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ABSTRACT

MicroRNAs (miRNAs) are single-stranded, 18- to 23-nt RNA molecules that function as regulators of gene expression. Previous
studies have shown that microRNAs play important roles in human cancers, including gliomas. Here, we found that expression
levels of miR-181b were decreased in gliomas, and we identified IGF-1R as a novel direct target of miR-181b. MiR-181b
overexpression inhibited cell proliferation, migration, invasion, and tumorigenesis by targeting IGF-1R and its downstream
signaling pathways, PI3K/AKT and MAPK/ERK1/2. Overexpression of IGF-1R rescued the inhibitory effects of miR-181b. In
clinical specimens, IGF-1R was overexpressed, and its protein levels were inversely correlated with miR-181b expression.
Taken together, our results indicate that miR-181b functions in gliomas to suppress growth by targeting the IGF-1R oncogene
and that miR-181b may serve as a novel therapeutic target for gliomas.
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INTRODUCTION

Gliomas are the most common malignancies of the central
nervous system in humans. Prognosis is highly dependent
on the histological grade of a tumor, with the poorest survival
rates associatedwith themostmalignant grades (Vredenburgh
et al. 2009). New molecular targets and treatment strategies
are urgently needed to combat this disease. MicroRNAs
(miRNAs) are small, endogenous noncoding RNAs com-
posed of 18–23 nucleotides (nt) that post-transcriptionally
regulate gene expression by targeting the 3′-untranslated re-
gions of mRNAs (Bartel 2004). Many miRNAs are proto-on-
cogenes or tumor suppressors, and their functions have been
extensively studied in various cancer types, including glioma
(Esquela-Kerscher and Slack 2006; Sana et al. 2011). Recent
studies using genome-wide approaches have revealed that
miRNAs, such as miR-7, miR-124, miR-128, and miR-21,
are globally dysregulated in glioma (Godlewski et al. 2008;
Kefas et al. 2008; Kwak et al. 2011; Xia et al. 2012). Our previ-

ous studies have indicated that miR-181a and miR-181b are
down-regulated in glioma, which contributes to apoptosis
and reduced rates of proliferation and invasion (Shi et al.
2008). This tumor-suppressive effect of miR-181b in glioma
cells was more apparent than that of miR-181a. Sun et al.
(2012) confirmed that miR-181b is also a potent regulator
of downstream NF-κB signaling in the vascular endothelium.
However, the potential role ofmiR-181b in the carcinogenesis
and tumor development of glioma is unknown.
The Insulin-like growth factor I receptor (IGF-1R) is a

tyrosine kinase receptor that is mainly activated by IGF1
and IGF2 in autocrine and paracrine manners (Zhao et al.
2012). IGF-1R activates multiple downstream signaling cas-
cades, including PI3K/AKT and MAPK/ERK signaling path-
ways, which regulate cell proliferation, differentiation, and
survival (Baserga et al. 2003; Cao et al. 2007). More recently,
several miRNAs, such as miR-7, miR-145, miR-223, and
miR-375, have been reported to negatively regulate IGF-1R
(Shi et al. 2007; Jia et al. 2011; Kong et al. 2012; Zhao et al.
2012), suggesting that miRNAs targeting IGF-1R have an im-
portant role in carcinogenesis and are potential therapeutic
agents for human cancer.
However, previous reports have not clearly determined the

role of miR-181b in glioma progression. Here, we report that
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miR-181b acts as a tumor suppressor by directly targeting
IGF-1R, resulting in the inhibition of IGF-1R signaling path-
ways. In addition, miR-181b overexpression suppressed cell
proliferation, migration, and invasion, and attenuated tumor
growth in vivo. Our findings not only provide new insights
into the mechanisms of tumorigenesis in glioma, but also re-
veal a novel regulatory mechanism mediated by receptor sig-
naling. These results may lead the way to novel strategies for
glioma therapy.

RESULTS

Aberrant expression of miR-181b in human gliomas

To assess the expression of miR-181b in gliomas, qRT-PCR
analysis was conducted on eight normal brain tissues and 24
glioma tissue samples. The results showed that the expression
ofmiR-181bwas consistently lower in the glioma tissues com-
paredwith the normal brain tissues (Fig. 1A).We then divided
the glioma samples into two groups according to their patho-
logical diagnosis. We found that miR-181b levels were down-
regulated in both groups relative to the normal brain group (P
< 0.01). Moreover, the levels of miR-181b expression in
WHO clinical stage III–IV cases were much lower than those
in stage II–III cases, indicating that miR-181b expression cor-
relatedwith gliomamalignancy (Fig. 1B,P < 0.05). These data
support the notion that miR-181b may act as a tumor sup-
pressor in glioma.

MiR-181b overexpression inhibits cell proliferation,
migration, and invasion

To investigate the biological functions of miR-181b in glioma
cells, U87 and U251 cells were transfected with miR-181b or
miR-NC and analyzed for cell growth. Proliferation assays
showed that cell growth was reduced in miR-181b-transfect-
ed U87 and U251 cells compared with miR-NC-transfected

control cells (Fig. 2A). To further detect whether miR-181b
is associated with progression of glioma, we analyzed the ef-
fect of miR-181b expression on the migratory and invasive
behavior of U87 and U251 cells. We found that overexpres-
sion of miR-181b decreased the migration capacity of glioma
cells (Fig. 2B). In addition, miR-181b overexpression dra-
matically inhibited the normally strong invasive capacity of
U87 and U251 cells (Fig. 2C). These results showed that
miR-181b overexpression contributes to regulation of glioma
cell motility and progression in vitro.

IGF-1R is a direct target of miR-181b, and IGF-1R
levels are inversely correlated with miR-181b levels
in glioma tissues

To fully understand the mechanisms of miR-181b action
in glioma, we performed a bioinformatics search for poten-
tial targets of miR-181b and IGF-1R was selected for fur-
ther analysis. Luciferase assays were performed using the
pMIR-REPORTmiRNA reporter vector containing the puta-
tive miR-181b-binding site in the IGF-1R 3′ UTR (WT), or
a mutated version of the same binding site (Mut) (Fig. 3A).
Overexpression of miR-181b in HEK293 cells inhibited wild-
type IGF-1R reporter activity but notmutant reporter activity,
demonstrating that miR-181b can specifically target the IGF-
1R 3′ UTR by binding to the seed sequence (Fig. 3B). Next, we
established cell lines stably expressingmiR-181b andmiR-NC
using human glioma U87 and U251 cells and lentiviral trans-
duction. RT-PCR assays confirmed that expression of mature
miR-181b was increased in pLe-miR-181b-expressing U87
and U251 cells, indicating that these stable cell lines success-
fully expressed miR-181b (Fig. 3C). Cells overexpressing
miR-181b showed low levels of IGF-1R protein when com-
pared with those of negative control cells (Fig. 3D).
To determine whether reduced miR-181b expression cor-

relates with levels of IGF-1R expression in tumor tissues, pro-
tein levels of IGF-1R in glioma and normal brain tissues were

analyzed by immunoblotting. The re-
sults showed that the average expression
level of IGF-1R was significantly higher
in glioma specimens than in normal
brain tissues (Fig. 3E). Furthermore,
Spearman’s correlation analysis showed
an inverse correlation between the ex-
pression levels of IGF-1R and miR-
181b (Spearman, r =−0.7252, P < 0.01)
in human glioma specimens (Fig. 3F).

MiR-181b overexpression inhibits
AKT and ERK signaling pathways

PI3K/AKT and MAPK/ERK signaling
pathways play key roles in controlling
cell proliferation, survival, and motility

FIGURE 1. MiR-181b is down-regulated in glioma tissue samples. (A) Expression levels of miR-
181b in normal brain tissues and glioma tissues were analyzed by stem–loop qRT-PCR and nor-
malized to the levels of U6. (B) Relative expression levels of miR-181b in different stages of cancer
tissues. Twenty-four glioma samples were divided into two groups according to the pathological
classification. A Student’s t-test was used to analyze the significant differences among the groups.
(∗∗) Significant difference when compared with normal brain tissues (P < 0.01).
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(De Luca et al. 2012). IGF-1R can activate downstream tyro-
sine kinase cascades, including the PI3K/AKT and ERK path-
ways. Therefore, we investigated whether miR-181b can
suppress PI3K/AKT and ERK pathways in glioma cells. In
U87 and U251 cells stably expressing miR-181b, the levels
of p-AKT and p-ERK1/2 were reduced compared with cells
stably expressing miR-NC, while no significant reduction
in levels of AKT or ERK was detected (Fig. 4A). The expres-
sion of Hypoxia-inducible factor-1α (HIF-1α) and Vascular
endothelial growth factor (VEGF), which play important roles
in tumor angiogenesis, are mediated by PI3K/AKT and
MAPK/ERK signaling pathways (Fang et al. 2005). Here,
we observed that HIF-1α and VEGF levels in miR-181b-
expressing U87 and U251 cells were down-regulated (Fig.
4B). These data suggest that the tumor-suppressing activity
of miR-181b in glioma cells may be regulated by the PI3K/
AKT and MAPK/ERK pathways.

MiR-181b inhibits angiogenesis in nude mice

Angiogenesis is a key process for tumorigenesis and tumor
development. We have previously demonstrated that miR-

181b down-regulates HIF-1α and VEGF expression by target-
ing IGF-1R. Given the importance of HIF-1α and VEGF in
promoting angiogenesis, we tested whether miR-181b can in-
hibit tumor angiogenesis. U87 cells stably expressing miR-
181b or miR-NC were mixed with Matrigel and injected
into both flanks of nude mice. Matrigel plugs from the
mice are shown in Figure 5A, and the relative angiogenesis re-
sponses were assayed by measuring hemoglobin levels. When
compared with the miR-NC group, the angiogenesis re-
sponse in the miR-181b group was decreased by 50% (Fig.
5B). In addition, the number of CD31-positive microvessels
was much lower in sections from xenografts of miR-181b-ex-
pressing U87 cells (Fig. 5C,D), indicating that miR-181b at-
tenuated glioma cell-induced angiogenesis.

MiR-181b suppresses tumor growth of glioma
cells in nude mice

To further investigate the relationship betweenmiR-181b and
tumorigenesis, an in vivo model was employed. U87 cells
stably expressing miR-181b or miR-NC were injected subcu-
taneously into both flanks of nude mice. The lengths and

FIGURE 2. MiR-181b overexpression inhibited cell proliferation, migration, and invasion in vitro. (A) Overexpression of miR-181b decreased U87
and U251 cell growth. (∗) Significant difference when compared with the miR-NC group (P < 0.05). (B) Wound-healing assay in U87 and U251 cells
overexpressing miR-181b. The wound gaps were photographed and measured. (∗) Significant difference when compared with the miR-NC group (P
< 0.05). (C) Transwell invasion assay of U87 and U251 cells overexpressingmiR-181b. Cells in the bottom of the invasion chamber were fixed, stained,
and photographed, and the absorbance at OD570 was read. (

∗) Significant difference when compared with the miR-NC group (P < 0.05).
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widths of tumors were measured when the xenografts were
visible at 10 d after injection, and the volumes of tumors
were calculated. As shown in Figure 6, A and B, the size of xe-
nografts in the miR-181b group was smaller than that in the
miR-NC control group after days of implantation. After 20
d, the xenografts were removed, and tumor weight was mea-
sured. Overexpression of miR-181b attenuated tumor growth
by 65%when comparedwith themiR-NC control group (Fig.
6C). Furthermore, the protein levels of IGF-1R in xenografts
from the miR-181b group were much lower than those from

the miR-NC control group (Fig. 6D),
confirming that miR-181b overexpres-
sion suppressed IGF-1R expression in
vivo.

Overexpression of IGF-1R reverses
the inhibitory effects of miR-181b

As shown above, overexpression of
miR-181b inhibited proliferation, mi-
gration, and invasion of glioma cells.
We also validated IGF-1R as a direct
target of miR-181b. Therefore, we ad-
dressed whether changes in cell pheno-
types after miR-181b overexpression
resulted directly from the down-regula-
tion of IGF-1R and its downstream
pathways. pReceiver-Lv105-IGF1R was
transfected intoU87 cells stably express-
ing miR-181b or miR-NC. As shown in
Figure 7A, the decreased level of IGF-1R
due to miR-181b overexpression was
rescued by overexpression of IGF-1R.
Interestingly, the phosphorylation levels
of AKT and ERK1/2 were altered in a
similar way to the expression level of
IGF-1R; that is, decreased levels of p-
Akt and p-ERK1/2 due to miR-181b
overexpression could be rescued by
up-regulation of IGF-1R. Similarly,
overexpression of IGF-1R in miR-
181b-treated cells rescued the expres-
sion of HIF-1α and VEGF (Fig. 7A,B).

To further confirmwhether IGF-1R is
an important target of miR-181b in cell
proliferation, migration, and invasion,
we measured cell growth and found an
increase in cell growth in the U87/
miR-181b IGF-1R-transduced group
compared with the U87/miR-181b
scramble group (Fig. 7C). Further-
more, the capacity of cell migration in
U87/miR-181b cells was rescued by
overexpression of IGF-1R when com-
pared with control cells (Fig. 7D).

Similarly, the invasive capacity of U87/miR-181b cells was
also rescued by overexpression of IGF-1R (Fig. 7E). Based
on these findings, we concluded thatmiR-181b could regulate
glioma cell proliferation, migration, and invasion by targeting
the IGF-1R pathway.

DISCUSSION

Dysregulation of microRNAs (miRNAs) is a common feature
in human cancers, including glioma. miRNAs can function as

FIGURE 3. IGF-1R is a target of miR-181b, and IGF-1R levels are inversely correlated with miR-
181b levels in glioma tissues. (A) Sequence of the miR-181b-binding site within the human IGF-
1R 3′ UTR and a schematic diagram of the reporter constructs showing the entire IGF-1R 3′-UTR
sequence and the mutated IGF-1R 3′-UTR sequence. The mutated nucleotides of the IGF-1R 3′
UTR are labeled by an asterisk. (B) Relative luciferase activities of IGF-1R-WT and IGF-1R-Mut
reporters were obtained by cotransfection of scrambled control miRNA or miR-181b and pRL-
TK plasmid and calculated as the ratio of firefly/Renilla activities and normalized to those of the
control. (∗) Significant difference when compared with control (P < 0.05). (C) miR-181b and U6
expression levels in U87 and U251 cells stably expressing miR-NC and miR-181b were deter-
mined by RT-PCR analysis. (D) Overexpression of miR-181b inhibited IGF-1R expression at
the protein level. (E) The expression of IGF-1R in normal human brain tissues and glioma spec-
imens was determined by Western blot analysis, and fold changes were obtained from the ratio of
IGF-1R to GAPDH levels. (F) Spearman’s correlation analysis was used to determine the corre-
lation between the expression levels of IGF-1R and miR-181b in human glioma specimens
(Spearman’s correlation analysis, r =−0.7252; P < 0.01).
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tumor suppressors or oncogenes, and the expression of more
than one-third of the protein-coding genes in the human ge-
nome is thought to be controlled by miRNAs (Lewis et al.
2003, 2005). Here, consistent with previous studies, we found
that miR-181b was down-regulated in
human glioma tissues. On the basis of
bioinformatic analysis, we further pre-
dicted IGF-1R as a target of miR-181b.
Moreover, for the first time, we showed
that IGF-1R was up-regulated in glioma
specimens and was inversely correlated
with miR-181b levels. Thus, this study
may provide new therapeutic strategies
for glioma prevention and treatment.

IGF-1R belongs to a family of tyrosine
kinase receptors that plays important
roles in signal transduction pathways.
In recent years, mounting evidence
indicates that IGF-1R and its ligands
may be involved in human cancer pro-
gression (Tognon and Sorensen 2012).
Aberrant expression of IGF-IR, via in-
teractions with the adaptor protein
IRS, can activate multiple downstream
signaling cascades, including PI3K/
AKT and MAPK/ERK signaling path-
ways (Cao et al. 2007; Pollak 2008),
which mediate key mechanisms under-
lying tumor growth and progression.
In this study, we identified IGF-1R as a

direct and functional target of miR-181b. We confirmed
that overexpression of miR-181b in glioma cells inhibited
cell proliferation, migration, and invasion, and decreas-
ed levels of both p-AKT and p-ERK1/2, which play vital
functions in regulating tumorigenesis and angiogenesis.
Furthermore, overexpression of IGF-1R in stable miR-
181b-expressing cell lines can restore the inhibitory effect
on p-AKT and p-ERK1/2, as well as restore HIF-1α and
VEGF expression. Meanwhile, restoring expression of IGF-
1R can partially, or even totally, restore the miR-181b-
induced inhibition of cell proliferation, migration, and in-
vasion. These results show that miR-181b is a tumor suppres-
sor that inhibits tumor growth and angiogenesis through tar-
geting IGF-1R.
In summary, our results indicate that miR-181b regulates

IGF-1R signaling at multiple levels. We confirmed that miR-
181b acts as a tumor suppressor gene through various mech-
anisms, including inhibition of tumor cell growth, migra-
tion, and invasion, and by direct targeting of the Akt and
ERK signaling pathways. Although miRNA-based therapeu-
tics are still in the initial stages of development, our findings
are encouraging and suggest that miR-181b could be a poten-
tial target for the treatment of glioma.

MATERIALS AND METHODS

Human tissue samples

Human glioma tissue samples were obtained from patients under-
going surgery for glioma in the Department of Neurosurgery,

FIGURE 4. MiR-181b overexpression regulates IGF-1R signaling. (A)
Levels of p-Akt, Akt, p-ERK1/2, ERK, HIF-1α, and GAPDH protein
were detected by Western blot analysis. (B) VEGF mRNA levels were
determined by qRT-PCR and normalized to those of GAPDH. (∗)
Significant difference when compared with control (P < 0.05).

FIGURE 5. MiR-181b overexpression suppressed tumor angiogenesis in vivo. (A) Representative
Matrigel plugs are shown. Scale bar, 2 mm. (B) The hemoglobin levels in eight tumors from the
miR-181b group were decreased 50% compared with the miR-NC group. (∗∗) Significant dif-
ference when compared with the miR-NC group (P < 0.01). (C) Representative tumor sections
stained with antibody against human CD31. Magnification, 200×. (D) CD31-positive microves-
sels were counted from eight tumors in three different fields per section at 400× magnification.
(∗∗) Significant difference compared with the miR-NC group (P < 0.01).
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The First Affiliated Hospital of Nanjing Medical University.
Normal brain tissues were collected as negative controls from pa-
tients undergoing decompressive craniectomy for traumatic brain
injury. All study procedures were approved by the Institutional
Review Board of the hospital. Informed consent was given by
all participants. Tissues were immediately snap-frozen in liquid
nitrogen after surgery. All samples were histologically classifi-
ed and graded according to WHO guidelines by a clinical
pathologist.

Cell culture

Human U87 and U251 glioma cell lines were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 100 units/mL penicillin, and 100 ng/mL strep-
tomycin. HEK-293 and HEK-293T cells were cultured in DMEM
supplemented with 10% FBS, 100 units/mL penicillin, 100 ng/mL
streptomycin, and 2 mmol/mL glutamine. All cells were incubated
at 37°C in an atmosphere of 5% CO2.

Oligonucleotides and cell transfection

Oligonucleotides were chemically synthesized by GenePharma.
Cells at 50%–70% confluence were transfected using lipofectamine
reagent (Invitrogen). Oligonucleotides were transfected into U87
and U251 glioma cells at a final concentration of 50 nmol/L accord-
ing to the manufacturer’s instructions.

Lentivirus packaging and
establishment of stable cell lines

A lentiviral packagingkitwaspurchased from
Open Biosystems. Lentivirus carrying hsa-
miR-181b or hsa-miR-negative control
(miR-NC) was packaged following the man-
ufacturer’s manual. Lentivirus was pack-
aged in HEK-293T cells and collected from
the medium supernatant. Stable cell lines
were established by infecting lentivirus
into U87 and U251 cells, followed by pu-
romycin selection. pReceiver-Lv105-IGF-1R
and pReceiver-Lv105-Negative Control were
purchased from Gene Copoeia. The packag-
ing steps were performed according to the
manufacturer’s instructions, and the lentivi-
ral supernatant obtained from HEK-293T
cells was used to infect U87 cells stably ex-
pressing miR-181b or miR-NC.

RNA isolation and quantitative real-
time PCR (qRT-PCR) analysis

Total RNAs were extracted from cultured
cells or human tissue specimens using
TRIzol reagent (Invitrogen) according to
the manufacturer’s instructions. Real-time
PCR was performed to detect VEGF mRNA
levels. The primers used were as follows:
VEGF forward primer, 5′-TCGGGCCTCC
GAAACCATGA-3′; VEGF reverse primer,

5′-CCTGGTGAGAGATCTGGTTC-3′; GAPDH forward primer,
5′-CCACCCATGGCAAATTCCATGGCA-3′; and GAPDH reverse
primer, 5′-TCTAGACGGCAGGTCAGGTCCACC-3′. The reaction
program was 30 sec at 95°C, followed by 40 cycles of 5 sec at 95°C,
30 sec at 55°C, and 31 sec at 72°C, and the melting curve was deter-
mined. To measure miR-181b expression levels, RNAs were tran-
scribed by a stem–loop RT primer method using the PrimeScript
RT Reagent Kit (Takara) as previously described (Chen et al. 2005;
Wang 2009). The qRT-PCR primers were miR-181b RT primer,
5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAAC
CCACC-3′; miR-181b PCR primers, sense 5′-ACACTCCAGCT
GGGAACATTCATTGCTGTCGG-3′; anti-sense 5′-TGGTGTCGT
GGAGTCG-3′; U6 RT primer, 5′-TGGTGTCGTGGAGTCG-3′;
U6 PCRprimers, sense 5′-CTCGCTTCGGCAGCACA-3′; anti-sense
5′-AACGCTTCACGAATTTGCGT-3′. qRT- PCR was performed
using SYBR Premix DimerEraser (Takara) on a 7900HT system.
GAPDHorU6 levels were used as internal controls, and fold changes
were calculated by relative quantification (2−ΔΔCt) (Livak and
Schmittgen 2001).

Western blotting

Cells or tissues were harvested and lysed on ice for 30 min in radio-
immunoprecipitation assay (RIPA) buffer supplemented with prote-
ase inhibitors (100 mM Tris-HCl at pH 7.4, 150 mM NaCl, 5 mM
EDTA, 1% Triton X-100, 1% deoxycholate acid, 0.1% SDS, 2 mM
phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 2

FIGURE 6. MiR-181b overexpression suppressed tumor growth in vivo. (A) Nude mice were
injected subcutaneously with 5 × 106 U87 cells stably expressing miR-181b or miR-NC. Each
treatment group contained 10 tumors. When the xenografts were visible, the width and length
of tumors were measured. (∗∗) Significant difference when compared with the miR-NC group
(P < 0.01). (B) The mice were euthanized on Day 20 and the xenografts were removed.
Representative tumors from each group are shown. Scale bar, 2 mm. (C) The tumor weight
was measured for each xenograft. (∗∗) Significant difference when compared with the miR-
NC group (P < 0.01). (D) Western blot analysis shows that the levels of IGF-1R from the tu-
mor tissues of the miR-181b-expressing group were much lower than those of the miR-NC
group.
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mM DTT, 2 mM leupeptin, 2 mM pepstatin). Lysates were centri-
fuged at 12,000 rpm for 10 min, and supernatants were collected as
total proteins. Protein concentrations were determined by the BCA
method (Beyotime), and aliquots of protein lysates were separated
by SDS-PAGE and then transferred to a nitrocellulose membrane
(Whatman). Membranes were blocked with 5% nonfat dried milk
solution for 2 h and then incubated with primary antibodies. The an-

tibodies usedwere against IGF-1R, phospho-
AKT (Ser-473), total AKT, phospho-ERK1/
2, total ERK1/2 (Cell Signaling Technology),
hypoxia-inducible factor 1α (Bioworld), and
GAPDH (Kang Cheng). The ECL Detection
System (Thermo Scientific) was used for sig-
nal detection.

Luciferase reporter assay

For the luciferase reporter assay, the 3′ UTR
of IGF-1R was amplified by PCR from hu-
man cDNA using the following primers:
IGF-1R forward primer, 5′-GCGAGCTC
TCTGGGATAGAAATGTTTAGGAGTA-3′;
IGF-1R reverse primer, 5′-GCAAGCTTCA
GGTGCTGAGAAAGGTGAGATGT-3′. To
mutate the binding site of miR-181b, its
complementary sequence in the 3′ UTR of
IGF-1R (AATGTT) was replaced by ATA
CTA. The PCR products were digested using
SacI and HindIII and inserted into pMIR-
REPORTER. These constructs were validat-
edby sequencing.HEK-293 cellswere seeded
into24-well plates andcotransfectedwith the
wild-typeormutated IGF-1R3′-UTRreport-
er plasmids and pRL-TK, or transfected with
miR-181b and miR-NC. Luciferase assays
were performed 24 h after transfection using
the Dual Luciferase Reporter Assay System
(Promega).

Cell proliferation assay

Cells in the logarithmic phase of growth
were seeded at 2000 per well in 96-well
plates and cultured. Cell proliferation was
assayed at the indicated time points using
a CCK8 kit (Dojindo Laboratories) accord-
ing to the manufacturer’s instructions. Ex-
periments were performed in triplicate.

Wound healing assay

Cells were cultured to 95% confluence in
six-well plates. Cell layers were scratched us-
ing a 20-µL tip to form wound gaps, washed
twice with PBS, and cultured. The wound
healing was photographed at different time
points, and each wound was analyzed by
measuring the distance migrated by cells in
three different areas.

Invasion assays

Invasion was determined using 24-well BDMatrigel invasion cham-
bers (BDBiosciences) in accordancewith themanufacturer’s instruc-
tions. 5 × 104 cells were seeded in the upper well of the invasion

FIGURE 7. IGF-1R overexpression rescued the miR-181b overexpression phenotype. (A)
Overexpression of IGF-1R increased levels of p-AKT, p-ERK1/2, and HIF-1α protein. (B)
Overexpression of IGF-1R rescued VEGF mRNA expression inhibited by miR-181b. The
VEGF mRNA level was normalized to that of GAPDH. (C,E) pReceiver-Lv105-IGF1R or
pReceiver-Lv105-Negative Control transduced U87 cells stably expressing miR-NC or miR-
181b. Forty-eight hours after transduction, cells were trypsinzed and seeded into 96-well
plates or into the upper well of the invasion chamber. Cell proliferation and invasion assays
were performed as described in Materials and Methods. (D) U87 cells stably expressing miR-
NC or miR-181b were treated as above, and wounds were made. (∗) Significant differences
in VEGF levels between miR-NC and miR-181b treatment (P < 0.05). Hashes indicate signif-
icant difference in VEGF levels in U87/miR-181b cells with or without IGF-1R overexpres-
sion (P < 0.05).
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chamber in DMEM without serum. The lower chamber well con-
tained DMEM supplemented with 10% FBS to stimulate cell inva-
sion. After incubation for 24 h, noninvading cells were removed
from the topwell with a cotton swabwhile the bottomcellswere fixed
with 3% paraformaldehyde, stained with 0.1% crystal violet, and
photographed in three independent 10× magnification fields. The
membranewas then air-dried and soaked for 15min at roomtemper-
aturewith 33%acetic acid (200µL/well). This destaining solutionwas
then transferred to a 96-well plate, and the absorbance value atOD570

was read. Experiments were performed in triplicate.

Matrigel plug assay

Male BALB/cA-nu nude mice (6 wk old) were purchased from
the Shanghai Experimental Animal Center (Chinese Academy of
Sciences, Shanghai, China) and maintained in specific pathogen-
free conditions. Eight mice were randomly divided into two groups.
U87 cells stably expressingmiR-181b were harvested and resuspend-
ed in serum-free medium. Aliquots of the cells (2 × 106 cells in 100
μL) were mixed with 200 μL of Matrigel. The mixture was immedi-
ately injected into both flanks of nudemice. U87 cells stably express-
ing miR-NC in equal volumes of solvent were used as the control.
On Day 11 after implantation, the Matrigel plugs were removed.
Half of each Matrigel plug was used to measure hemoglobin content
using Drabkin’s Reagent Kit (Sigma-Aldrich) according to the man-
ufacturer’s instructions. The other half of each Matrigel plug was
used for immunohistochemical examination.

Immunohistochemical analysis

Matrigel plug samples were formalin-fixed, paraffin-embedded, and
sectioned at 5 μm. Microwave antigen retrieval was then performed.
After incubation with hydrogen peroxide, sections were washed,
blocked for 1 h with 5% bovine serum albumin in PBS buffer,
and incubated with a 1:50 dilution of rabbit anti- CD31 (Abcam)
in a humidified chamber for 16 h at 4°C. After washing, the slides
were incubated with HRP-conjugated goat anti-rabbit IgG for 2
h. The antibody signals were detected using DAB reagent. Sections
were prepared from three Matrigel plugs in each group, and micro-
vessels were counted in three different fields per section as follows:
Slides were first scanned under low power (×100) to determine three
“hotspots” or areas with the maximum number of microvessels,
then the positive-stained blood vessels in the selected areas were an-
alyzed at 400× magnification (Liu et al. 2008).

Tumor growth assay in mice

Nude mice (Male BALB/cA-nu, 6 wk old) were purchased from the
Shanghai Experimental Animal Center (Chinese Academy of Sci-
ences, Shanghai, China) and maintained in specific pathogen-free
conditions. Ten mice were randomly divided into two groups. In
one group, U87 cells stably expressing miR-181b were injected sub-
cutaneously into both flanks of each mouse (5 × 106 cells in 100 μL),
and in the other group, U87 cells stably expressing miR-NC (as a
negative control) were similarly injected. When visible, tumor size
was measured using Vernier calipers every 2 d, and tumor volume
was calculated according to the formula: volume = 0.5 × length ×

width2. The mice were euthanized after 20 d, and tumors were
weighed.

Statistical analysis

All experiments were performed three times, and data were analyzed
with GraphPad Prism 5. Statistical evaluation of data was performed
using the t-test. P < 0.05 was considered to be statistically significant.
Spearman’s nonparametric correlation test was performed to test
the correlation between the expression levels of miR-181b and
IGF-1R by SPSS.
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