-ATGTAGCTCAGGGAA
AAGTG-3'; B-actin forward 5-TCATGAAGTGTGACG
TGGACATC-3' and reverse 5-CAGGAGGAGCAAT-
GATCTTGATCT-3". All experiments were performed in
triplicate and repeated three times. Relative gene expres-
sion was calculated by the 2—AACt method.

Western Blot Analysis

Cultured cells were washed twice with phosphate buffered
saline (PBS) and lysed in ice-cold radio-immunoprecipi-
tation assay buffer (KenGEN, China). The samples were
centrifuged at 14000g for 15 min at 4 °C, and the super-
natant of each sample was collected. A bicinchoninic acid
assay kit (Pierce, Rockford, IL, USA) was used to measure
the protein concentration. Equal amounts of proteins were
separated by 10% sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and transferred onto polyvinylidene

difluoride-membranes (Millipore, MA, USA). The mem-
branes were blocked in 5% dry skim milk at room tem-
perature for 2 h and then incubated with primary antibodies
overnight at 4 °C. The antibodies used in this study were
rabbit anti-PBX3 (1:1000, ab109173, Abcam, Cambridge,
UK), rabbit anti-PBX1 (1:500, ab154285, Abcam), rabbit
anti-PBX2 (1:1000, ab55498, Abcam), and mouse anti-3-
actin (1:2000, ab8226, Abcam). The membranes were
incubated with appropriate horseradish peroxidase-conju-
gated secondary antibodies at room temperature for 2 h.
The bound antibodies were detected using an enhanced
chemiluminescence detection system (GE Healthcare,
Piscataway, NJ, USA). The optical density of the resultant
bands was analyzed using the Image J software (National
Institutes of Health, Bethesda, MD, USA) and normalized
to the B-actin signal.

Invasion Assay

Cellular invasiveness was examined in a 24-well plate
using 8-um-pore-size polycarbonate insets (BD Bio-
sciences, Bedford, MA, USA) according to the manufac-
turer’s instructions. Cells (4 x 10*) were seeded on top of
polymerized matrigel in serum-free DMEM, whereas
DMEM supplemented with 15% FBS was placed in lower
chambers to stimulate invasion. After incubation for 24 h,
non-invading cells on the top of the membrane were
removed by scraping. Invasive cells on the bottom of the
insert were fixed with 4% paraformaldehyde for 20 min.
The cells were then stained with 0.1% crystal violet for 2 h.
Invasion was quantified by counting the number of cells in
three independent 10 x magnification fields. Experiments
were performed in triplicate.

Wound Healing Assay

At 100% confluence, an artificial wound was made by
scratching with a standard 200 pL pipette tip. Cells were
washed twice with PBS and maintained in serum-free
DMEM. Images were captured under an inverted micro-
scope (Leica) at 0 and 48 h after scratching. Scratch clo-
sure was evaluated as relative to the total wound area.

Dual Luciferase Reporter Assay

Wild-type (WT) and mutated putative miR-98-binding
sites in the PBX3 3’-UTR region were amplified and cloned
into the Xbal site of a pGL3 control vector (Invitrogen).
For the reporter assay, cells were cultured in 96-well plates
and co-transfected with WT or mutated 3’-UTR luciferase
reporters and miR-98 mimics (RiboBio). After 48 h of
incubation, luciferase activity was measured with a Dual
Luciferase Reporter Assay Kit (Promega, Madison, USA)
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according to the manufacturer’s protocol. Renilla luciferase
activity was used as an internal control.

Immunohistochemistry (IHC)

The mouse brain was fixed in 4% paraformaldehyde,
embedded in paraffin, and cut into 3.5-pm-thick sections.
The sections were stained with Mayer’s hematoxylin and
subsequently with eosin (Biogenex Laboratories) or an
antibody against PBX3 (1:75, ab56239, Abcam). Brown
staining in cells was considered as positive signaling.

Orthotopic Glioma Model

Bagg albino (BALB)/c nude mice at 6 weeks of age were
obtained from the Shanghai Experimental Animal Center
of the Chinese Academy of Sciences. LV-miR-98- or LV-
miR-NC- or LV-siRNA-PBX3- LV-siRNA-NC-transfected
U87 cells (2.5 x 10°) were injected intracranially into
individual mice (n = 10). At 3 weeks after injection, all
mice were sacrificed by rapid decapitation. The brain was
removed quickly, followed by flash freezing or embedding
in paraffin. For survival analysis, signs of disease pro-
gression in each group (n = 10) were monitored until the
last mouse had died. All procedures were approved by the
Animal Care and Use Committee of Nanjing Medical
University and in line with the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health.

Statistical Analysis

The two-tailed Student’s t-test was used for pairwise
comparison and one-way analysis of variance for multi-
variate analysis. Survival analysis was performed by the
Kaplan—-Meier method in Graphpad Prism 5 software.
Differences with p < 0.05 were considered to be
significant.

Results

Reduced miR-98 Expression in Glioma Specimens
and Cell Lines

To explore the potential function of miR-98 in glioma, we
initially analyzed the expression patterns of miR-98 in the
CGGA database. As shown in Fig. 1a, miR-98 levels in
high-grade glioma (grades Il and IV) were dramatically
decreased compared with those in low-grade glioma (grade
II). To verify these findings, we investigated miR-98
expression in 24 samples of various grades of glioma,
including eight low-grade glioma cases and 16 high-grade
glioma cases and eight NBTs by qRT-PCR. A significant
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decrease in miR-98 expression was observed in low- and
high-grade glioma compared with NBTs. In addition, high-
grade glioma had lower miR-98 expression than low-grade
glioma (Fig. 1b), confirming that miR-98 is associated with
the glioma grade. Finally, we examined the expression
levels of endogenous miR-98 in U87 and U251 cell lines as
well as NHAs. Compared with NHAs, miR-98 was notably
downregulated in U87 and U251 cell lines (Fig. 1c). These
findings supported the hypothesis that miR-98 may act as a
tumor suppresser in glioma.

miR-98 Attenuates Glioma Cell Invasion
and Migration

The aberrant expression of miR-98 led us to explore its
roles in regulating glioma cell invasion and migration.
In vitro gain-of-function analysis by overexpressing miR-
98 with a lentiviral vector and loss-of-function by depleting
endogenous miR-98 with antisense oligonucleotides were
performed in U87 and U251 cells. qRT-PCR confirmed
that miR-98 was significantly increased in cells transfected
with lentiviral-miR-98 (LV-miR-98) compared with LV-
miR-NC. In addition, miR-98 was remarkably reduced in
cells transfected with the miR-98 inhibitor compared with
the scramble control (Anti-miR-NC) (Fig. 2a). Transwell
invasion assays were performed on the miR-98-transduced
cells. The results indicated that ectopic expression of miR-
98 notably reduced the ability to migrate across the
membrane of transwell chambers coated with matrigel,
whereas those transfected with Anti-miR-98 had a signifi-
cantly increased invasive ability (Fig. 2b, c¢). Moreover,
wound healing assays were employed to evaluate the
function of miR-98 in glioma cell migration. Consistent
with the results of transwell assays, LV-miR-98 markedly
attenuated the migration of U87 and U251 cells. In con-
trast, gap widths were much narrower in Anti-miR-98-
treated cell cultures than Anti-miR-NC-treated cell cultures
(Fig. 2d, e). Collectively, our results demonstrate that miR-
98 may attenuate glioma cell invasion and migration
in vitro.

PBX3 is a Direct Target of miR-98 in Glioma

After observing the inhibitive effect of miR-98 on glioma
cell invasion and migration, we next investigated its
potential specific targets by performing in silico analysis
using several prediction algorithms including miRanda,
PicTar, and miRWalk. According to the prediction anal-
ysis, we identified several dozen to hundreds of putative
miR-98 target genes. Among these genes, experimentally
validated targets, such as IKKe (Fan et al. 2015), HMGA2
(Hebert et al. 2007), interleukin-6 (IL-6) (Li et al. 2014a),
neuroblastoma RAS viral oncogene homolog (N-RAS)
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Fig. 1 miR-98 expression is decreased in human glioma tissues and
cell lines. a CGGA database indicating reduced miR-98 expression in
high-grade glioma tissues compared with that in low-grade glioma
tissues. b Thirty-two samples of various grades of glioma and NBTs

(Liu et al. 2016), and EZH2 (Alajez et al. 2010), could be
implicated in the invasive phenotype of glioma. However,
our aim was to focus on novel miR-98 targets, which are
potentially involved in glioma invasiveness, and not
experimentally validated miR-98 targets. To this end, we
focused on PBX1, PBX2, and PBX3 that are involved in
carcinogenesis (Magnani et al. 2015; Errico et al. 2013;
Han et al. 2014). To test whether PBX1, PBX2 and PBX3
are direct targets of miR-98, we evaluated the levels of
the encoded proteins in both miR-98-overexpressing and -
depleted glioma cells. We found that ectopic expression
of miR-98 caused a decrease in PBX3, but not PBX1 or
PBX2 expression. In contrast, suppression of miR-98
resulted in higher levels of PBX3 protein, while the
protein levels of PBX1 and PBX2 were unchanged
(Fig. 3a). To confirm that PBX3 is a direct target of miR-
98, we performed a luciferase report assay. Figure 3b
shows the base pairing between miR-98 and WT and
mutant 3’-UTR fragments of PBX3. Relative luciferase
activity was significantly inhibited by miR-98 transfec-
tion in U87 and U251 cells when the PBX3 plasmid
containing the WT 3’-UTR was present. However,
mutations in the tentative miR-98 binding sites of the
PBX3 3’-UTR abrogated this suppressive effect of miR-
98 (Fig. 3c). Taken together, these results suggest that
miR-98 downregulates PBX3 expression by directly tar-
geting its 3’-UTR in glioma.

We further examined PBX3 mRNA levels by qRT-PCR
in 24 glioma specimens and eight NBTs. Our results
showed that PBX3 mRNA levels were higher in glioma
specimens than NBTs and increased with ascending
pathological grade (Fig. 3d). Pearson’s correlation analysis
revealed a significant and negative correlation between
miR-98 and PBX3 (Fig. 3e). Therefore, these results indi-
cate elevation of PBX3 expresssion in glioma tissues, and
its enhancement is correlates with reduced miR-98
expression.
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showed low miR-98 expression in high-grade glioma. ***p < 0.001.
¢ miR-98 was notably downregulated in U87 and U251 cell lines
compared with NHAs. **p < 0.01

Inhibition of PBX3 is Essential for miR-98-Induced
Attenuation of Invasion and Migration

Previous studies have demonstrated that PBX3 plays a
critical role in the invasion and migration of various types of
human cancers. To investigate the effect of PBX3 on glioma
cell invasion and migration, we specifically suppressed
expression of PBX3 in U87 and U251 cells using siRNA
targeting PBX3 mRNA. The silencing effects were con-
firmed by western blotting (Fig. 4a). As expected, knock-
down of PBX3 expression dramatically decreased the
invasion and migration of glioma cells (Fig. 4b—e). Of note,
the reduced invasive effect of PBX3 knockdown was similar
to that of ectopic miR-98 expression, indicating that inhi-
bition of PBX3 might be a key mechanism by which miR-98
attenuates glioma invasion and migration. To test this
hypothesis, we transfected PBX3 plasmids (without the 3'-
UTR) into U87 and U251 cells stably expressing miR-98 or
miR-NC. Both transwell and wound healing assays
demonstrated that restoration of PBX3 expression antago-
nized the inhibitory effects of miR-98 (Fig. 4f—j). Moreover,
the increased invasion and migration capabilities were
reversed by inhibition of PBX3 in miR-98-downregulated
cells (Fig. 5a—e). Taken together, these results suggest that
PBX3 is a functional target of miR-98 in glioma cells.

Overexpression of miR-98 or Depletion of PBX3
Inhibits Glioma Invasion in an Orthotopic Glioma
Model

To further verify the role of miR-98 and PBX3 in glioma
invasion, LV-miR-98- or LV-miR-NC- or LV-siRNA-PBX3-
or LV-siRNA-NC-transfected U87 cells were intracranially
injected into nude mice. As shown in Fig. 6a, miR-98 over-
expression inhibited both tumor growth and invasion. IHC of
PBX3 showed decreased expression in LV-miR-98 tumors
compared with LV-miR-NC tumors (Fig. 6b). Moreover,
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survival of mice injected LV-miR-98-U87 cells was signifi-
cantly longer than that of mice injected with LV-miR-NC-U87
cells (Fig. 6¢). Furthermore, depletion of PBX3 significantly
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inhibited glioma invasion and growth in vivo similar to miR-98
overexpression (Fig. 6d—f). The detailed experimental proce-
dures and design were shown in Fig. 6g.
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Discussion

The invasive ability of GBM is a key contributing factor
leading to poor prognoses, but the involved mechanisms
remain unclear. Thus, identification of critical factors that
are misexpressed in glioma samples and elucidation of
mechanisms that lead to the aberrant expression of genes
promoting GBM invasion are essential to develop suc-
cessful management of GBM (Paw et al. 2015). Mounting

Relative miR-98 Expression

luciferase activity in cells co-transfected with miR-98 mimics and
pGL3-PBX3-3/-UTR-mut plasmids showed no obvious differences
compared with that in cells co-transfected with miR-98 mimics and
PGL3-vectors. ***p < 0.001. d Thirty-two samples of various grades
of glioma and NBTs revealed high PBX3 expression in high-grade
glioma. ***p < 0.001. e Pearson’s correlation analysis indicated that
miR-98 expression was negatively associated with PBX3 expression
in glioma tissues

evidence suggests that miRNAs play pivotal roles in
invasion and migration of human cancers, including GBM
(Auffinger et al. 2013). In our study, we investigated the
biological roles of miR-98 and its target gene PBX3 in
glioma invasion and migration.

Emerging evidence has demonstrated that miR-98 plays
a key role in tumor invasion and migration by regulating
multiple target genes, such as insulin-like growth factor 1
receptor (IGFIR) (Du et al. 2015), IKKe (Fan et al. 2015),
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«Fig. 4 Knockdown of PBX3 affects the anti-invasive effects of miR-
98 in glioma cells. a Western blot analysis showed that PBX3
expression was significantly decreased in cells transfected with
siRNA-PBX3 (Si-PBX3). B-actin served as the loading control.
b Representative images of transwell assays using U87 and U251
cells transiently transfected with Si-PBX3 and Si-NC. ¢ Quantification
of transwell assays. **p < 0.01. d Representative images of wound
healing assays using U87 and U251 cells transiently transfected with
Si-PBX3 and Si-NC. e Quantification of wound healing assay.
*#%p < (0.001. £ Western blot analysis of PBX3 expression in cells
transfected with pcDNA3.1-PBX3 or pcDNA3.1-vector plasmids in
the presence or absence of ectopic expression of miR-98 or miR-NC.
g Representative images of transwell assays of the above cells.
h Quantification of transwell assays of the above cells was shown.
*#*%p < 0.001; **p < 0.01. i Representative images of wound healing
assay of the above cells. j Quantification of wound healing assays of
the above cells. ***p < 0.001

HMGA?2 (Hebert et al. 2007), EZH2 (Alajez et al. 2010;
Huang et al. 2012),-IL-6 (Li et al. 2014a), and N-RAS (Liu
et al. 2016). Moreover, ectopic expression of miR-98
inhibits epithelial-mesenchymal transition that is essential
for cancer metastasis (Liu et al. 2016; Zhou et al. 2016).
The finding that miRNAs regulate various target genes
simultaneously might explain the complex mechanisms
underlying GBM. In this study, we analyzed expression of
miR-98 in the CGGA database, clinical tissue samples, two
glioma cell lines (U87 and U251), and NHAs. Our results
showed that miR-98 was frequently downregulated in both
glioma tissues and cell lines and low miR-98 levels were
linked to higher incidence of high-grade gliomas compared
with the high-expression group (Fig. 1). Subsequent func-
tional assays revealed that restoration of miR-98 induced a
significant reduction in cell invasion and migration abilities
(Fig. 2), suggesting that miR-98 functions as a tumor
suppressor and is involved in glioma invasion. A previous
study has revealed that overexpression of miR-98 inhibits
glioma cell migration and invasion (Fan et al. 2015), which
is consistent with our results. However, they did not
explore the effect of inhibiting endogenous miR-98 on
glioma cell invasion and migration. Furthermore, lower
miR-98 expression enhanced glioma cell invasion and
migration (Fig. 2), further supporting the hypothesis that
miR-98 is a tumor suppressor in glioma. Although we
focused on determining the role of miR-98 in glioma cell
invasion and migration, little is known about the mecha-
nism underlying downregulation of miR-98 in glioma.
Previous studies have shown that transactivation of lin-28
homolog B (LIN2B) is essential to inhibit miR-98 bio-
genesis (Li et al. 2014a; Wei et al. 2016b; Lin et al. 2015).
Moreover, overexpression of LIN28B has been implicated
in metastasis of various types of human cancers (Chen
et al. 2015a; Li et al. 2014a; Lin et al. 2015). Hence, we
hypothesize that decreased miR-98 in glioma may be due
to LIN28B activation. Thus, more study should be per-
formed to address this issue in the future.

Extensive studies have demonstrated that PBX3 is a key
transcriptional regulator that performs a variety of biolog-
ical functions. Overexpression of PBX3 is associated with
many kinds of malignancies. PBX3 protein is also known
to play an important role in the regulation of cancer
migration and invasion partially through activation of the
mitogen-activated protein kinase/extracellular signal-regu-
lated kinase (MAPK/ERK) pathway (Han et al. 2014).
Furthermore, patients with high PBX3 expression are more
likely to have poor overall survival (Han et al. 2014, 2015).
The expression of PBX3 is also negatively regulated by
multiple miRNAs, such as let-7c (Han et al. 2012), let-7d
(Ramberg et al. 2011), miR-320a (Lu et al. 2016), and
miR-33a-3p (Han et al. 2016). These findings suggest that
miRNA-mediated post-transcriptional silencing mecha-
nisms play a crucial role in regulating the expression of
PBX3. In the current study, we showed for the first that
miR-98 exerts its effects by specifically targeting the 3'-
UTR of PBX3 mRNA in glioma cells, which was
demonstrated by luciferase reporter assays (Fig. 3b, c).
Additionally, our findings demonstrated that downregula-
tion of miR-98 increased PBX3 expression, whereas
upregulation of miR-98 reduced PBX3 expression
(Fig. 3a). Furthermore, we found that PBX3 expression
was frequently upregulated in glioma specimens (Fig. 3d),
and the expression levels of PBX3 mRNA were inversely
correlated with miR-98 in glioma tissues (Fig. 3e).
Therefore, we conclude that overexpression of PBX3 in
glioma may be the result of decreased miR-98 expression.

To test whether PBX3 is a functional target of miR-98,
we knocked down endogenous PBX3 by small interfering
RNA (siRNA) (Fig. 4a). Our observations showed that the
reduction in PBX3 expression decreased invasion and
migration of glioma cells as effectively as miR-98
restoration (Fig. 4b—e). More importantly, reintroduction
of PBX3 into LV-miR-98-transfected cells abrogated the
effect of inhibition of cell invasion and migration by miR-
98 (Fig. 4f—j). In addition, miR-98 depletion-induced cell
invasion and migration were reversed by inhibition of
PBX3 (Fig. 5). Finally, our in vivo experiments confirmed
the in vitro results (Fig. 6). Although a previous in vitro
study has demonstrated that miR-98 exerts no effect on
glioma cell proliferation (Chen et al. 2013), our in vivo
results suggested that overexpression of miR-98 inhibited
tumor growth. The different results between in vitro and
in vivo experiments suggest that the microenvironment of
tumor growth is important for the functions of proteins
(Swartz et al. 2012). Collectively, our findings provide the
first evidence that PBX3 is a key mediator of the miR-98-
induced anti-invasive function in glioma. Thus, we propose
that elevated PBX3 induced by decreased miR-98, may
facilitate glioma invasion and migration and consequently
drive the progression of glioma.
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Fig. 5 PBX3 is involved in the enhanced miR-98 depletion-induced
invasive ability. a Western blot analysis of PBX3 expression in cells
transfected with Si-PBX3 or Si-Ctrl in the presence or absence of
anti-miR-98 or anti-miR-NC. b Representative images of transwell

The underlying mechanism of PBX3 in glioma invasion
and migration remains unclear. It has been reported that
PBX3 activates the MAPK/ERK signaling pathway, a
major regulator of cancer cell invasion and migration (Han
et al. 2014). Whether PBX3 promotes glioma invasion by
activating the MAPK/ERK pathway requires further
investigation. Additionally, PBX3 directly interacts with

@ Springer

assays of the above cells. ¢ Quantification of transwell assays of the
above cells. **p < 0.01; *p < 0.05. d Representative images of
wound healing assays of the above cells. e Quantification of wound
healing assay of the above cells. **p < 0.01; ***p < 0.001

HOX genes, strengthening their DNA-binding affinities
and activating downstream target genes. HOX family genes
are upregulated in multiple cancers and associated with
cancer metastasis (Hong et al. 2015; Duan et al. 2015;
Wang et al. 2015). The interaction of PBX3 with HOX
genes and their role in glioma invasion and migration
should be explored in the future.
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Fig. 6 miR-98 inhibits glioma invasion and growth in vivo. a Rep-
resentative images of Hematoxylin and eosin staining of tissues from
mice with orthotopic tumors derived from LV-miR-NC-U87 or LV-
miR-98-U87 cells. b Representative IHC images of PBX3 in tissues
from mice with orthotopic tumors derived from LV-miR-NC-US87 or
LV-miR-98-U87 cells. ¢ Survival of mice with tumors derived from
LV-miR-NC-U87 or LV-miR-98-U87 cells was demonstrated by
Kaplan—Meier survival curves. d Representative images of

In conclusion, our current data clearly demonstrate that
downregulation of miR-98 is a common event in glioma,
and reduced miR-98 expression is associated with a high
incidence of high-grade gliomas and inversely correlates
with PBX3 expression in glioma tissue samples. Our
findings suggest that loss of miR-98 results in gaining
expression of the oncogene PBX3, which in turn favors
glioma migration and invasion. This novel miR-98/PBX3
axis may further our understanding of the molecular
mechanisms involved in glioma invasion, and targeting
miR-98/PBX3 may serve as a promising therapeutic strat-
egy for glioma treatment.
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