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MiR-221/222 promote human glioma cell invasion
and angiogenesis by targeting TIMP2
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Abstract miR-221/222 are two highly homologous
microRNAs that are frequently upregulated in solid tumors.
However, the effects of miR-221/222 in malignant gliomas
have not been investigated thoroughly. In this study, we found
that miR-221/222 were significantly upregulated in human
glioma samples and glioma cell lines. Both gain- and loss-
of-function studies showed that miR-221/222 regulate cell
proliferation, the cell cycle and apoptosis, in addition to, in-
vasion, metastasis, and angiogenesis in glioma cell lines. Sub-
sequent investigations revealed that TIMP2 is a direct target of
miR-221/222, and overexpression of TIMP2 reduced the
miR-221/222-mediated invasion, metastasis, and angiogene-
sis of glioma cells. Taken together, our results suggest that the
suppression of miR-221/222 may be a feasible approach for
inhibiting the malignant behaviors of glioma.
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Abbreviations
VEGF Vascular endothelial growth factor
TIMPs Tissue inhibitors of metalloproteinases
MMPs Metallopeptidases
ECM Extracellular matrix
HUVECs Human umbilical vein endothelial cells

Introduction

MicroRNAs (miRNAs) are a class of short noncoding endog-
enous RNAs that regulate the expression of numerous genes
by translational repression and mRNA cleavage or decay [1].
miRNAs play vital roles in physiological and pathological
processes by repressing their target genes [2, 3]. Calin et al.
[4] have demonstrated that approximately 50 % of miRNA
genes are located at fragile sites and cancer susceptibility loci,
indicating the potential roles of miRNAs in tumorigenesis.
miRNAs are often aberrantly expressed in cancer, and their
function is linked to the regulation of oncogenes and/or tumor
suppressor genes in cancer cells [5–8].

Glioblastoma is the most frequent brain tumor found in
adults and is the most lethal form of human cancer. Despite
the improvements in treatments with combinations of surgery,
radiotherapy, and chemotherapy, the survival rate of patients
remains poor [9]. Many studies have demonstrated that
miRNAs regulate various oncogenes and tumor suppressor
genes and participate in the formation, growth, migration,
and invasion of glioma [10–13]. miR-221/222 have been
shown to be deregulated in gliomas and are involved in a
variety of biological processes in glioma cells such as prolif-
eration, cell cycle distribution [14], apoptosis [15], and cell
migration [16]. However, until recently, little was known
about the role of miR-221/222 in angiogenesis in gliomas.

Angiogenesis is essential for tumor growth, invasion, and
metastasis [17], and the angiogenic switch depends on the
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balance of pro- and antiangiogenic factors [18]. Pro-
angiogenic factors, such as vascular endothelial growth factor
(VEGF), activate downstream signaling pathways and pro-
mote angiogenesis, whereas the antiangiogenic factors, such
as tissue inhibitors of metalloproteinases (TIMPs), can block
the formation of tumor vessels by inhibiting the activity of
metallopeptidases (MMPs) or by directly suppressing endo-
thelial cell proliferation [36–38]. Previous studies have report-
ed that VEGF and TIMPs are downregulated by several dif-
ferent miRNAs [41, 42].

In this study, we aimed to demonstrate the biological func-
tion of the miR-221/222 cluster in glioma cells. We found that
miR-221/222 were more highly expressed in glioma samples
and cell lines compared with healthy brain samples and cells.
Furthermore, we confirmed the roles of these miRNAs in pro-
liferation, cell cycle distribution, and apoptosis in glioma cell
lines. More importantly, we found that miR-221/222 play vital
roles in glioma cell invasion, migration, and angiogenesis by
directly targeting TIMP2, which can influence tumorigenic
processes and enhance the migration and invasion of glioma
cells. Overall, our results indicate that suppression of miR-
221/222 is a potential therapeutic strategy for treating glioma
in the future.

Materials and methods

Human tissue samples

Fourteen human glioma tissue samples were collected from
adult patients who were admitted and diagnosed at Xijing
Hospital at Fourth Military Medical University. Two normal
brain tissue samples were obtained from para-tumor areas.
Tissue samples were immediately snap-frozen in liquid nitro-
gen and stored at −80 °C. This study was approved by the
hospital Institutional Review Board, and written informed
consent was obtained from all patients.

Cell culture and co-transfection

Glioma cell lines U87, U251, SHG-44, BT325, and A172
were acquired from the Department of Neurosurgery at Xijing
Hospital. Human normal glia cell lines HEB were purchased
from Biotechnology Research (Chuanglian, Beijing, China).
The glioma cells, the normal glia cell line HEB2, and human
umbilical vein endothelial cells (HUVECs) were all main-
tained in Dulbecco’s modified Eagle medium (Gibco, Los
Angeles, CA, USA) supplemented with 10 % fetal calf serum
(Gibco, Los Angeles, CA, USA) and were incubated at 37 °C
in a 5 % CO2 atmosphere. The cell lines were used for in vitro
experiments. Transfection of cells with oligonucleotides was
performed with Lipofectamine 2000 reagent (Invitrogen,
Carlsbad, CA, USA) at a final concentration of 100 nM,

according to the manufacturer’s instructions. Transfection ef-
ficiency was monitored by quantitative reverse transcription-
PCR (qRT-PCR).

Plasmids and oligonucleotides

The TIMP2 expression vector was created by the ligation of
TIMP2 cDNA into the EcoR I and Xho I sites of the
pcDNA3.1 vector. The hsa-miR-221/222 mimics (miR-221/
222), negative control (miR-control), hsa-miR-221/222 inhib-
itors (anti-miR-221/222), inhibitor negative control (anti-miR-
control) were purchased from GenePharma (Shanghai, Chi-
na). The primers utilized for PCR were as follows:

TIMP2-F: 5′-CGGAATTCATGGACTACAAGGATG
ACGATGACAAAGGCGCCGCGGCCCGCA-3′;
TIMP2-R: 5′-CCCTCGAGTTATGGGTCCTCGATG
TCG-3′.

qRT-PCR analysis of mRNA and miRNA expression

Total RNA from glioma samples and cells was extracted with
TRIzol reagent (Invitrogen) for bothmRNA andmiRNA anal-
yses. Relative levels of mRNA andmiRNAwere examined by
SYBR Green real-time qRT-PCR (TaKara, Dalian, China) ac-
cording to the manufacturer’s protocols. Normalization was
performed relative to U6 microRNA levels. A Bio-RAD cy-
cler real-time PCR system was used to perform the quan-
titative PCR. A hot start protocol was used with the fol-
lowing parameters: annealing at 95 °C (10 s) and extension
at 55 °C (30 s) for 40 cycles, followed by a melt curve
analysis. Relative expression was calculated using the
△△CT method. All qRT-PCRs were performed in triplicate,
and the data are presented as the mean standard error of the
mean (SEM). The following primers were used for qRT-
PCR:

Hsa-miR-221-F: 5′-AGCTACATTGTCTGCTGGGTTT
C-3′;
Hsa-miR-222-F: 5′-AGCTACATCTGGCTACTGGG-3′;
U6-F: 5′-CTCGCTTCGGCAGCACA-3′;
U6-R: 5′-AACGCTTCACGAATTTGCGT-3′;
TIMP2-F: 5′-GATATACAGGCACATTATG-3′;
TIMP2-R: 5′-TGAATAGAACAGGCTAAG-3′;
ACTIN-F: 5′-TGGCATCCACGAAACTACC-3′; and
ACTIN-R: 5′-GTGTTGGCGTACAGGTCTT-3′.

Cell proliferation assay

Cells were seeded into a 96-well plate at 2×103 cells per
well the day before transfection and then were co-
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transfected with the hsa-miR-221/222 mimic/inhibitor or
mimic/inhibitor negative control as described above. Cell
proliferation was then measured at 0, 24, 48, 72, and
96 h after transfection. An MTT assay was used to detect
viable proliferating cells. The absorbance at 570 nm
(A570) was monitored by Bio-Rad Laboratories. Each
experiment was performed in triplicate.

Cell cycle and apoptosis analysis

The effects of miR-221/222 on the cell cycle and apopto-
sis in gliomas cells were examined by flow cytometry.
Briefly, pretreated glioma cells were harvested and
washed twice with phosphate buffered saline (PBS)
buffer, fixed with 70 % ethanol at −20 °C for 30 min
and stored at 4 °C overnight. The cells were then washed
with PBS again, treated with 100 mL of 100 mg/L RNase
at 37 °C for 30 min, and stained with FITC-conjugated
annexin V and PE-labeled PI at 4 °C for 30 min in the
dark. Cell cycle and apoptosis were measured on an
EPICS XL Flow Cytometer (Coulter, USA) at 488 nm,
and the data were analyzed with CellQuest software.
The percentages of cells in G0/G1 phase, S phase, or
undergoing apoptosis were measured by calculating the
ratio of the number of cells in each group and the number
of total cells. For each sample, 1×104 cells were mea-
sured. The experiment was repeated at least three times.

Migration and invasion assays

Migration of the cells was assessed with 8-μm, 24-well
Transwell chambers (Corning, NY, USA) according to the
manufacturer’s instructions. For the invasion assay, the insert
membranes were coated with diluted Matrigel (BD Biosci-
ences, San Jose, CA, USA). Cells (2×105) in 200 μL serum-
free medium were added to the upper chamber and cultured
for 24 h. Migrated cells were stained with 0.1 % crystal violet
for 10 min at room temperature and examined by light micros-
copy. Quantification of the migrated cells was performed ac-
cording to published protocols [43].

Capillary tube formation assay

HUVECs were plated at a density of 1.5×104 cells per well
and were grown in tumor cell-conditioned medium for 6 h at
37 °C in a 48-well plate coated with Matrigel. Images of the
capillary-like structures that formed were captured with a light
microscope. The branch points of the formed tubes, which
represent the degree of in vitro angiogenesis, were imaged
and quantified in five low-power fields (×100).

Bioinformatics

The miRNA targets predicted by computer-aided algorithms
were obtained from TargetScan (http://www.targetscan.org)

Fig. 1 miR-221/222 are highly
expressed in glioma tissue
samples and glioma cell lines. a
qRT-PCR analysis of miR-221/
222 expression in normal brain
and glioma tissue samples; N,
normal brain tissue; G, glioma
tissue. b qRT-PCR analysis of
miR-221/222 expression in
normal glia HEB cells and
different glioma cell lines. The
expression levels of miR-221/222
in A172, BT325, SHG-44, U87,
and U251 cell lines are
significantly higher than those in
HEB cells, *P<0.05
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and Microcosm Targets (http://microrna.sanger.ac.uk/cgi-bin/
targets/v5/search.pl).

Luciferase activity assay

Human TIMP2-3′UTR reporter constructs containing the
putative binding site of miR-221/222 and its identical
sequence with a mutation in the miR-221/222 seed se-
quence (mutant) were amplified by PCR, inserted be-
tween the EcoR I and Pst I restriction sites of the

PGL3-MCS2 reporter vector and validated by sequenc-
ing. A number of 293 T cells were plated at 3×104 cells/
well in a 48-well plate and transfected with PGL3-
TIMP2-3′UTR or their mutant constructs (100 ng/well)
and pRL-TK (10 ng/well), together with miR-221/222
negative control (NC)/mimics (100 nM). Forty-eight
hours after transfection, the activities of firefly and
Renilla luciferase were consecutively measured according
to the Dual-Luciferase activity assay manual (Promega).
The Renilla luciferase signal was normalized to the

NC Mimic miR-221/222 

NC Inhibitor miR-221/222 

C

A

B

Fig. 2 miR-221/222 promote cellular proliferation and cell cycling and
inhibit apoptosis of glioma cells. The controls, miR-221/222 mimics, and
inhibitors were transfected at a final concentration of 100 nM into A172
and U251 cells; the following experiments and analyses were performed
48 h after transfection. a Transfection efficiencies of miR-221/222

mimics and inhibitors in A172 and U251 cells were quantified by qRT-
PCR analysis. b, c, and d miR-221/222 mimics or control-treated A172
cells and miR-221/222 inhibitors or control-treated U251 cells were
subjected to MTT assays. b *P<0.05 and cell cycle distribution and
apoptosis analyses by flow cytometry; c, d *P<0.05, **P<0.01
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firefly luciferase signal for each individual analysis. Each
experiment was repeated at least three times. The primers
used for PCR were as follows:

TIMP2-F: 5′-CGGAATTCTAGACATGGTTGTGGG
TC-3′;
TIMP2-R: 5′-GCTGCAGCATGTCCCTCTCAAGATG-
3′;
TIMP2-F (mutant) : 5′-CGGAATTCTAGACATGGTTG
TGGGTC-3′;
TIMP2-R (mutant) : 5′-GCTGCAGTAGGCCATGAT
GTCAGTCT -3′.

Western blot analysis

Isolated protein lysates were quantified with the BCAmethod.
Proteins were resolved on a precast gradient gel (10 %) and
then transferred to a NC membrane. Membranes were incu-
bated with the primary antibody overnight at 4 °C, followed
by incubation with the secondary antibody for 1 h at room
temperature. The experiment was repeated at least three times.
Antibodies against TIMP2 (1:250 dilution, AB21342b,
Sangon, Shanghai, China) and β-actin (1:2000 dilution,
A5441, Sigma) were used.

Statistical analysis

The data were analyzed using the Student’s t test. All data are
presented as the mean±standard deviation (mean±SD).

Statistical analysis was performed with software SPSS 18.0.
P values less than 0.05 were considered statistically
significant.

Results

MiR-221/222 are upregulated in glioma cancer tissues
and glioma cell lines

To investigate the expression levels of miR-221/222 in human
gliomas, total mRNA from two normal brain tissue samples
and 14 glioma tissue samples were extracted with TRIzol
reagent and then qRT-PCR analyses were performed. We ob-
served that miR-221/222 levels in glioma tissue samples were
significantly higher than those in the normal brain tissue sam-
ples (Fig. 1a). Compared with HEB, a normal human brain
cell line, the human glioma cell lines A172, BT325, SHG-44,
U87, and U251 expressed higher levels of miR-221/222,
which was in accordance with the data from tissue samples
(P<0.05, Fig. 1b). The high expression level of these
miRNAs in both cancer tissues and cell lines suggests that
miR-221/222 may be oncomiRs in human gliomas.

MiR-221/222 promote cellular proliferation and cell cycle
and inhibit apoptosis in glioma cells

To assess the role of miR-221/222 in the biology of glioma
cells, we transfected miR-221/222 mimics into A172 cells,
which have a lower endogenous expression level of miR-
221/222, and inhibited the expression of miR-221/222 by
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transfecting their inhibitors into U251 cells, which have a
higher endogenous expression level (Fig. 1b). We achieved
highly efficient transient transfections of the miR-221/222
mimics and inhibitors, as determined by qRT-PCR (P<0.05,
Fig. 2a). Functional assays were performed following these
transfections. An MTT assay showed that the proliferation of
A172 cells was increased when transfected with miR-221/222
mimics, which was consistent with the inhibitory effect ob-
served when the miR-221/222 inhibitors were transfected into
U251 cells (P<0.05, Fig. 2b). Moreover, cell cycle distribu-
tion analysis showed that more A172 cells entered the S phase
from G1 phase when treated with miR-221/222 mimics, and
an inverse effect was found when miR-221/222 inhibitors
were transfected into U251 cells, with more of them being
arrested in S phase (P<0.05, Fig. 2c). Furthermore, we found

that miR-221/222 overexpression decreased the apoptosis rate
of A172 cells (P<0.01, Fig. 2d), while inhibitor miR-221/222
expression in U251 cells reversed this effect (P<0.05,
Fig. 2d). These results suggest that miR-221/222, as
oncomiRs, participate in multiple malignant processes of gli-
oma cells such as promoting proliferation and cell cycling and
inhibiting tumor cell apoptosis.

MiR-221/222 promote migration, invasion, and tube
formation in glioma cells

To assess whether miR-221/222 regulate the invasiveness of
glioma cells, Transwell assays were performed. The Transwell
assay demonstrated that, in miR-221/222-overexpressing
A172 cells, the number of invasive cells that were able to

NC                                    Mimic miR-221/222 

NC                                   Inhibitor miR-221/222 

A

NC                                     Mimic miR-221/222 

NC                                   Inhibitor miR-221/222 

NC                                     Mimic miR-221/222 

B

Fig. 3 miR-221/222 promote
cellular migration, invasion, and
angiogenesis in glioma cells. a
Transwell assays were performed
48 h after transfection of controls,
miR-221/222 mimics and
inhibitors at the indicated
concentration in both A172 and
U251 cells. b The capillary tube
formation assay showed that
angiogenesis of HUVECs is
affected by secreted factors from
miR-221/222 mimics or inhibit
treated glioma cell-conditioned
medium (*P<0.05, ***P<0.001)
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breakdown the collagen and migrate through the pores in the
membrane was 40 % greater than those in the control group.
An inverse effect was found when the miR-221/222 inhibitors
were transfected into U251 cells (P<0.001, Fig. 3a).

To test whether miR-221/222 regulate angiogenesis of
glioma, HUVECs were resuspended in glioma cell-
conditioned medium and cultured in Matrigel to allow
for tube formation. In the presence of cell-conditioned
medium from miR-221/222-overexpressing A172 cells,
HUVECs formed larger networks, with longer and more
tube-like structures compared with the control group
(P<0.05, Fig. 3b). An inverse effect was observed when
the HUVECs were resuspended in cell-conditioned

medium from U251 cells that had miR-221/222 expres-
sion inhibited (P<0.05, Fig. 3b). These results indicated
that miR-221/222 play an important role in the angio-
genesis of glioma.

TIMP2 is a target of miR-221/222 in glioma cells

To identify the effectors of miR-221/222, we first obtained the
mature and seed sequences of miR-221/222. TIMP2was iden-
tified as putative miR-221/222 target genes by prediction al-
gorithms. TIMP2 contains seed sequences and regions of po-
tential base-pairing with miR-221/222 in their 3′UTRs
(Fig. 4a). The minimum free energy of miR-221/222 binding

B

A172                                                U251

NC            Mimics                         NC          Inhibitors

TIMP2

β-actin

C

D

A

Fig. 4 TIMP2 is a direct target gene of miR-221/222. a TIMP2mRNA 3′
UTRs depicting target binding sites for miR-221/222. b Luciferase
activity assays in 293 T cells, following co-transfection of WT or Mut
3′UTR constructs of TIMP2 (100 ng/well in 48-well plate) and miR-221/
222 NC/mimics (100 nM), as indicated above. Data represent the fold
change in activity (mean±SD) of three replicates. WT, wild type; Mut,

mutant. c qRT-PCR and dWestern blot for TIMP2 expression 48 h post-
transfection with miR-221/222 mimics and inhibitors (100 nM) in A172
and U251 cells, respectively. e qRT-PCR analysis of TIMP2 expression in
normal brain and glioma tissue samples;N, normal brain tissue;G, glioma
tissue. f qRT-PCR analysis of TIMP2 expression in the glioma cell lines
A172, U87, and U251. (*P<0.05, **P<0.01, ***P<0.001)
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to the TIMP2 targeting site was calculated using an RNA
hybrid for TIMP2-binding miR-221, it was −14.9 kcal/mol
and for miR-222, −15.3 kcal/mol. These results further indi-
cated that TIMP2 might be direct targets of miR-221/222.

We next generated TIMP2 reporter constructs by inserting
their 3′UTRs, containing the miR-221/222 binding sites, into
the pGL3-mcs2 vector, downstream of the luciferase open
reading frame (Fig. 4a). These reporter constructs were
transfected into 293 T cells (100 ng/well in a 48-well plate)
together with miR-221/222 NC/mimics (100 nM). Introduc-
tion of the miR-221/222mimics into 293 Tcells with the wild-
type 3′-UTR constructs of TIMP2 significantly inhibited lu-
ciferase activity compared with the negative control
(P<0.001, Fig. 4b). In addition, mutation of the miR-221/
222 binding sites in the TIMP2 3′-UTR reporter constructs
abolished the ability of miR-221/222 to downregulate the lu-
ciferase activity (Fig. 4b).

Next, we enhanced or inhibited miR-221/222 expression in
A172 and U251 cells, respectively. qRT-PCR and Western
blot analyses showed that the level of TIMP2 was reduced
in A172 cells upon miR-221/222 transfection, whereas, the
TIMP2 level was upregulated in U251 cells upon inhibition
of miR-221/222 (P<0.05, Fig. 4c–d).

Finally, we examined the expression levels of TIMP2 in
glioma specimens and cell lines by qRT-PCR. Glioma tis-
sue samples expressed comparatively lower levels of

TIMP2 than normal brain tissue samples (Fig. 4e), whereas
the reverse was true of miR-221/222 levels in the same
tissue samples (Fig. 1a). Consistent with this opposite ex-
pression pattern of TIMP2 and miR-221/222 in glioma
tissue samples, the expression levels of TIMP2 in glioma
cell lines were inversely correlated with miR-221/222 ex-
pression levels (Fig. 4f).

Taken together, several pieces of evidence, the direct bind-
ing assay, gain- and loss-of-function studies, and mRNA anal-
yses, in both glioma tissue samples and cell lines indicate that
miR-221/222 directly modulate TIMP2 level by binding to
their 3′UTRs. Furthermore, this “silencing effect” of miR-
221/222 on TIMP2 level may have a significant clinical im-
pact in glioma.

Overexpression of TIMP2 partially rescues
the miR-221/222-mediated increased invasion
and angiogenesis in glioma cells

To confirm the function of TIMP2 in glioma cells, we first
constructed vectors encoding TIMP2 on a pcDNA3.1 back-
bone. Upon transient transfection of these constructs into
U251 cells, high levels of TIMP2 were detected by both
qRT-PCR and Western blot (P<0.05, Fig. 5a–b). Next, we
examined whether the restoration of TIMP2 could rescue the
carcinogenic effects of miR-221/222. TIMP2 overexpression

Fig. 4 (continued)
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in U251 cells was sufficient to inhibit cell invasion (P<0.05,
Fig. 5c) and angiogenesis (P<0.01, Fig. 5d). If miR-221/222
mimics were co-transfected into TIMP2-overexpressing cells,
the microRNA-mediated carcinogenic effects were partially
rescued, as reflected by the lower number of invasive cells
(P<0.01, Fig. 5c) and the smaller complexes formed in the

tube assay, with shorter and less tube-like structures compared
with the control group (P<0.05, Fig. 5d). These results further
suggested that TIMP2 is a direct target of miR-221/222
and that miR-221/222 promote glioma cell invasion and
angiogenesis, at least in part by inhibiting TIMP2
expression.

U251

TIMP2

β-actin

pcDNA3.1       pcDNA3.1-
TIMP2 

B

NC+pcDNA3.1                   NC+pcDNA3.1-TIMP2

Mimic miR221/222                     Mimic miR-221/222                
+pcDNA3.1                          +pcDNA3.1-TIMP2

C

NC+pcDNA3.1                   NC+pcDNA3.1-TIMP2

Mimic miR221/222                     Mimic miR-221/222                
+pcDNA3.1                          +pcDNA3.1-TIMP2

D

AFig. 5 TIMP2 rescue miR-221/
222-mediated changes in
migration, invasion, and
angiogenesis in glioma cells. a–b
qRT-PCR and Western blot
analyses of TIMP2 expression
levels in U251 cells transfected
with pcDNA3.1-TIMP2. c
Transwell assays were performed
48 h after co-transfection of miR-
221/222 NC/mimics (100 nM)
and pcDNA3.1-TIMP2 (2 μg) at
the indicated concentration in
U251 cells. d Capillary tube
formation assay showed that
angiogenesis is regulated in
HUVECs, by factors secreted by
pcDNA3.1-TIMP2 and miR-221/
222 NC/mimic-treated U251 cell-
conditioned medium (*P<0.05,
**P<0.01)
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Discussion

This study focuses on the carcinogenetic effects of miR-221/
222 as oncomiRs in glioma cells. We demonstrated the silenc-
ing effect of miR-221/222 on TIMP2 and demonstrated that
the tumor-promoting effects of miR-221/222 on migration,
invasion, and tube formation in glioma cells could be rescued
by overexpressing TIMP2. For the first time, we discovered
that miR-221/222 promote angiogenesis and metastasis of gli-
oma cells by targeting TIMP2.

Many studies have reported on the carcinogenic role of
miR-221/222 in the malignant processes of various cancers
[19–26]. Among the tumor-suppressive target genes of miR-
221/222, the cell cycle regulator p27Kip1 [19–22], cyclin-
dependent kinase inhibitor 1C/p57 [23], estrogen receptor-α
[24, 25], and the pro-apoptotic protein Bim [26] have all been
reported to have an opposite expression pattern compared
with miR-221/222. In glioma tissues and cells, researchers
have found that miR-221/222 directly regulate apoptosis by
targeting p53 upregulated modulator of apoptosis [15], and
that overexpression of miR-221/222 can inhibit the expression
of the tyrosine phosphatase PTPμ, which negatively regulates
cell migration thus enhancing glioma tumorigenesis [16].

The tissue inhibitors of metalloproteinases, which are com-
posed of four members [27], inhibit the activity of
metallopeptidases by binding with a 1:1 stoichiometry to the
active site [28]. Previous studies have shown that the third
member of this family, TIMP3, is a clear target gene of miR-
221/222. First discovered in non-small cell lung cancer and
hepatocellular carcinoma, TIMP3, together with PTEN, is re-
pressed by miR-221/222, resulting in cellular migration and
invasion through AKT and ERK phosphorylation and the ac-
tivation of MMP-3 and MMP-9 [29]. A similar effect was
found in breast cancer [30], and more recently, Zhang and
coworkers demonstrated that miR-221/222 directly regulate
cell invasion by targeting TIMP3 and are a prognostic factor
for glioma patients [31].

Similar to previous studies [32], we demonstrated that
miR-221/222 target TIMP2, another member of the TIMP
family that is widely distributed in the brain, to enhance cel-
lular migration and invasion. In addition to the well-accepted
fact that TIMPs can protect the extracellular matrix (ECM)
from proteolytic degradation thus preventing the invasion
and metastasis of tumor cells, we found a new function of
the miR-221/222-meditated TIMP2 regulation, which is that
rescues angiogenesis of glioma cells.

Angiogenesis, which is the formation of new blood vessels,
requires endothelial cells to invade through an interstitial ma-
trix and to proliferate [33, 34]. Accordingly, TIMPs have
antiangiogenic activity either through inhibiting the activity
of MMPs or by directly inhibiting endothelial cell prolifera-
tion. On one hand, because MMPs, such as MMP-2 and
MMP-9 which are mostly reported to play a role in human

glioma progression [35], can promote endothelial cell migra-
tion and trigger an angiogenic switch by releasing vascular
VEGF from the extracellular matrix [36, 37], the inhibition
of MMPs accounts for a major part of the antiangiogenic
activities of TIMPs. On the other hand, researchers found that
TIMP-2 can interact with integrin α3β1, which negatively
regulates some tyrosine kinase receptor signal transduction
pathways, leading to cell cycle arrest of endothelial cells and
inhibition of angiogenesis [38, 39]. It has also been demon-
strated that TIMP-3′ interacts with VEGF receptor 2, which
competes with VEGF for binding to its receptor and thus
results in a blockade of the VEGF signal transduction pathway
and angiogenesis [40]. Therefore, the TIMP family directly
inhibits endothelial cell proliferation.

Collectively, the above findings support our hypothesis that
miR-221/222 promotes angiogenesis and metastasis of glioma
cells by targeting TIMP2, which inhibit the activity of MMPs
thereby protecting the ECM from proteolytic degradation and
can directly downregulate the proliferation of endothelial
cells. Thus, inhibition of miR-221/222 might be a potential
therapeutic strategy for glioma treatment in the future.
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