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ABSTRACT
Resistin is a recently discovered adipocyte-secreting adipokine, which may 

play a critical role in modulating cancer pathogenesis. Chondrosarcoma is a highly 
malignant tumor known to frequently metastasize; however, the role of resistin in the 
metastasis of human chondrosarcoma is largely unknown. Here, we found that the 
expression of resistin was higher in chondrosarcoma biopsy tissues than in normal 
cartilage. Moreover, treatment with resistin increased matrix metalloproteinase 
(MMP)-2 expression and promoted cell migration in human chondrosarcoma cells. Co-
transfection with microRNA (miR)-519d mimic resulted in reversed resistin-mediated 
cell migration and MMP-2 expression. Additionally, AMP-activated protein kinase 
(AMPK) and p38 inhibitors or siRNAs reduced the resistin-increased cell migration and 
miR-519d suppression, and inhibition of resistin expression resulted in suppression 
of MMP-2 expression and lung metastasis in vivo. Taken together, our results indicate 
that resistin promotes chondrosarcoma metastasis and MMP-2 expression through 
activation of the AMPK/p38 signaling pathway and down-regulation of miR-519d 
expression. Therefore, resistin may represent a potential novel molecular therapeutic 
target in chondrosarcoma metastasis.

INTRODUCTION 

Chondrosarcoma is a cartilage forming neoplasm, 
and the second most common primary bone malignancy, 
representing approximately 40% of all primary bone 
cancers. Unlike other primary bone cancers, which 
mainly affect children and adolescents, chondrosarcoma 
can present at any age [1]. The development of distant 
metastases often leads to a significant decline in overall 

survival, regardless of tumor grade or localization [2]. 
Chondrosarcoma is resistant to both chemotherapy 
and radiation, and no specific standardized therapy has 
been developed for this malignancy, making wide local 
excision the only treatment option available [3]. Recently, 
many studies have focused on developing new targeted 
therapies, which include targeting the hedgehog pathway, 
inhibition of B-cell lymphoma-2 expression, and inhibition 
of inflammation responses, among others.
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Resistin is a 12.5-kDa protein secreted from 
adipocytes and monocytes in humans, and which 
has been demonstrated to be involved in various 
inflammatory processes [4]. Recently, inflammation has 
been demonstrated to play a pathogenic role in cancer 
[5]. In addition, resistin expression has also been found 
to gradually increase along with the progression of 
certain tumors, including breast, prostate, colon, gastric, 
and endometrial cancers [6, 7]. Previous studies have 
demonstrated that resistin is involved in the metastasis of 
breast and lung cancers [8, 9]; however, the role of resistin 
in chondrosarcoma is currently largely unknown. 

In most cancers, metastasis is a major clinical 
problem, and is responsible for approximately 90% of 
cancer patient mortality. During metastasis, through 
activation of specific signaling pathways, tumor cells 
secrete certain proteins, growth factors, and cytokines, 
allowing them to invade the surrounding tissues [10]. 
Matrix metalloproteinases (MMPs) are zinc-dependent 
endopeptidases and are considered as critical molecules 
assisting tumor metastasis [11]. In soft tissue sarcoma, 
clinical and experimental studies have demonstrated 
that elevated levels of MMPs are associated with tumor 
progression and shortened patient survival. MMP-1, 
MMP-2, MMP-3, MMP-9, and MMP-13 are expressed in 
human chondrosarcoma cells [12]. Among various MMP 
types, MMP-2 play pivotal roles in tumor cell invasion 
and metastasis by degradation of type IV collagen, the 
major component of the cartilage [13, 14]. It has been 
reported that MMP-2 inhibition suppressed migration and 
metastasis of chondrosarcoma [12, 15, 16]. Therefore, 
MMP-2 may a key regulator during metastasis of 
chondrosarcoma. AMP-activated protein kinase (AMPK) 
is a cellular energy sensor responsible for maintaining 
energy homeostasis. AMPK expression has been found 
to correlate with various cancers, including ovarian, 
hepatocellular, pancreatic, breast, and gallbladder cancers 
[17-22]. Moreover, several studies have also shown that 
AMPK plays an important role in cancer metastasis [17]. 
AMPK activation has been reported to mediate chemokine 
(C-C motif) ligand 3-increased MMP-2 expression and 
chondrosarcoma metastasis [23]. However, the effects 
of AMPK activation on resistin-mediated metastasis and 
MMP expression in human chondrosarcoma are currently 
unknown.

microRNAs (miRNAs) are small, endogenous, 
evolutionarily conserved non-coding ribonucleotide 
acids. It is estimated that up to 3% of the human genome 
codes for miRNA sequences [24, 25]. MiRNAs are 
involved in numerous biological processes, including 
cell growth, development, differentiation, proliferation, 
and death. They bind to complementary sequences in 
the 3′ untranslated regions (3′ UTRs) of their target 
mRNAs, resulting in degradation or blocking of gene 
translation [26]. Previously studies have demonstrated 
a role of miRNAs in modulating the metastatic process 

in many tumors [27]. MiR-519d has been considered as 
an onco-miRNA in tumor progression, which could up-
regulated by p53 and DNA hypo-methylation and then 
target to CDKN1A/p21, PTEN, AKT3 and TIMP2 [28]. In 
addition, miR-519d regulating MMP-dependent migration 
and metastasis is documented [29]. In this study, whether 
miR-519d play a role in resistin-mediated metastasis 
was examined and found that resistin promotes tumor 
metastasis and MMP-2 expression by down-regulation of 
miR-519d expression through the AMPK/p38 signaling 
pathway in human chondrosarcoma.

RESULTS

Resistin promotes cell migration and MMP-2 
expression in chondrosarcoma cells

Distant metastasis of chondrosarcoma is associated 
with a poor prognosis and high mortality rate [30]. To 
investigate the effects of resistin on chondrosarcoma cell 
migration, JJ012 and SW1353 cells were treated with 
different concentrations of resistin. As shown in Fig. 1A 
and B, resistin induced Transwell and wound healing 
migration of chondrosarcoma cells in a dose-dependent 
manner. However, resistin did not affect the cell viability 
in human chondrosarcoma cells (Supplemental Fig.S1). 
Previous studies have reported significant overexpression 
of MMP-2 in human chondrosarcoma cells [15]. Here, 
we found that resistin increased the protein and mRNA 
expressions of MMP-2, as measured by western blot, 
zymography assay, enzyme-linked immunosorbent assay 
(ELISA), and real-time quantitative polymerase chain 
reaction (RT-qPCR) (Fig. 1C-E). Pre-treatment of cells 
with an MMP-2 inhibitor or transfection with MMP-2-
specific siRNA abolished resistin-induced cell migration 
(Fig. 1F). These results indicate that resistin promotes 
cell migration by up-regulation of MMP-2 expression in 
chondrosarcoma cells.

The AMPK/p38 signaling pathway is involved 
in resistin-induced MMP-2 expression and cell 
migration

Recently, AMPK was shown to regulate cancer cell 
metastasis [31]. Hence, we investigated whether resistin-
increased migration of chondrosarcoma cells is mediated 
by AMPK. Chondrosarcoma cells were treated with 
AMPK inhibitors (Ara A and Compound C) for 30 min or 
transfected with AMPK-specific siRNA, which abolished 
resistin-induced cell migration and MMP-2 expression 
(Fig. 2A-C). Subsequently, we directly measured AMPK 
phosphorylation in response to resistin and found that 
stimulation of cells with resistin led to an increase in 
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phosphorylation of AMPK in a time-dependent manner 
(Fig. 2G). These data suggest that AMPK activation is 
involved in resistin-induced cell migration and MMP-2 
expression in human chondrosarcoma.

In certain human diseases, AMPK is involved in 
p38 activation [32]. Therefore, we next investigated the 
role of p38 in mediating resistin-induced migration. The 
cells were treated with a p38 inhibitor (SB203580) or 
transfected with p38 siRNA, which resulted in abolished 
resistin-induced migration and MMP-2 expression 

(Fig. 2D-F). In addition, treatment of cells with resistin 
promoted the phosphorylation of p38 (Fig. 2G). Next, we 
examined the relationship between p38 and AMPK. Pre-
treatment of cells for 30 min with Ara A or compound C 
was found to reduce p38 phosphorylation (Fig. 2H). In 
contrast, SB203580 did not have any effect on AMPK 
phosphorylation (Fig. 2H). Therefore, these results 
indicate that p38 is a downstream target of AMPK, and 
that AMPK/p38 is involved in resistin-mediated MMP-2 
expression and cell migration. 

Figure 1: Resistin promotes cell migration of chondrosarcoma cells through increasing matrix metalloproteinase 
(MMP-2) expression. The JJ012 and SW1353 cells were incubated with resistin (0.3–3 ng/ml) for 24 h, and in vitro migration was 
measured by (A) Transwell and (B) wound-healing assays. (C) JJ012 cells were incubated with resistin for 24 h, the protein and mRNA 
expressions of MMP-2 were measured by western blot (upper panel) and zymography (lower panel). The JJ012 and SW1353 cells were 
incubated with resistin for 24 h, and the protein and mRNA expressions of MMP-2 were measured by (D) enzyme-linked immunosorbent 
assay (ELISA), and (E) real-time quantitative polymerase chain reaction (RT-qPCR). (F) The JJ012 and SW1353 cells were pre-treated with 
an MMP-2 inhibitor or pre-transfected with MMP-2 siRNA, and the in vitro migration was measured using Transwell assays. The results 
are expressed as mean ± SEM. *, P < 0.05 compared with control. #, P < 0.05 compared with the resistin-treated control group.
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Figure 2: AMP-activated protein kinase (AMPK) is involved in resistin-induced matrix metalloproteinase (MMP-2) 
expression and cell migration. JJ012 and SW1353 cells were pre-treated with Ara A (0.5 mM) and compound C (10 μM) for 30 min 
or pre-transfected with control, AMPKα1, or AMPKα2 siRNA for 24 h, and subsequently stimulated with resistin (3 ng/ml) for 24 h. In 
vitro migration, MMP-2 protein expression (JJ012 cells), and MMP-2 mRNA expression were measured by (A) Transwell assays, (B) 
enzyme-linked immunosorbent assay (ELISA), and (C) real-time quantitative polymerase chain reaction (RT-qPCR), respectively. Next, 
the JJ012 and SW1353 cells were pre-treated with SB203580 (10 μM) for 30 min or pre-transfected with control or p38 siRNA for 24 h, and 
subsequently stimulated with resistin (3 ng/ml) for 24 h. In vitro migration, MMP-2 protein expression (JJ012 cells), and MMP-2 mRNA 
expression were measured by (D) Transwell assays, (E) ELISA, and (F) RT-qPCR, respectively. (G) The JJ012 cells were incubated with 
resistin for the indicated time intervals, and the p-AMPK and p38 expression were examined by western blot. (H) The JJ012 cells were 
pre-treated for 30 min with Ara A and compound C, or SB203580 followed by stimulation with resistin. The p-p38 and p-AMPK expression 
were measured by western blot. The results are expressed as mean ± SEM. *, P < 0.05 compared with control. #, P < 0.05 compared with the 
resistin-treated control group.
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MiR-519d is an important factor in resistin-
induced cell migration and MMP-2 expression

MiRNAs have been reported as an important 
regulator in cancer progression and metastasis [33], and 
our results indicate that resistin promotes cell migration by 
up-regulation of MMP-2 expression. Therefore, we next 
searched for possible miRNAs responsible for regulating 
MMP-2 expression using bioinformatic screening analyses 
of various databases. By overlapping the results of the 
DIANA-mT, miRanda, miRDB, and Targetscan databases, 
we found that MMP-2 was predicted to be a putative 
target of miR-519d. To determine whether miR-519d 
was indeed involved in resistin-mediated cell migration 
and MMP-2 expression, an miR-519d mimic or inhibitor 
was transfected into chondrosarcoma cells. Following 
resistin treatment, we found that the miR-519d mimic but 
not the inhibitor abolished resistin-induced cell migration 
and MMP-2 expression (Fig. 3A and B). By using RT-
qPCR, we moreover found that resistin directly reduced 
miR-519d expression in a concentration-dependent 
manner (Fig. 3C). To demonstrate whether miR-519d 
specifically targeted the MMP-2 3′ UTR, we constructed 
luciferase reporter vectors harboring wild-type 3′ UTR of 
the MMP-2 mRNA (WT-MMP-2-3′ UTR) and mismatches 
in the predicted miR-519d binding site (MUT-MMP-2-3′ 
UTR; Fig. 3D). These vectors were then transfected into 
JJ012 and SW1353 cells after treatment with various 
concentrations of resistin. As shown in Fig. 3E, resistin 
increased luciferase activity in the WT-MMP-2-3′ UTR 
plasmid but not in the MUT-MMP-2-3′ UTR, indicating 
that miR-519d directly represses MMP-2 protein 
expression via binding to the 3′ UTR of human MMP-2. 

To further examine whether the AMPK/p38 
signaling pathway is involved in resistin-reduced miR-
519d expression, we pre-treated cells with AMPK and 
p38 inhibitors or transfected them with AMPK and p38 
siRNA, which was found to rescue resistin-inhibited miR-
519d expression (Fig. 3F&G). In addition, AMPK and 
p38 inhibitors also reversed resistin-increased MMP-2-3′ 
UTR luciferase activity (Fig. 3H). Thus, resistin appears 
to suppress miR-519d expression through the AMPK/p38 
pathway. Taken together, these data indicate that resistin 
promotes cell migration and MMP-2 expression by down-
regulation of miR-519d through the AMPK/p38 signaling 
pathway.

Resistin promotes tumor metastasis in a mouse 
model

To further confirm resistin-mediated cell migration, 
MMP-2, and miR-519d expression in vivo, JJ012 cells 
stably expressing resistin shRNA were established. As 
shown in Fig. 4A, the protein and mRNA expressions were 
significant inhibited in stably expressing resistin shRNA 

cells (JJ012/Resistin-shRNA) compared to in the control 
cells. Furthermore, we also found that the migration ability 
and MMP-2 expression were dramatically decreased, and 
that the miR-519d expression was increased in JJ012/
Resistin-shRNA cells (Fig. 4B-D).

To understand the effects of knockdown of resistin 
in lung metastasis in vivo, we established luciferase-
expressing JJ012/Luc and JJ012/shResistin-Luc cells. The 
cells were intravenously injected into severe combined 
immune deficient (SCID) mice, and tumor metastasis 
was monitored by bioluminescence imaging. Knockdown 
of resistin was found to significantly suppress lung 
metastasis during the time course (9 weeks; Fig. 4E and 
F). The mice were sacrificed 9 weeks post-injection, 
and ex vivo imaging of the lungs derived from the mice 
showed a larger metastatic nodules in the JJ012/Luc group 
compared to in the JJ012/shResistin-Luc group (Fig. 
4G). In addition, immunohistochemical staining showed 
that the protein expression of MMP-2 and resistin were 
significantly decreased in the JJ012/shResistin-Luc group 
(Fig. 4H). These results indicate that inhibition of resistin 
suppress lung metastasis in vivo.

Up-regulation of resistin is associated with 
aggressive clinicopathological features of 
chondrosarcoma

The expression levels of resistin and MMP-2 in 
chondrosarcoma and normal cartilage were detected by 
immunohistochemical staining. The protein expressions 
of resistin and MMP-2 in chondrosarcoma patients were 
found to be significantly higher than in normal cartilage 
(Fig. 5A-C). RT-qPCR analysis of resistin, MMP-2, and 
miR-519d performed in chondrosarcoma and normal 
samples showed a positive correlation between resistin 
and MMP-2; and negative correlations between resistin 
and miR-519d, MMP-2 and miR-519d (Fig. 5D-F). 

Table I summarizes the associations of resistin 
expression and various clinicopathological parameters of 
chondrosarcoma tissues. We found that high expression of 
resistin was significantly associated with tumor status and 
metastasis. Taken together, high expressions of resistin and 
MMP-2, as well as reduced expression of miR-519d, were 
found to be associated with chondrosarcoma development 
and metastasis.

DISCUSSION

Chondrosarcoma is the second most common 
primary malignancy of bone after osteosarcoma 
[1], and is associated with a high potential for local 
invasion and distant metastasis, especially to the lungs 
[3]. In chondrosarcoma, metastasis is the main cause 
of death, and a clear understanding of the metastasis 
biology in chondrosarcoma is hence necessary. This 
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Figure 3: Resistin promotes cell migration and matrix metalloproteinase (MMP-2) expression by down-regulating 
microRNA (miR)-519d expression. (A) The JJ012 and SW1353 cells were transfected with miR-519d mimic or inhibitor for 24 h, 
and cell migration ability was examined by Transwell assay. (B) The JJ012 cells were transfected with an miR-519d mimic or inhibitor 
for 24 h, and MMP-2 expression was examined by western blot (upper panel), and enzyme-linked immunosorbent assay (lower panel). 
(C) The JJ012 and SW1353 cells were incubated with resistin (0.3–3 ng/ml) for 24 h, and miR-519d expression was detected by real-time 
quantitative polymerase chain reaction. (D) Sequences of miR-519d and the potential miR-519d binding site at the MMP-2 3′ untranslated 
region (3′ UTR; WT-MMP-2 3′ UTR). Also shown are the nucleotides mutated in the MMP-2 3′UTR mutant (MUT-MMP2 3′ UTR). 
(E) The JJ012 and SW1353 cells were transfected with a wild-type or mutant MMP-2 3′ UTR luciferase plasmid for 24 h followed by 
stimulation with resistin (0.3-3 ng/ml) for 24 h, and the relative luciferase activity was measured. The JJ012 cells were pre-treated with 
AMPK and p38 inhibitors for 30 min or pre-transfected with specific siRNAs for 24 h followed by stimulation with resistin (3 ng/ml) for 
24 h; and the (F, G) miR-519d expression and (H) MMP-2 3′ UTR activity were examined. The results are expressed as mean ± SEM. *, 
P < 0.05 compared with control. #, P < 0.05 compared with the resistin-treated control group.
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Figure 4: Knockdown of resistin suppresses lung metastasis in vivo. JJ012 cells stably expressing control- or resistin-shRNA 
were established. The protein and mRNA expressions of (A) resistin and (B) MMP-2 were examined by western blot and real-time 
quantitative polymerase chain reaction (RT-qPCR), respectively. (C) MiR-519d expression in the JJ012/Control-shRNA and JJ012/Resistin-
shRNA cells was detected by RT-qPCR. (D) Cell migration in the JJ012/Control-shRNA and JJ012/Resistin-shRNA cells was examined by 
transwell assays. (E) JJ012/Luc or JJ012/shResistin-Luc cells were injected into the lateral tail vein of severe combined immune deficient 
mice, and the development of lung metastasis was monitored by bioluminescence imaging at the indicated time intervals. (F) Quantification 
of in vivo bioluminescence imaging images (photons/s of lung region). (G) After 9 weeks, the mice were sacrificed, and the lung tissues 
were excised and photographed. (H) Immunohistochemistry of resistin and MMP-2 protein expressions in metastatic chondrosarcoma cells 
from the lung. The results are expressed as mean ± SEM. *, P < 0.05 compared with the JJ012/Control-shRNA group.



Oncotarget265www.impactjournals.com/oncotarget

Table 1: Association of resistin expression with clinicopathological features of chondrosarcoma.

Characteristic Resistin low
(n=16)

Resistin high
(n=22) p-value

Gender
Female 9 12 0.4585
Male 7 10

Stage 
IB 5 7 0.1272
IIB 7 3
IVA 3 6
IVB 1 6

Tumor status
T1 12 10 0.0343*

T2-T3 4 12
Distant metastasis

M0
M1

15
1

16
6 0.0494*

*, p <0.05

Figure 5: Clinical importance of resistin, matrix metalloproteinase (MMP-2), and microRNA (miR)-519d in 
chondrosarcoma. (A-C) Immunohistochemical staining of resistin and MMP-2 in normal cartilage and chondrosarcoma tissue. 
Correlations between (D) resistin/MMP-2, (E) resistin/miR-519d, and (F) MMP-2/mi-519d in human chondrosarcoma tissues.
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study characterized the effects of resistin on MMP-2 
expression in human chondrosarcoma, which is known 
to be responsible for subsequent increased migration and 
metastasis. Our results indicated that resistin induced up-
regulation of MMP-2 expression and tumor metastasis by 
down-regulation of miR-519d through the AMPK/p38 
pathway. 

Resistin is a recently discovered adipocytokine, 
which has been reported to have potent biomarker 
potential [34]. It is a cysteine-rich protein found in 
the inflammatory zone. Previous studies have shown 
that resistin expression is increased in various chronic 
inflammatory conditions such as rheumatoid arthritis, 
chronic kidney diseases, diabetic retinopathy, coronary 
heart diseases, and periodontitis [35]. Resistin has 
also been found to be gradually increased during the 
progression of certain malignancies, including breast, 
prostate, colon, gastric, and endometrial cancers [6, 7], 
and is considered a metastasis-related molecule [36]. 
Expression of resistin in breast cancer tissue has been 
considered as a marker of prognosis and hormone therapy 
stratification [9]; and resistin has also been demonstrated 
to induce adhesion of hepatocellular carcinoma cells to 
the endothelium [37]. However, the effects of resistin on 
chondrosarcoma migration are still not well recognized. 
Herein, we found that the expression of resistin was 
higher in chondrosarcoma biopsy samples than in 
normal cartilage. Moreover, resistin expression was 
found to be associated with clinical stage and metastasis, 
and stimulation of chondrosarcoma cells with resistin 
increased cell migration in a dose-dependent manner. On 
the other hand, inhibition of resistin expression resulted 
in suppression of lung metastasis in vivo. Accordingly, 
our results demonstrated that resistin promotes 
chondrosarcoma metastasis in vitro and in vivo.

Metastasis is a complex multi-step event leading to 
the formation of new tumoral sites arising from a primary 
tumor, and is initiated by tumor cells from the primary site 
invading the extracellular matrix via extracellular matrix 
degradation [2]. MMPs are key proteinases involved in 
these processes [38]. MMP-2 and MMP-9 are the unique 
types of proteinase that hydrolyze the bone structure of 
excellular matrix (type IV collagen). Thereby, they are 
particularly correlated with tumor metastasis [39-41]. 
Here, we found that resistin increased MMP-2 expression, 
however, resistin only slightly enhanced MMP-9 
production (data not shown). In addition, MMP-2 inhibitor 
and siRNA abolished resistin-promoted migration and 
metastasis. Therefore, MMP-2 plays an important role 
than MMP-9 in resistin-mediated cell motility.

AMPK expression has been found to correlate 
with various cancers, including ovarian, hepatocellular, 
pancreatic, breast, and gallbladder cancers [17-22], and 
a previous study found that the tumors in Peutz-Jeghers 
syndrome may result from deficient activation of AMPK 
as a consequence of inactivation of serine/threonine 

kinase 11, the major upstream kinase required for AMPK 
activation [42]. Activation of AMPK moreover results in 
cell cycle arrest mediated via the p53 tumor suppressor 
protein [43]. Therefore, the AMPK pathway is thought to 
play a role in tumor suppression. Recently, several studies 
have shown that AMPK also plays an important role in 
metastasis through its effects on cell migration; and it has 
also been found that AMPK stimulates cell motility via 
microtubule polymerization, and that silencing AMPK 
expression results in disrupted front-rear polarity, as 
well as directional migration defects [44-46]. Our results 
indicated that resistin induced cell migration by activation 
of AMPK phosphorylation in human chondrosarcoma 
cells. AMPK is believed to play an important role in 
metastasis, and may hence represent a potential target for 
the development of new anticancer drugs, in particular 
those targeting metastasis. 

In conclusion, metastasis plays a critical role in 
the progression of tumors and is the main cause of all 
cancer-related deaths. Today, chondrosarcoma is resistant 
to both chemotherapy and radiation, and there is no 
specific standardized therapy that has been proven to be 
effective for chondrosarcoma [3]. In this study, we found 
that increased resistin expression strongly stimulates 
chondrosarcoma cell migration and metastasis. Resistin 
appears to promote cell migration and MMP-2 expression 
through inhibition of miR-519d via the AMPK/p38 
signaling pathway. Therefore, targeting resistin or its 
signaling pathways may enable the development of novel 
molecular targeted treatments for chondrosarcoma.

MATERIALS AND METHODS

Materials

Anti-rabbit and anti-mouse IgG-conjugated 
horseradish peroxidase; rabbit polyclonal antibodies 
specific for α-tubulin, AMPK, phospho(p)-AMPK (Thr172), 
p38, p-p38; mouse monoclonal antibodies specific for 
resistin and MMP-2; and AMPKα1/2 siRNA were 
purchased from Santa Cruz Biotechnology (Santa Cruz, 
CA). ON-TARGETplus MMP2, p38, and control siRNAs 
were purchased from Dharmacon Research (Lafayette, 
CO). AMPK inhibitors (Ara A and compound C), p38 
inhibitor (SB203580), MMP-2 inhibitor, and human 
MMP-2 ELISA kits were purchased from Calbiochem 
(San Diego, CA). Recombinant human resistin was 
purchased from PeproTech (Rocky Hill, NJ). MiR-519d 
mimic and inhibitor were purchased from Invitrogen 
(Carlsbad, CA). All other chemicals were purchased from 
Sigma-Aldrich (St. Louis, MO).
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Cell culture

The human chondrosarcoma cell line JJ012 was 
donated by the laboratory of Dr. Sean P. Scully (University 
of Miami School of Medicine; Miami, FL) [47], and 
the cells were cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM)/α-MEM supplemented with 10% fetal 
bovine serum (FBS). The human chondrosarcoma cell line 
SW1353 was obtained from the American Type Culture 
Collection, cultured in DMEM supplemented with 10% 
FBS, and maintained at 37°C in humidified 5% CO2 
atmosphere.

Patients and specimen preparation

The study protocol was approved by the Institutional 
Review Board (No. DMR 98-IRB-274) of China Medical 
University Hospital, and all subjects gave informed 
written consent before enrollment. The specimens of 
normal cartilage or tumor tissue were obtained from 
patients who were had been diagnosed with osteoarthritis 
or chondrosarcoma and had undergone surgical resection 
at China Medical University Hospital. The histologic 
grades (on a scale of I to III) of each chondrosarcoma 
patients were according to the World Health Organization 
(WHO) Classification of Tumours of Soft Tissue and Bone 
(2013) [48]. The tissue samples for miRNA or mRNA 
examination were sharply excised, placed in sterile tubes, 
frozen immediately in liquid nitrogen, and stored at -80°C 
until analysis.

Migration assay

The migration assay was performed using transwell 
plates (Costar, NY; pore size, 8 mm). Approximately 
1×104 cells in 100 ml of serum-free medium were placed 
in the upper chamber, and 300 ml of the same medium was 
placed in the lower chamber. The plates were incubated 
for 24 h at 37°C in 5% CO2, and the cells were then fixed 
in 3.7% formaldehyde for 15 min and stained with 0.05% 
crystal violet in phosphate buffered saline (PBS) for 15 
min. Cells on the upper side of the filters were removed 
with cotton-tipped swabs, and the filters were washed with 
PBS. Cells on the underside of the filters were examined 
and counted under a microscope. Each clone was plated in 
triplicate for each experiment, and each experiment was 
repeated at least three times. 

Immunohistochemical staining

Human chondrosarcoma tissue sections were 
deparaffinized with xylene and rehydrated through addition 
of ethanol at decreasing concentrations. Endogenous 
peroxidase activity was blocked with 3% hydrogen 

peroxide in methanol for 10 min. Heat-induced antigen 
retrieval was carried out for all sections in 0.01 M sodium 
citrate buffer, pH 6 at 95°C for 25 min. Human resistin and 
MMP-2 antibodies were applied at a dilution of 1:150 and 
incubated at 4°C overnight. The antibody-binding signal 
was detected using the NovoLink Polymer Detection 
System (Leica Microsystems) and visualized using 
3-3’-diaminobenzidine. The sections were counterstained 
with hematoxylin. The immunohistochemistry results were 
scored by taking into account the percentage of positive 
detection and the intensity of the staining.

ELISA

Human chondrosarcoma cells were cultured in 
24-well plates. After reaching confluence, the cells were 
changed to a serum-free medium. Subsequently, the cells 
were treated with resistin alone for 24 h, or pre-treated 
with pharmacological inhibitors or transfected with 
specific siRNAs, followed by stimulation with resistin for 
24 h. After treatment, the medium was removed and stored 
at −80°C, and the MMP-2 expression in the medium was 
determined using the MMP-2 ELISA kit according to the 
manufacturer’s protocol.

Luciferase activity assay

The 3′ UTRs of the human MMP-2 gene were 
amplified by PCR. The 3′ UTRs were cloned in the 
pGL2-Control vector (Promega, Madison, WI, USA), 
downstream of the reporter gene. The predicted MMP-
2 binding site, identified by the miRDB (http://mirdb.
org/miRDB), were amplified by PCR and cloned in the 
pGL2-Control vector, upstream of the reporter gene. 
Mutant plasmids were generated using a QuikChange 
Site-Directed Mutagenesis kit (Stratagene, Cedar Creek, 
TX, USA). 

Western blot analysis

Protein concentration was determined using the 
Thermo Scientific Pierce BCA Protein Assay Kit (Thermo 
Fisher Scientific Inc., USA). Proteins were resolved on 
odium dodecyl sulfate polyacrylamide gel electrophoresis 
and transferred to Immobilon® polyvinyl difluoride 
membranes. The blots were blocked with 4% bovine 
serum albumin for 1 h at room temperature, and incubated 
with the primary antibodies for 1 h at room temperature. 
After 3 washes in Tris-buffered saline with 0.05% 
Tween 20, the blots were subsequently incubated with a 
donkey anti-rabbit or anti-mouse peroxidase-conjugated 
secondary antibody for 1 h at room temperature. The blots 
were visualized by enhanced chemiluminescence using 
Kodak X-OMAT LS film (Eastman Kodak, Rochester, 
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NY). Quantitative data were obtained using a computing 
densitometer and ImageQuant software (Molecular 
Dynamics, Sunnyvale, CA).

Real-time quantitative PCR

Total RNA was extracted from chondrosarcoma 
cells using a TRIzol kit (MD Bio Inc., Taipei, Taiwan). 
The reverse transcription reaction was performed using 2 
μg of total RNA that was reverse transcribed into cDNA 
using an oligo(dT) primer. RT-qPCR analysis was carried 
out using TaqMan® one-step PCR Master Mix (Applied 
Biosystems, Foster City, CA, USA). Total complementary 
DNA (100 ng/25 μL reaction) was mixed with sequence-
specific primers and TaqMan® probes according to the 
manufacturer’s instructions. Sequences for all target gene 
primers and probes were purchased commercially (β-actin 
was used as the internal control) (Applied Biosystems). 
qPCR assays were carried out in triplicate using a 
StepOnePlus sequence detection system. The cycling 
conditions were 10 min of polymerase activation at 95°C, 
followed by 40 cycles at 95°C for 15 s and 60°C for 60 s.

For miRNA detection, reverse transcription 
was performed using Mir-X™ miRNA First-Strand 
Synthesis and SYBR® RT-qPCR. U6 snRNA was used for 
normalization. The specific forward primer of miR-519d 
was as follows: 5′-CAAAGTGCCTCCCTTTAGAGTG-3′. 
The threshold was set above the non-template control 
background and within the linear phase of target gene 
amplification to calculate the cycle number at which the 
transcript was detected (denoted as CT).

In vivo metastasis model

The cells (JJ012/Luc or JJ012/shResistin-Luc) 
were washed and resuspended in PBS. Subsequently, 
a unit suspension containing 5×106 cells in 100 μl PBS 
was injected into the lateral tail vein of 5-week-old SCID 
mice. Lung metastasis was monitored using an in vivo 
imaging system (Xenogen IVIS imaging system). After 9 
weeks, the mice were humanely sacrificed by an overdose 
of anesthetics. Subsequently, the lungs were removed 
and photographed. The metastatic chondrosarcoma 
cells were excised from the lungs and fixed in 10% 
formalin, embedded in paraffin, and processed for 
immunohistochemical staining with resistin and MMP-2.

Statistical analysis

All data are expressed as mean ± standard error. 
The differences between groups were analyzed using 
the Student’s t-test or the χ2 test for homogeneity. The 
differences were considered significant if the p value was 
less than 0.05. 

Conflict of Interest Statement 

The authors have no financial or personal 
relationships that could inappropriately influence this 
research.

ACKNOWLEDGEMENTS

This work was supported by grants from the 
Ministry of Science and Technology of Taiwan (NSC100-
2320-B-039-028-MY3; NSC101-2320-B-715-002-MY3; 
MOST103-2628-B-039-002-MY3); China Medical 
University (CMU102-ASIA-10).

REFERENCES

1. Leddy LR and Holmes RE. Chondrosarcoma of bone. 
Cancer Treat Res. 2014; 162:117-130.

2. Andreou D, Ruppin S, Fehlberg S, Pink D, Werner 
M and Tunn PU. Survival and prognostic factors in 
chondrosarcoma: results in 115 patients with long-term 
follow-up. Acta orthopaedica. 2011; 82(6):749-755.

3. Gelderblom H, Hogendoorn PC, Dijkstra SD, van Rijswijk 
CS, Krol AD, Taminiau AH and Bovee JV. The clinical 
approach towards chondrosarcoma. The oncologist. 2008; 
13(3):320-329.

4. Yang RZ, Huang Q, Xu A, McLenithan JC, Eisen JA, 
Shuldiner AR, Alkan S and Gong DW. Comparative studies 
of resistin expression and phylogenomics in human and 
mouse. Biochem Biophys Res Commun. 2003; 310(3):927-
935.

5. Landskron G, De la Fuente M, Thuwajit P, Thuwajit C and 
Hermoso MA. Chronic inflammation and cytokines in the 
tumor microenvironment. Journal of immunology research. 
2014; 149:1-19.

6. Hanrui Z. Resistin and Cancer Risk: A Mini-Review. 
Endocrinology & Metabolic Syndrome. 2011; 149:1-19.

7. Hlavna M, Kohut L, Lipková J, Bienertova-Vasku J, 
Dostálová Z, Chovanec J and Vasku A. Relationship of 
resistin levels with endometrial cancer risk. Neoplasma. 
2010; 58(2):124-128.

8. Kuo CH, Chen KF, Chou SH, Huang YF, Wu CY, Cheng 
DE, Chen YW, Yang CJ, Hung JY and Huang MS. Lung 
tumor-associated dendritic cell-derived resistin promoted 
cancer progression by increasing Wolf-Hirschhorn 
syndrome candidate 1/Twist pathway. Carcinogenesis. 
2013; 34(11):2600-2609.

9. Lee YC, Chen YJ, Wu CC, Lo S, Hou MF and Yuan SS. 
Resistin expression in breast cancer tissue as a marker of 
prognosis and hormone therapy stratification. Gynecologic 
oncology. 2012; 125(3):742-750.

10. Reymond N, d’Agua BB and Ridley AJ. Crossing the 
endothelial barrier during metastasis. Nat Rev Cancer. 
2013; 13(12):858-870.



Oncotarget269www.impactjournals.com/oncotarget

11. Fingleton B. Matrix metalloproteinases: roles in cancer and 
metastasis. Frontiers in bioscience: a journal and virtual 
library. 2005; 11:479-491.

12. Tang CH. Molecular mechanisms of chondrosarcoma 
metastasis. BioMedicine. 2012; 2(3):92-98.

13. Stetler-Stevenson WG. The role of matrix 
metalloproteinases in tumor invasion, metastasis, and 
angiogenesis. Surgical oncology clinics of North America. 
2001; 10(2):383-392.

14. Roomi MW, Kalinovsky T, Monterrey J, Rath M and 
Niedzwiecki A. In vitro modulation of MMP-2 and MMP-
9 in adult human sarcoma cell lines by cytokines, inducers 
and inhibitors. International journal of oncology. 2013; 
43(6):1787-1798.

15. Power PF, Mak IW, Singh S, Popovic S, Gladdy R and 
Ghert M. ETV5 as a regulator of matrix metalloproteinase 2 
in human chondrosarcoma. J Orthop Res. 2013; 31(3):493-
501.

16. Hou CH, Chiang YC, Fong YC and Tang CH. WISP-1 
increases MMP-2 expression and cell motility in human 
chondrosarcoma cells. Biochem Pharmacol. 2011; 
81(11):1286-1295.

17. Krishan S, Richardson DR and Sahni S. AMP kinase 
(PRKAA1). Journal of clinical pathology. 2014; articles in 
Press.

18. Kim E-K, Park J-M, Lim S, Choi JW, Kim HS, Seok H, 
Seo JK, Oh K, Lee D-S and Kim KT. Activation of AMP-
activated protein kinase is essential for lysophosphatidic 
acid-induced cell migration in ovarian cancer cells. Journal 
of Biological Chemistry. 2011; 286(27):24036-24045.

19. Yang CC, Chang SF, Chao JK, Lai YL, Chang WE, Hsu 
WH and Kuo WH. Activation of AMP-activated protein 
kinase attenuates hepatocellular carcinoma cell adhesion 
stimulated by adipokine resistin. BMC Cancer. 2014; 
14:112.

20. Huang B, Cheng X, Wang D, Peng M, Xue Z, Da Y, Zhang 
N, Yao Z, Li M, Xu A and Zhang R. Adiponectin promotes 
pancreatic cancer progression by inhibiting apoptosis via 
the activation of AMPK/Sirt1/PGC-1alpha signaling. 
Oncotarget. 2014; 5(13):4732-4745.

21. Li S, Zhou T, Li C, Dai Z, Che D, Yao Y, Li L, Ma J, Yang 
X and Gao G. High metastaticgastric and breast cancer cells 
consume oleic acid in an AMPK dependent manner. PLoS 
One. 2014; 9(5):e97330.

22. Wu WD, Hu ZM, Shang MJ, Zhao DJ, Zhang CW, Hong 
DF and Huang DS. Cordycepin Down-Regulates Multiple 
Drug Resistant (MDR)/HIF-1alpha through Regulating 
AMPK/mTORC1 Signaling in GBC-SD Gallbladder 
Cancer Cells. International journal of molecular sciences. 
2014; 15(7):12778-12790.

23. Hsu CJ, Wu MH, Chen CY, Tsai CH, Hsu HC and Tang CH. 
AMP-activated protein kinase activation mediates CCL3-
induced cell migration and matrix metalloproteinase-2 
expression in human chondrosarcoma. Cell Commun 

Signal. 2013; 11:68.
24. Iorio MV and Croce CM. MicroRNAs in cancer: small 

molecules with a huge impact. Journal of Clinical 
Oncology. 2009; 27(34):5848-5856.

25. Zhang QJ, K.T. Long noncoding RNAs and viral infections. 
BioMedicine. 2013; 3(1):34-42.

26. Gregory RI, Chendrimada TP, Cooch N and Shiekhattar 
R. Human RISC couples microRNA biogenesis and 
posttranscriptional gene silencing. Cell. 2005; 123(4):631-
640.

27. Bouyssou JM, Manier S, Huynh D, Issa S, Roccaro AM 
and Ghobrial IM. Regulation of microRNAs in cancer 
metastasis. Biochim Biophys Acta. 2014; 1845(2):255-265.

28. Fornari F, Milazzo M, Chieco P, Negrini M, Marasco 
E, Capranico G, Mantovani V, Marinello J, Sabbioni S, 
Callegari E, Cescon M, Ravaioli M, Croce CM, Bolondi 
L and Gramantieri L. In hepatocellular carcinoma miR-
519d is up-regulated by p53 and DNA hypomethylation 
and targets CDKN1A/p21, PTEN, AKT3 and TIMP2. The 
Journal of pathology. 2012; 227(3):275-285.

29. Tsai HC, Su HL, Huang CY, Fong YC, Hsu CJ and 
Tang CH. CTGF increases matrix metalloproteinases 
expression and subsequently promotes tumor metastasis in 
human osteosarcoma through down-regulating miR-519d. 
Oncotarget. 2014; 5(11):3800-3812.

30. Chen JC, Fong YC and Tang CH. Novel strategies for the 
treatment of chondrosarcomas: targeting integrins. BioMed 
research international. 2013; 2013:396839.

31. Goodwin JM, Svensson RU, Lou HJ, Winslow MM, 
Turk BE and Shaw RJ. An AMPK-Independent Signaling 
Pathway Downstream of the LKB1 Tumor Suppressor 
Controls Snail1 and Metastatic Potential. Molecular cell. 
2014  55(3):436-50.

32. Cuenda A and Rousseau S. p38 MAP-kinases pathway 
regulation, function and role in human diseases. Biochim 
Biophys Acta. 2007; 1773(8):1358-1375.

33. Zhang Y, Yang P and Wang XF. Microenvironmental 
regulation of cancer metastasis by miRNAs. Trends in cell 
biology. 2014; 24(3):153-160.

34. Devanoorkar A, Kathariya R, Guttiganur N, Gopalakrishnan 
D and Bagchi P. Resistin: a potential biomarker for 
periodontitis influenced diabetes mellitus and diabetes 
induced periodontitis. Disease markers. 2014; 2014:930206.

35. Pang SS and Le YY. Role of resistin in inflammation 
and inflammation-related diseases. Cellular & molecular 
immunology. 2006; 3(1):29-34.

36. Linkov F, Gu Y, Arslan AA, Liu M, Shore RE, 
Velikokhatnaya L, Koenig KL, Toniolo P, Marrangoni A, 
Yurkovetsky Z, Zeleniuch-Jacquotte A and Lokshin AE. 
Reliability of tumor markers, chemokines, and metastasis-
related molecules in serum. European cytokine network. 
2009; 20(1):21-26.

37. Hsieh YY, Shen CH, Huang WS, Chin CC, Kuo YH, 
Hsieh MC, Yu HR, Chang TS, Lin TH, Chiu YW, Chen 



Oncotarget270www.impactjournals.com/oncotarget

CN, Kuo HC and Tung SY. Resistin-induced stromal cell-
derived factor-1 expression through Toll-like receptor 4 and 
activation of p38 MAPK/ NFkappaB signaling pathway in 
gastric cancer cells. J Biomed Sci. 2014; 21(1):59.

38. Sun Y and Dong LJ. [Role of matrix metalloproteinases 
in the pathogenesis and therapy of leukemia]. Journal 
of experimental hematology / Chinese Association of 
Pathophysiology. 2003; 11(3):316-320.

39. Wang B, Ding YM, Fan P, Wang B, Xu JH and Wang WX. 
Expression and significance of MMP2 and HIF-1alpha in 
hepatocellular carcinoma. Oncology letters. 2014; 8(2):539-
546.

40. Min KW, Kim DH, Do SI, Kim K, Lee HJ, Chae SW, Sohn 
JH, Pyo JS, Oh YH, Kim WS, Lee SY, Oh S, Choi SH, Park 
YL and Park CH. Expression patterns of stromal MMP-2 
and tumoural MMP-2 and -9 are significant prognostic 
factors in invasive ductal carcinoma of the breast. APMIS. 
2014; articles in Press.

41. Gouda HM, Khorshied MM, El Sissy MH, Shaheen 
IA and Mohsen MM. Association between matrix 
metalloproteinase 2 (MMP2) promoter polymorphisms and 
the susceptibility to non-Hodgkin’s lymphoma in Egyptians. 
Annals of hematology. 2014; 93(8):1313-1318.

42. Hawley SA, Boudeau J, Reid JL, Mustard KJ, Udd L, 
Makela TP, Alessi DR and Hardie DG. Complexes between 
the LKB1 tumor suppressor, STRAD alpha/beta and MO25 
alpha/beta are upstream kinases in the AMP-activated 
protein kinase cascade. Journal of biology. 2003; 2(4):28.

43. Imamura K, Ogura T, Kishimoto A, Kaminishi M and Esumi 
H. Cell cycle regulation via p53 phosphorylation by a 5’-
AMP activated protein kinase activator, 5-aminoimidazole- 
4-carboxamide-1-beta-D-ribofuranoside, in a human 
hepatocellular carcinoma cell line. Biochem Biophys Res 
Commun. 2001; 287(2):562-567.

44. Marcus AI and Zhou W. LKB1 regulated pathways in 
lung cancer invasion and metastasis. Journal of thoracic 
oncology: official publication of the International 
Association for the Study of Lung Cancer. 2010; 
5(12):1883.

45. Shaw RJ. Tumor suppression by LKB1: SIK-ness prevents 
metastasis. Science signaling. 2009; 2(86):pe55.

46. Hartsock A and Nelson WJ. Adherens and tight junctions: 
structure, function and connections to the actin cytoskeleton. 
Biochim Biophys Acta. 2008; 1778(3):660-669.

47. Block JA, Inerot S, Gitelis S and Kimura J. Synthesis of 
chondrocytic keratan sulphate-containing proteoglycans by 
human chondrosarcoma cells in long-term cell culture. J 
Bone Joint Surg Am. 1991; 73(5):647-658.

48. Doyle LA. Sarcoma classification: an update based on the 
2013 World Health Organization Classification of Tumors 
of Soft Tissue and Bone. Cancer. 2014; 120(12):1763-1774.


