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Human miR-31 targets radixin and inhibits
migration and invasion of glioma cells
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Abstract. MicroRNAs (miRNAs) are a novel group of short
RNAs, about 20-22 nucleotide in length, that regulate gene
expression in a post-transcriptional manner by affecting
the stability or translation of mRNAs and play important
roles in many biological processes. Many microRNAs have
been implicated in glioblastoma. miR-31 is dysregulated
in several types of cancer including colon, breast, prostate,
gastric and lung cancers. However, the expression and role
of miR-31 in glioblastoma are still unclear. In this study, we
performed real-time reverse transcriptase polymerase chain
reaction (RT-PCR) assays on 10 glioblastoma and 7 normal
brain tissues. We found that miR-31 is down-regulated in
glioblastoma compared with normal brain tissues. Ectopic
expression of miR-31 inhibited migration and invasion ability
of U251 glioma cells. Expression profiling analysis revealed
that miR-31 affected the cell migration and motility process
by regulating migration and invasion related genes. Finally,
we demonstrated that miR-31 targeted radixin predominantly
via inhibition of protein translation instead of degradation of
mRNA.
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Introduction

The annual incidence of malignant glioma is approximately 5
cases per 100,000 people [Central Brain Tumor Registry of the
Unites States (CBTRUS) 2009 statistical report, www.cbtrus.
org]. Despite aggressive surgery, radiation and chemotherapy,
the median survival is only 12-15 months for glioblastoma
(GBM) (1). Better understanding of the mechanism and
finding new therapeutic targets for glioma is urgent. miRNAs
are a novel group of short RNAs, about 20-22 nucleotide in
length, that regulate gene expression in a post-transcriptional
manner by affecting the stability or translation of mRNAs
(2). Many microRNAs have been implicated in glioblastoma
(3,4). Ciafr et al examined the global expression levels of 245
microRNAs in glioblastoma multiforme by microarray and
identified a group of miRNAs including a strongly up-regu-
lated expression of miR-221 and down-regulated expression
of a set of brain-enriched miRNAs including miR-128, miR-
181a, miR-181b and miR-181c in glioblastoma (5).

miR-31 expression was down-regulated in human carci-
nomas of the breast (6), prostate (7), ovary (8) and stomach
(9), but paradoxically up-regulated in human colorectal (10),
liver (11), head-and-neck tumors (12) and squamous cell
carcinomas of the tongue (13). It can either elicit promoting or
inhibitive effects on cancers depending on the organs where
the cancers arise. In breast cancer, miR-31 inhibits metastasis
by targeting ITGAR, RDX and RhoA (6); but in lung cancer,
miR-31 acts as an oncogenic miRNA by repressing tumor
suppressor LATS2 and PPP2R2A (14). In colon carcinoma
cells, miR-31 expression is regulated by TGF-p and it targets
TIAMI to regulate migration and invasion (15). However, the
role of miR-31 in GBM has not been studied, and which of the
targets identified in other cancer types are used by GBM cells
remains unknown.

In this study, we confirmed underexpression of miR-31 in
glioblastoma samples compared with normal brain tissues.
In addition, we showed that ectopic expression of miR-31
inhibits migration and invasion ability of U251 glioma cells. A
microarray analysis revealed that miR-31 could regulate many
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Figure 1. miR-31 was down-regulated in glioma tissues compared to normal brain tissues (Student's t-test, P<0.01). Real-time PCR analysis of miR-31 in 7
normal brain tissues (N, black columns) and 10 glioma tissues (C, white columns), RNA input was normalized by human U6 snRNA.

migration and invasion related genes. Finally, we demonstrated
that miR-31 targeted radixin in GBM cells to regulate migra-
tion and invasion processes.

Materials and methods

Sample information and RNA isolation. Tissue samples were
obtained after informed consent from adult patients diagnosed
with glioblastoma de novo or other neurological diseases with
IRB approval. They were freshly resected during surgery and
immediately frozen in liquid nitrogen for subsequent total RNA
extraction. RNA was isolated from tissues using mirVana™
miRNA Isolation Kit (Ambion, Austin, TX) according to the
manufacturer's instruction.

miRNA stem-loop RT-PCR. Expression of miR-31 was quanti-
fied using stem-loop RT-PCR analysis and carried out in
triplicate for each sample. The relative amount of miRNAs
was normalized against U6 snRNA, and the fold change for
each miRNA was calculated by the 2-AACt method (16).
The primers used for stem-loop RT-PCR are available upon
request.

Cell culture. U251 was purchased from Cell Bank of Chinese
Academy of Sciences (Shanghai) and maintained in high
glucose DMEM supplemented with 10% fetal bovine serum
(FBS) and penicillin/streptomycin (100 pg/ml).

Virus package and transduction. pMIRNA 1-control vector was
purchased from SBI (System Biosciences, USA). Hsa-miR-31
precursor with about 100 bp flanking sequences on both
sides was cloned from the human genome. The PCR primers
are available upon request. The sequence was inserted into
pMIRNALI at the EcoRI and NotI sites to construct pMIRNA1-
miR-31. The construct was validated by sequencing. Virus
packaging and U251 transduction were performed according
to the manufacturer's protocol (SBI).

Wound healing assay. Cells (1x10°) were seeded on 6-well
plates. An artificial homogeneous wound was created on the

monolayer cells with a sterile plastic 100 ul micropipette tip
on the second day. After wounding, the debris was removed by
washing the cells with serum-free medium and the cells were
grown in normal medium. Photographs of the wound area
were taken using a Nikon Eclipse TS100 microscope (under
x100) at 0 and 48 h.

Transwell assay and Transwell matrix penetration assay. Cells
(1x10%) in 200 pl serum-free DMEM were plated on the upper
compartment of a Transwell device (Corning, USA). For the
Transwell matrix penetration assay, the Transwell filter was
coated with Matrigel (BD Biosciences). The lower compartment
was filled with 600 ul of DMEM complete medium. After 48 h,
the cells inside the upper chamber were removed with cotton
swabs, and the cells on the lower membrane surface were fixed
in methanol and stained with 0.1% crystal violet. Photographs
were taken using a Nikon Eclipse TS100 microscope (under
x100). Six visual fields of each filter were randomly selected and
counted under a microscope. All experiments were performed
in triplicate.

GeneChip mRNA array and Gene Ontology analysis.
Affymetrix U133 plus 2 GeneChip (Affymetrix, Santa Clara,
CA, USA) was used to identify genes regulated by miR-31.
The CEL files were imported into the Affymetrix's Expression
Console (V1.1) program and data normalized using RMA
normalization. Data were then exported to the Genespring
Program (Agilent, Inc.) was for further analysis. To filter out
those lowly expressed genes across the chips, probes with
intensities <100 in both chips were excluded from the analysis.
Genes changed >2-fold were considered as significant. Gene
Ontology (GO) analysis was performed using the online High-
Throughput GoMiner program (17).

Plasmids construction and luciferase activities analysis.
3'UTR of radixin containing predicted binding site of miR-31
was cloned by PCR and inserted into the EcoRI and Xhol
sites of pmirGLO vector (Promega, Inc.), which is designed
to quantitatively evaluate miRNA activity by introducing the
miRNA target sites (or their mutated counterparts) down-
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Figure 2. Real-time PCR analysis of miR-31 in U251 cells after transduction
with miR-31 (U251-miR-31) or negative control (U251-Control). RNA input
was normalized by human U6 snRNA.

stream of the firefly luciferase gene (/uc2). Mutations in the
binding site region were generated by the MutanBest Kit
(Takara, Inc.) according to manufacturer's instructions. Both
pmirGLO-RDX-WT and pmirGLO-RDX-MUT constructs
were validated by sequencing (Shanghai Sangon Biological
Engineering Technology and Services Co., Ltd.). Forty-eight
hours after transfection, luciferase activities were measured
in infinite M200 (TECAN) using Luciferase Assay System
(Promega, Inc.) according to the manufacturer's protocol.

Western blot analysis. Western blot analysis was performed
by the standard protocol. The radixin monoclonal antibody
was from Epitomics, Inc. Anti-GAPDH antibody was from
MultiSciences Biotech Co., Ltd., China).

Statistical analyses and data access. Data are presented as
mean + SEM. Student's t-test was used for comparisons and
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P<0.05 was considered significant. All supplementary data
are available at http://systemsbiozju.org/data/Dasong_Huang/
Supplementary/.

Results

miR-31 is down-regulated in human glioblastoma tissues
compared with normal brain tissues. We confirmed a previous
observation that miR-31 is underexpressed in GBM (18) using
10 glioblastoma tissues and 7 normal brain tissues. The results
showed that miR-31 is down-regulated significantly in glio-
blastoma compared with normal brain tissues (Student's t-test,
P<0.01; Fig. 1).

miR-31 inhibits migration and invasion of glioblastoma
cells. To study the function of miR-31 in glioma, we made a
pMIRNAI1-miR-31 to transduce U251 glioblastoma cells. After
transduction, the overexpression of miR-31 in U251-miR-31
compared with U251-Control was confirmed by RT-PCR to
be 3.78-fold (Fig. 2). We then tested the polarized migration of
cells using the wound healing assay. We found that the scratch-
wound closure speed of U251-miR-31 was lower than that of
U251-Control (Fig. 3). In addition, a transwell invasion assay
showed that miR-31 could inhibit migration and invasion of
U251 in vitro (Fig. 4). However, an MTT assay showed miR-31
did not have effect on U251 proliferation (data not shown).

Expression profiling revealed that miR-31 is mostly involved in
migration and invasion pathways in GBM. To understand the
global effect of miR-31 on glioblastoma cells, we performed
microarray analysis using Affymetrix U133 plus2 GeneChip
to compare gene expression profile of U251-miR-31 to that
of U251-Control cells. The data were deposited to the NCBI
Gene Expression Omnibus and are accessible through GEO
Series accession no. GSE28810 (http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE28810). Using a 2-fold change as a

48 h
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Figure 3. miR-31 inhibited wound closure speed of U251. Magnification, x100.
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Figure 4. miR-31 negatively regulated glioma cell migration and invasion in vitro. (A) The migratory U251-miR-31 and U251-Control cells were stained and
counted under microscope. The migratory cell number of U251-miR-31 transfected cells was significantly less than that of U251-Control cells (346.17+£25.21 vs.
586.83+14.16). (B) The invasive U251-miR-31 and U251-Control cells were stained and counted under microscope. The invasive cell number of U251-miR-31
transfected cells was significantly less than that of U251-Control cells (122.66+8.32 vs. 222.66+9.07). Magnification, x100, “P<0.01.
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Figure 5. Radixin expression is inhibited by miR-31 in U251 cells. (A) RDX has a predicted binding site for miR-31 in its 3'UTR. The sequences in the boxed
region were mutated to generate pmirGLO-RDX-WT vector. (B) The expression of RDX in mRNA level was measured by RT-PCR. (C) RDX protein expression
is reduced by 46% after transducting miR-31 to U251 cells as determined by Western blotting. (D) Relative luminescence of U251-miR-31 transfection of

pmirGLO-RDX-WT or pmirGLO-RDX-MUT vectors. "P<0.05, ““P<0.01.

cut-off value, we identified 347 (115 down-regulated and 232
up-regulated) genes that were differentially expressed (data
available upon request). Five of the differential expressed
genes were randomly selected and their expression changes
were confirmed by RT-PCR (data not shown).

The differentially expressed genes were then grouped by
Gene Ontology analysis using GoMiner using GO terms at level
3 for biological processes, with all genes detected in the micro-
array as the total input. Twenty-five GO terms were found to be

enriched, including angiogenesis (GO:0001525), cell motility
(GO:0048870) regulation of locomotion (GO:0040012) and
cell migration (GO:0016477) (Table I). Fifty-five genes were
identified in the GO terms related to migration and invasion,
consistent with our observation that miR-31 was involved in
the migration and invasion of glioma cells.

miR-31 directly targets the radixin gene. In an attempt to
understand how miR-31 regulate migration and invasion and
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to identify which target genes are involved in the process,
we predicted the targets of miR-31 using three commonly
used bioinformatics tools (TargetScan, PicTar and miRanda)
(19-21). All of the three software predicted that radixin (RDX)
is a potential targeted gene of miR-31 (Fig. 5A). Radixin is a
cytoskeletal protein and was shown to be a target of miR-31
in breast cancer (6,22). We hypothesized that miR-31 might
target radixin in glioblastoma as well. To test this hypothesis,
we measured the expression of radixin in U251-miR-31 and
U251-Control at both mRNA and protein levels. The results
showed that miR-31 inhibits RDX at protein level (Fig. 5C),
but not at mRNA level (Fig. 5B).

To further confirm that RDX is a target gene for miR-31,
3'UTR of RDX containing the predicted binding site was
amplified from human genomic DNAs and subsequently
inserted into pmirGLO to construct pmirGLO-RDX-WT.
pmirGLO is designed to quantitatively evaluate miRNA
activities by engineering miRNA target sites (or mutated
target sites) downstream of the firefly luciferase gene
(luc2). pmirGLO-RDX-MUT (with mutated target sites)
was constructed by mutating the seed region (boxed) in
pmirGLO-RDX-WT (Fig. 5A). Transfection of pmirGLO-
RDX-WT into U251-miR-31 cells led to 35% reduction of
luciferase activity compared to that of the cells transfected
with pmirGLO-RDX-MUT (Fig. 5D), further confirming
that miR-31 indeed targets the predicted seed regions in the
3'UTR of the RDX gene.

Discussion

MiRNA are a class of small non-coding RNAs that partici-
pate in various biological processes by regulating mRNA
stability or translation. A great number of miRNAs have
been found to act as either oncogenes or tumor suppressors
in glioma. For instance, miR-146b can inhibit glioma cell
migration and invasion by targeting MMPs (23). miR-21 is a
well known oncogenic miRNA that acts as an antiapoptotic
factor and promotes glioma proliferation (24,25). miR-10b
is overexpressed in malignant glioma and associated with
proteins involved in tumor invasion such as uPAR and RhoC
(26). Kefas et al identified down-regulation of miR-7 in glio-
blastomas and found that miR-7 directly targets EGFR, and
affected the epidermal growth factor receptor (EGFR) and the
Akt pathways in glioblastoma cells (27).

miR-31 is abnormally expressed in several types of cancers
and plays a crucial role in tumor metastasis (28). In this study,
we demonstrated that miR-31 is down-regulated in glioblas-
toma compared to normal tissues, and migration and invasion
of U251 cells in vitro were inhibited by miR-31. We further
demonstrated that that radixin is a direct target of miR-31
in glioma. Valastyan et al showed that miR-31 repressed the
expression of radixin (6) and that expression of radixin alone
could partially phenocopy the effects of miR-31 on metastasis
in breast cancer (29). This indicated that miR-31 may play
similar roles in GBM as in breast cancer.

Expression profiing showed that ectopic expression of
miR-31 in U251 cells significantly affect the expression of
many migration and invasion related genes, which include
TGFBR1, EMP1 and RGS4. EMPland RGS4 were recently
validated as the direct target of miR-31 in oesphageal squa-
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mous cell carcinoma (30). However, whether EMP1 and RGS4
are direct targets of miR-31 in glioma cells remains to be
studied.

In conclusion, our data showed that miR-31 plays important
roles in glioma migration and invasion and miR-31 or its target
gene radixin could be used as potential targets for the develop-
ment of therapeutic approaches for inhibiting migration and
invasion of glioma cells.
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