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Matrix metalloproteinase 2 (MMP2) is a potent protumorigenic, proangiogenic, and 
prometastatic enzyme that is overexpressed in metastatic cancer. Although there have 
been various studies on the MMP2 gene, further studies of regulatory factors are re-
quired to achieve inhibition of MMP2 enzyme activities. MicroRNAs (miRNAs) play 
key roles in tumor metastasis. However, the specific functions of miRNAs in metastasis 
are unclear. In this study, we assessed the function of the microRNA-29 family 
(miR-29s) in HT1080 human fibrosarcoma cells and examined the regulatory mecha-
nisms of these miRNAs on MMP2 activation. Using miRanda, TargetScan, and PicTar 
databases, miR-29s were identified as candidate miRNAs targeting MMP2. 
Gain-of-function studies showed that overexpression of miR-29s could inhibit the in-
vasion of HT1080 cells, suggesting their tumor-suppressive roles in HT1080 cells. In 
addition, dual luciferase reporter assays indicated that miR-29s could inhibit the ex-
pression of the luciferase gene containing the 3'-untranslated region of MMP2 mRNA. 
Ectopic expression of miR-29s down-regulated the expression of MMP2. Moreover, ec-
topic expression of miR-29s reduced MMP2 enzyme activity. These results suggested 
that miR-29s could decrease the invasiveness of HT1080 cells by modulating MMP2 
signaling. Taken together, our results demonstrated that miR-29s may serve as ther-
apeutic targets to control tumor metastasis.
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INTRODUCTION

Tumor metastasis is the last stage of tumorigenesis in 
which malignant cancer cells metastasize to organs distant 
from the primary tumor.1 During tumor development, tu-
mor cells are released from the primary tumor, enter the 
surrounding tissues, migrate to distant organs through the 
circulation system, distribute to the organs via vascular 
outflow, and form new tumors through cell proliferation in 
secondary organs.1,2

During the stages of tumor development, tumor cell in-
filtration into the surrounding tissue is regulated by vari-
ous matrix metalloproteinases (MMPs).2,3 MMPs are 
zinc-dependent endopeptidases that can modulate ex-

tracellular matrix (ECM) proteins and a variety of mole-
cules on the cell surface. MMPs contain four domains: the 
prodomain, the catalytic domain, the hinge region, and the 
hemotaxin domain. Structurally, the prodomain of MMPs 
has a thiol group (-SH), which binds to the zinc ion of the 
catalytic domain and maintains the MMP as an inactive 
zymogen.4,5 In order for zymogens to be activated, various 
proteolytic enzymes must cleave the binding between the 
thiol of the prodomain and the zinc ion of the catalytic 
domain. In particular, for activation of MMP2, membrane 
type 1 MMP (MT1-MMP) and tissue inhibitor of metal-
loproteinase 2 (TIMP2) must interact in the cell mem-
brane.4,5 Conversely, MMPs are inhibited by a variety of en-
dogenous proteolytic enzymes, including 2-macroglobulin, 
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1-proteinase inhibitor, 1-chymotrypsin, and TIMPs.6 
TIMP2 was first identified as an inhibitor of MMP2.4 
TIMP2 can also activate pro-MMP2.7 When TIMP2 is pres-
ent at high concentrations in the cell, TIMP2 inhibits 
pro-MMP2 activation by binding to all MT1-MMPs on the 
cell surface. However, when TIMP2 is present at low con-
centrations, TIMP2 promotes the activation of pro-MMP2 
by acting as an adjunct to the binding of pro-MMP2 to 
MT1-MMP on the cell surface.6,7

Recently, miRNA research has shown that miRNAs reg-
ulate MMP activity.8 In general, miRNAs are small non-
coding RNAs composed of 18-21 nucleotides that bind to 
mRNAs and inhibit translation or mRNA degradation in 
cells.9,10 In addition, miRNAs play an important role in var-
ious regulatory processes in vivo, such as cell proliferation, 
neuronal differentiation, apoptosis, and regulation of cell 
development. miRNAs are also known to be key elements 
of tumorigenesis. In particular, miR-29b, a member of the 
miR-29 family, has been shown to inhibit metastasis. The 
miR-29 family which contains three isotypes: miR-29a, 
miR-29b, and miR-29c. miR-29a and miR-29b1 are located 
on chromosome 7q32.3, whereas miR-29b2 and miR-29c 
are located on chromosome 1q32.2.11,12 The sequences of 
miR-29b1 and miR-29b2 are identical. However, they can 
be distinguished based on their differences in loci. 
According to a recent report, miR-29s have various func-
tions by negatively regulating multiple genes. For exam-
ple, these miRNAs can regulate the methylation of lung 
cancer by targeting of DNA methyltransferases 3A and 
3B13 and can also suppress tumor angiogenesis, invasion, 
and metastasis.14 In addition, miR-29s regulate the proc-
essing of -amyloid precursor protein by decreasing -sec-
retase expression and activate p53 via suppressing p85 al-
pha and CDC42, both of which negatively regulate p53.15 
HT1080, a highly metastatic human fibrosarcoma cell line, 
secretes many different MMPs. Thus, this cell line is suit-
able for studying invasion inhibitors. 

Accordingly, in this study, we used HT1080 cells to 
screen and identify miRNAs that could regulate MMP2 
activity. We also investigated the functions of miRNAs that 
could regulate MMP2 using HT1080 cells.

MATERIALS AND METHODS

1. Cell culture and transfection
HT1080 human fibrosarcoma cells were purchased from 

American Type Culture Collection (ATCC, VA, USA) and 
grown in Earl’s minimum essential media (EMEM) supple-
mented with 10% fetal bovine serum (Gibco, NY, USA). 
Cells were cultured at 37oC in a humidified incubator with 
an atmosphere containing 5% CO2. miRNAs were pur-
chased from Bioneer (Bioneer; Daejeon, Korea). Fluore-
scein isothiocyanate (FITC)-labeled control miRNA 
(Bioneer, Daejeon, Korea) was used as a control. HT1080 
cells were seeded into 24-well cell culture plates at a density 
of 1×105 cells/well in 300 L growth medium. After reach-
ing 70% confluence, cells were then transfected with 

FITC-labeled control miRNA or miRNA mimics (50 nM) us-
ing Lipofectamine 2000 Transfection Reagent (Invitrogen, 
NY, USA) according to the manufacturer’s protocol and 
then incubated for 48-72 h. 

2. Gelatin zymography 
To measure MMP activity, we used gelatin zymography. 

Forty-eight hours after transfection of miRNAs, cells were 
washed with phosphate-buffered saline (PBS) and then 
cultured in 300 L serum-free medium for 24 h. Subse-
quently, cell-conditioned media was collected and centri-
fuged at 12,000× g for 10 min at 4oC. The resulting super-
natant was mixed with 3 L zymogram sample buffer 
(Bio-Rad, CA, USA), and 6 L of the mixture was loaded 
onto 8% acrylamide:bisacrylamide (29:1) (Bio-Rad, CA, 
USA) separating gels containing 0.625 mg/mL gelatin. 
After electrophoresis at 95 V for 2.5 h, the gels were in-
cubated in renaturation buffer (2.5% Triton X-100) for 2 h 
at room temperature to remove sodium dodecyl sulfate 
(SDS). Subsequently, the zymo-gels were washed three 
times with water, incubated at 37oC overnight in develop-
ment buffer (50 mM Tris HCl, pH 7.5, 0.2 M NaCl, 5 mM 
CaCl, 0.02% Brij 35). After incubation, zymogram gels were 
stained with 0.25% (w/v) Coomassie brilliant blue R-250 
(Bio-Rad, CA, USA) and then destained with destaining 
buffer (10% acetic acid and 20% methanol).

3. Western blot analysis 
Medium without serum was collected from HT1080 cells 

at 48 h after transfection with miRNAs. Cells were lysed 
in M-PER mammalian protein extraction reagent (Thermo 
Scientific, IL, USA) containing protease inhibitor cocktail 
(Roche, Mannheim, Germany). The same amount of pro-
tein from conditioned media or cell lysates was mixed with 
an equal volume of sample loading buffer, boiled for 5 min, 
and then subjected to SDS-polyacrylamide gel electro-
phoresis (PAGE) on 10% gels. Subsequently, separated 
proteins were transferred to polyvinylidene fluoride mem-
branes (PALL Life Sciences, FL, USA). The membranes 
were then soaked with 5% skim milk in TBST (0.01 M Tris 
[pH 7.6], 0.1 M NaCl, and 0.1% Tween-20) for 1-2 h at room 
temperature, washed with TBST, and incubated with pri-
mary antibodies targeting MMP2, MMP9, TIMP2 (R&D 
Systems, MN, USA), TIMP1 (Neomarkers Inc., CA, USA), 
MT1-MMP (Millipore, MA, USA), reversion-induc-
ing-cysteine-rich protein with kazal motifs (RECK), E-cad-
herin, zonula occludens-1 (ZO-1), -catenin, N-cadherin, 
vimentin, Snail, Twist (Cell Signaling Technology, MA, 
USA), and Actin (Santa Cruz Biotechnology, TX, USA). The 
membranes were then washed three times each for 10 min 
with TBST, followed by incubation with horseradish perox-
idase-conjugated secondary antibodies. Immunoreactiv-
ity was detected by incubation of the membranes to en-
hanced chemiluminescent (ECL) reagents (BIONOTE, 
Gyeonggi-do, Korea) for 5 min before exposure to X-ray film 
(Fuji, Tokyo, Japan). 
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FIG. 1. miR-29s directly targeted MMP2 by interaction with the 3'-UTR of MMP2. (A) Predicted consequential pairing of the target
region. The sequences of miR-29s binding sites within the 3'-UTR of MMP2 and their seed regions (bold). (B), (C) HT1080 cells were
cotransfected with miR-29s mimics or control miRNA (50 nM) and the plasmid psiCHECK-2 (500 ng) containing the wild-type 3'-UTR
of MMP2. After 48 h, luciferase assays were performed. Firefly luciferase was used to normalize transfections and eliminated the need
to transfect a second vector control (*p＜0.05).

4. Quantitative real-time polymerase chain reaction (PCR)
RNA extraction was carried out using an RNAeasy mini 

kit (Qiagen, CA, USA). Three micrograms of total RNA was 
then reverse transcribed using an M-MLV cDNA synthesis 
system (Invitrogen, CA, USA). The reverse-transcribed 
cDNA was used for real-time PCR. First-strand cDNA was 
amplified using SYBR Premix Ex Taq II (Takara, Kusatsu, 
Japan) with indicated primers. Each reaction (20 L) con-
tained 10 ng of cDNA and 5 pmol of each primer (MMP2, 
MMP9, TIMP2, MT1-MMP, p53, RECK, 18S RNA; Qiagen, 
CA, USA). Real-time qPCR was run on a Roter-Gene in-
strument (Qiagen, CA, USA). Cycling conditions were as 
follows: one cycle of denaturation at 95oC for 30 s followed 
by 40 two-segment cycles of amplification (95oC for 5 s and 
60oC for 30 s).

5. Luciferase assay 
Plasmid psiCHECK-2 (Promega, WI, USA) containing 

the 3'-UTR of MMP2 was used in luciferase reporter assays 
(Fig. 1B). These plasmids contained Renilla luciferase 
whose 3' end was fused to the 3'-UTR of human MMP2. 
Firefly luciferase was included for normalization. One day 
before transfection, HT1080 cells were seeded into 24-well 
plates with 300 L growth medium. For miRNA trans-
fection, 500 ng of plasmid DNA and 50 nM miRNA were 
transiently cotransfected into HT1080 cells. At 48-72 h af-
ter transfection, luciferase activity was measured using a 
Dual-luciferase Reporter Assay System (Promega, WI, 
USA) according to the manufacturer’s protocol. Unlike oth-
er luciferase reporter vectors, the psiCHECK-2 Vector also 
contained the firefly luciferase gene. Since firefly lucifer-
ase was used to standardize the transfection, there was no 
need to transfect a vector control.

6. Matrigel assay
Cell invasion was assessed using Matrigel Invasion 

Chambers with 8.0-m polyethylene terephthalate (PET) 
membranes in two 24-well plates (BD Biosciences, MA, 
USA). Cells (1.0×104) transfected with miR-29s were seed-
ed with 500 L serum-free medium on a transwell chamber 
precoated with Matrigel. Medium (750 L) containing 1% 
fetal bovine serum in the lower chamber served as a 
chemoattractant. After incubation at 37°C for 24 h, the 
noninvading cells were removed using a cotton swab. 
Invasive cells attached to the lower surface of the mem-
brane were fixed with methanol at room temperature for 
2 min and then stained with toluidine blue. The mem-
branes were washed three times with water to remove 
background staining. Finally, the number of stained in-
vasive cells on the lower surface of the membrane was 
counted under a microscope and statistically analyzed.

7. Statistical analysis
Data were analyzed using one-tailed Student’s t-test. 

Differences with p-values of less than 0.05 were considered 
statistically significant.

RESULTS 

1. MMP2 was a putative target of miR-29s 
To identify miRNAs that could regulate MMP2 activity, 

miRNAs that could bind to MMP2 mRNA were predicted 
using TargetScan, PicTar, and miRanda. The following 
miRNAs were found to have a conserved binding site in the 
3'-UTR of MMP2: miR-29s, miR-124, miR-506, miR-519, 
miR-17-5p, miR-20-5p, miR-93-5p, and miR-106-5p. 
Among these miRNAs, miR-29b have been shown to be 
down-regulated in cancer and is significantly associated 
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FIG. 2. miR-29s downregulated MMP2 and reduced MMP2 activity. (A) HT1080 cells were transfected with control miRNA or miR-29s
mimics (50 nM) for 72 h. For western blotting, cells lysates were prepared and analyzed using the indicated antibodies. Actin was used
as a loading control. (B) After 72 h, conditioned medium from the same experiment was harvested and used for western blotting. (C)
Conditioned medium from the same experiment was processed for gelatin zymography. The band at 72 kDa represents the active form
of MMP2, and the band at 92 kDa represents pro-MMP2. (D) Quantitative real-time PCR. HT1080 cells were transfected with 50 nM
of miR-29s mimics. After incubation for 48 h, total RNA was isolated and analyzed by SYBR quantitative real-time PCR. The results
were normalized to 18s RNA expression and are presented as the relative expression level (*p＜0.05).

with poor recurrence-free survival in patients with 
cancer.14 Therefore, subsequent experiments were con-
ducted to investigate whether miR-29s could regulate the 
invasion of cancer cells through inhibiting MMP2. 
Consequential pairing showed that miRNA target com-
plementarity in the seed may might influence the efficacy 
of miRNA targeting (Fig. 1A).

2. miR-29s directly targeted the 3'-UTR of MMP2 and in-
hibited MMP2 expression 
The interaction between miR-29s and the 3'-UTR of 

MMP2 was then examined by luciferase reporter assays. 
First, we cloned a construct by inserting the 3'-UTR of 
MMP2 into the psiCHECK-2 vector. This plasmid contains 
renilla luciferase gene with 3'-UTR MMP2, so that renilla 
luciferase activity can be used to determine whether 
miR-29s targets 3-'UTR MMP2. The psiCHECK-2 vector 
also contains the firefly luciferase gene to normalize 
transfections. Normalization of the transfection was possi-
ble without co-transfection of the control vector. Ectopic ex-
pression of miR-29s significantly decreased luciferase ac-
tivity, demonstrating that miR-29s targeted the 3'-UTR of 
MMP2 directly based on the decreased luciferase activity 
(Fig. 1C).

Next, we assessed the capability of miR-29s to regulate 
endogenous MMP2 expression by western blotting in both 

conditioned medium and cell lysates. As shown in Fig. 2A, 
ectopic expression of miR-29s significantly decreased en-
dogenous expression of pro-MMP2 and active MMP2 in 
whole-cell lysates. However, miR-29s did not alter MMP2 
mRNA expression, as shown in Fig. 2D, indicating that 
miR-29s targeted MMP2 in the translation step, not in the 
transcription step. In conditioned medium, the expression 
of active MMP2 was decreased. Intriguingly, the ex-
pression of TIMP2, an MMP2 inhibitor, was enhanced by 
miR-29s (Fig. 2B). These data indicated that MMP2 was 
directly and negatively regulated by miR-29s.

3. miR-29s inhibited MMP2 enzyme activity
In order to determine whether miR-29s affected the ge-

latinolytic activities of MMP2, HT1080 cells were trans-
fected with miRNA mimics. Subsequently, conditioned 
medium was analyzed by gelatin zymography. MMP2 ac-
tivity in HT1080 cells transfected with miR-29s showed 
lower enzyme activity than that in cells transfected with 
control miRNA (miR-C). Gelatin zymography showed that 
the band at 72 kDa representing MMP2 activity was re-
duced (Fig. 2C). However, the band at 92 kDa representing 
MMP9 activity was not changed. These results indicated 
that miR-29s could directly target MMP2 and negatively 
regulate MMP2 enzyme activity.
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FIG. 3. miR-29s inhibited cell invasion in vitro. (A) Cellular invasion was evaluated in HT1080 cells using Matrigel Invasion Chambers
with 8.0 mm PET membrane. Cells (1.0-104) transfected with miR-29s mimics were seeded with serum-free medium on transwell cham-
bers precoated with Matrigel. Medium containing 1% fetal bovine serum was used as a chemoattractant. After incubation for 24 h,
invaded cells were stained with toluidine blue. (B) The number of invaded cells was counted under a microscope. The data are presented
as relative cell invasion (*p＜0.05).

4. miR-29s regulated genes associated with MMP2 
activation

miR-29s may inhibit tumor angiogenesis, invasion, and 
metastasis by modulating MMP2 signaling. To gain in-
sights into these mechanisms, we investigated the effects 
of gain-of-function of miR-29s in HT1080 cells. Cells were 
transiently transfected with miR-29s or miR-C, as pre-
viously described. Real-time PCR was performed to meas-
ure the expression levels of genes associated with MMP2 
activation. As shown in Fig. 2D, miR-29s tightly controlled 
genes associated with MMP2 activation. The expression lev-
els of MMP9 and MT1-MMP, which activate MMP2, were 
decreased, whereas that of the MMP2 inhibitors TIMP2, 
RECK, and p53 were decreased (Fig. 2D). Furthermore, the 
expression of secreted TIMP2 was increased (Fig. 2B). 

5. miR-29s inhibited cell invasion in vitro 
To test whether miR-29s may function as tumor sup-

pressors, we examined whether miR-29s affected cell 
invasion. HT1080, a highly metastatic cells line, were used 
for the invasion analysis because of their well-charac-
terized penetration into the matrigel membrane. HT1080 
cells were transfected with miR-29s mimics and control 
miRNA. Subsequently, cells were plated in media without 
serum. Media supplemented with serum was used as a che-
moattractant for evaluation of cell invasion by use of trans-
well assay. Significant differences in cell invasion were 
found between cells transfected with miR-29s and those 
transfected with control miRNA (Fig. 3A, B). This finding 
indicated that upregulation of miR-29s inhibited cell in-
vasion and migration in vitro.

DISCUSSION

In this study, we identified miR-29s targeting MMP2 us-
ing bioinformatics tools and determined whether MMP2 
was a direct target of miR-29s. Moreover, we found that 
miR-29s decreased MMP2 activity by modulating genes 
regulating MMP2 activation and repressing the ex-
pression of prometastatic genes, thereby inhibiting the in-
vasiveness of fibrosarcoma cells. Fibrosarcoma is a malig-
nant mesenchymal tumor derived from fibrous connective 
tissue. There is little research on miRNA function asso-
ciated with fibrosarcoma.16 Notably, miR-520c and miR- 
373 can activate the Ras/mitogen-activated protein kinase 
pathway by activating MMP9 in fibrosarcoma cells.17 
Other studies have shown that miR-409-3p, a potential tu-
mor-suppressive miRNA, targets angiogenin to suppress 
fibrosarcoma cell proliferation, invasion, and metastasis.18

In 2009, Welch and colleagues proposed the “metastamir” 
concept, referring to a group of miRNAs associated with 
metastasis. Recently, several metastamirs have been 
shown to play roles in cancer metastasis. For example, a 
metastasis-promoting metastamir containing miR-10b, 
miR-373, miR-520c, miR-21, miR-143, miR-182 was 
identified.19 Metastasis-supressing metastamirs contain-
ing miR-335, miR-206, miR-146a/b, and miR-31 have also 
been identified.20

The metastamir containing miR-29s is involved in in-
vasion, metastasis, the epithelial-to-mesenchymal tran-
sition (EMT), and differentiation of skeletal muscle cells 
and osteoblasts. In particular, miR-29b can inhibit meta-
stasis by inhibiting MMP2 expression in prostate cancer 
cells.21 Activation of MMP2 causes degradation of the 
ECM, which promotes vascularization and metastasis of 
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FIG. 4. miR-29s suppressed invasion by regulating MMP2 activity
and the EMT. (A) HT1080 cells were transfected with control 
miRNA or miR-29s mimics (50 nM) for 72 h. Total cell lysates were
analyzed by western blotting with antibodies targeting EMT 
markers. Actin was used as a loading control. (B) Schematic dia-
gram of the effects of miR-29s on invasion.

cancer cells. In addition, MMP2 promotes cancer cell mi-
gration and proliferation by stimulating remodeling of the 
ECM and release of ECM-binding growth factors.14 In addi-
tion, MMP2 overexpression has been observed in several 
malignant tumors.22

Metastasis is the spread of malignant tumors in which tu-
mor cells migrate, settle, and proliferate in unrelated 
microenvironments.23 In early stages of metastasis, adhe-
sion to the epithelial cells is weakened, which suggests 
changes in EMT signaling, such as changes in the expression 
of E-cadherin and N-cadherin.24 When a cell acquires in-
vasion or migration capability, EMT epithelial markers de-
crease, whereas mesenchymal markers increase.25 Ectopic 
expression of miR-29s in fibrosarcoma cells induced the ex-
pression of E-cadherin and ZO-1 (Fig. 4A) but decreased the 
expression of the mesenchymal markers N-cadherin and 
-catenin, suggesting that the properties of less-invasive 
epithelial cells had been acquired and that the EMT was 
reversed (Fig. 4A). However, Twist and Snail, the key tran-
scription factors modulating the EMT, were not altered. 
Because of the complexity of the EMT pathway, we could 
not rule out the possibility that miR-29s may affect other 

regulatory elements. Therefore, further studies are needed 
to assess whether miR-29s can target a variety of other 
genes associated with the EMT. 

In summary, we demonstrated that miR-29s could regu-
late invasion by modulating MMP2 signaling (Fig. 4B). Our 
data suggested that miR-29s dysfunction accounted for one 
of the mechanisms of MMP2 overexpression in cancer cells. 
Our results also indicated that miR-29s deregulation may 
play an important role in the rapid growth and recurrence 
of cancer. Thus, restoration of miR-29s may be a promising 
strategy in anticancer chemotherapy. 
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