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ABSTRACT

Chondrosarcoma is a malignant tumor that produces cartilage matrix. The 
most lethal aspect is its metastatic property. We demonstrated that amphiregulin 
(AR) is significantly upregulated in highly aggressive cells. AR silencing markedly 
suppressed cell migration. Exogenous AR markedly increased cell migration by 
transactivation of α6β1 integrin expression. A neutralizing α6β1 integrin antibody can 
abolish AR-induced cell motility. Knockdown of AR inhibits metastasis of cells to the 
lung in vivo. Furthermore, elevated AR expression is positively correlated with α6β1 
integrin levels and higher grades in patients. These findings can potentially serve 
as biomarker and therapeutic approach for controlling chondrosarcoma metastasis.

INTRODUCTION

Chondrosarcoma, the second most common type of 
bone cancer, is a heterogeneous group of malignancies that 
are characterized by the production of cartilage matrix. 
High-grade chondrosarcoma is more aggressive and is 
more likely to metastasize to other areas of the body. 
Although high-grade only occurs in approximately 5–10% 
of chondrosarcoma patients, it remains the major cause 
of death [1]. Therefore, metastasis is a major obstacle 
that must be overcome for the successful treatment 
of chondrosarcoma. Exploring the molecular basis of 
metastasis may provide further improvements in early 

detection, prevention, intervention, and prognostic 
evaluation for patients with chondrosarcoma.

Secreted proteins are responsible for the cross 
talking among cells, which may facilitate the progression 
of metastasis, particularly within the steps of migration 
and invasion [2]. Amphiregulin (AR), a ligand of the 
epidermal growth factor receptor (EGFR), is synthesized 
as a transmembrane precursor that undergoes a series of 
proteolytic process to yield mature secreted form [3]. 
In normal bone development, AR exerts their biological 
function by mediating cell migration [4, 5]. AR has also 
emerged as an important predictive marker for metastasis 
in cancer [6, 7]. Accumulating evidence reveals that 
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high-level expression of AR is associated with cancer 
progression in various types of cancers [8–14].

Previous studies have demonstrated that EGF and 
AR are capable of promoting cell motility by increasing 
integrin expression [15–17]. AR knock-down cells 
revealed a dramatic decrease in invasive capability 
and microarray data indicated a statistically significant 
difference in integrin expression [18]. Integrins are a 
family of heterodimeric transmembrane glycoproteins 
and have been shown to mediate cell-cell or cell-
matrix interactions. To date, at least 24 unique integrin 
heterodimers have been identified. These heterodimers 
are formed from various combinations of 18 α-subunits 
and 8 β-subunits by non-covalent interactions, which play 
a crucial role of metastasis in the cancer biology [19–21].

Although the roles of AR have emerged as a 
pivotal factor in the regulation of cell motility across 
diverse cancer, the effect of AR on migration of 
chondrosarcoma cells still remains largely unknown. In 
the present study, we probed intracellular signal pathways 
involved in  AR-induced integrin expression to regulate 
cell migration in human chondrosarcoma cells.

RESULTS

AR-induced cell migration through  
up-regulation of α6β1 integrin

To investigate whether AR is associated with 
migration activity in human chondrosarcoma cells, we 
first compared migration ability and the levels of AR 
secretion between JJ012 (S0) and JJ012 (S10). As shown 
in Fig. 1A, JJ012 (S10) cells had higher cell mobility and 
migrated more easily to the underside of the Transwell 
filters than did JJ012 (S0). Additionally, the levels of 
secreted AR protein were significantly higher in JJ012 
(S10) compared to JJ012 (S0) cells, as assessed by ELISA 
(Fig. 1B). To clarify whether AR expression is involved 
in migration of chondrosarcoma cells, we knocked down 
AR expression by lentivirus-mediated delivery of AR 
shRNA. Knockdown efficiency of AR was determined 
by ELISA (Fig. 1C). As shown in Fig. 1D, silencing AR 
expression resulted in decreased migration of JJ012 (S10) 
cells. In addition to knockdown approach, we treated 
JJ012 (S0) cells with exogenous AR to assess its effect 
on cell migration. The results showed that AR enhanced 
cell migration ability in a concentration-dependent manner 
(Fig. 1E, left panel). This enhanced migration was also 
observed with SW1353 (another chondrosarcoma cell line) 
under the same conditions (Fig. 1E, right panel). In human 
chondrosarcomas, numerous studies have shown that 
increased integrin expression and signaling are implicated 
in cancer cell migration, invasion, and metastasis [1]. 
We therefore hypothesized that AR may promote cell 
migration by increasing the expression of specific integrins. 
The q-PCR analysis showed that AR induced α6 and β1 

but not αv, α5, β3, and β5 integrin expression (Fig. 1F). To 
clarify whether JJ012 (S10) express higher level of α6β1 
integrin than did JJ012 (S0), we examined the α6β1 integrin 
level by qPCR and flow cytometry. The results indicated 
that α6β1 integrin expressed level in JJ012 (S10), at both 
mRNA and protein levels, was drastically higher than JJ012 
(S0) (Fig. 1G-1H). In addition, AR-induced α6β1 integrin 
expression was further validated by flow cytometry in 
different chondrosarcoma cells. As shown in the left panel 
of Fig. 1I, treatment of JJ012 cells with AR induced the 
cell surface expression of α6β1 integrin. Similar results 
were obtained in SW1353 cells (Fig. 1I, right panel). To 
further confirm the effect of AR on migration through 
α6β1 integrin, cells pre-treated with anti-α6β1 monoclonal 
antibody markedly inhibited the AR-induced cell migration 
(Fig. 1J). However, no significant inhibitory effect was 
observed with the anti-αv monoclonal antibody (Fig. 1J).

AR induces α6β1 expression through the  
Ras/Raf-1/MEK1/ERK pathway

To examine the mechanism by which AR induces 
α6β1 expression, we directly measured the Ras activity 
and Raf-1 phosphorylation in response to AR. The results 
revealed that stimulation of cells to AR induced an increase 
in Ras activity and phosphorylation of Raf-1 in a time-
dependent fashion (Fig. 2A-2B). Pretreatment of cells 
with the Ras inhibitor attenuated phosphorylation of Raf-
1, suggesting that Ras serves as upstream regulator of Raf-
1-mediated signaling (Fig. 2C). Furthermore, AR-induced 
cell migration was significantly reduced by inhibition 
of Ras/Raf-1 signaling using either specific inhibitors or 
siRNAs (Fig. 2D-2E). Knockdown efficiency of Ras or 
Raf-1 was determined by Western blot (Fig. 2E, left). To 
examine whether AR stimulates the expression of α6β1 
integrin via Ras/Raf-1 signaling, cells were blocked the 
pathway by either specific inhibitors or siRNAs. As shown 
in Fig. 2F, AR-induced expression of α6β1 integrin at the 
mRNA levels were strongly reduced in the presence of 
inhibitors or siRNA against Ras and Raf-1. Pretreatment 
of cells with manumycin A or GW5074 antagonized  
AR-induced expression of α6β1 integrin at the protein 
levels, as assessed by flow cytometry (Fig. 2G). Next, we 
investigated whether AR is able to activate MEK/ERK that 
is a critical downstream target of Raf-1. Stimulation of cells 
with AR induced a time-dependent phosphorylation of MEK 
and ERK (Fig. 3A). However, AR-induced phosphorylation 
of MEK/ERK was markedly decreased by inhibiting 
upstream signaling events using pharmacological inhibitors 
(Fig. 3B-3C). To further evaluate the MEK1/ERK pathway 
is able to induce the cell migration and α6β1 integrin 
expression, we pretreated cells with PD98059 (10 μM) and 
U0126 (10 μM), or transfected them with MEK1 and ERK 
mutant. As shown in Fig. 3D-3E, AR-induced cell migration 
and α6β1 integrin expression were greatly reduced when 
the MEK/ERK pathway was inactivated. Furthermore, 
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Figure 1: The expression level of AR is involved in cell migration and up-regulation of α6β1 integrin. A. Relative cell 
migration between parental JJ012 (S0) and migration-prone subline JJ012 (S10) cells was determined by Transwell migration assays. 
B. Comparison of AR secretion between JJ012 (S0) and JJ012 (S10) was evaluated by ELISA. Serum-free supernatants of cell cultures were 
harvested at 24, 48, and 72 h. C. The protein levels of AR in JJ012 (S10)/shControl and JJ012 (S10)/shAR cells were examined by ELISA. 
D. AR knockdown suppressed the cell migration of JJ012 (S10) E. Cells were incubated with various concentrations of AR for 24 h. The 
effect of AR on cell migration was examined by Transwell assay (Left panels: JJ012 cells; Right panels: SW1353 cells). F. Cells were 
incubated with AR (50 ng/ml) for 24 h, and the mRNA levels of αv, α5, α6, β1, β3, or β5 integrin was determined using qPCR. G. The 
mRNA levels of α6β1 in JJ012 (S0) and JJ012 (S10) were examined by qPCR. H. The protein levels of α6β1 in JJ012 (S0) and JJ012 (S10) 
were examined by flow cytometry. I. Cells were incubated with various concentrations of AR for 24 h, and the cell surface expression of 
α6β1 integrin was determined using flow cytometry. J. Cells were pretreated with α6β1 or αv monoclonal antibody (10 μg/ml) for 30 min 
followed by stimulation with AR (50 ng/ml). The in vitro migration activity measured after 24 h. Results are expressed as mean ± SEM. 
*P < 0.05 compared with control; #P < 0.05 compared with AR-treated group.

AR-induced the protein levels of α6β1 integrin were also 
significantly abolished when pretreated cells with PD98059 
and U0126 (Fig. 3F).

Transcription factor AP-1 is required for  
AR-mediated α6β1 integrin in human 
chondrosarcoma cells and subsequently 
elicit cell migration

Previously studies have indicated that c-Jun, 
a component of AP-1 (activating protein-1), can be 

phosphorylated by MAPKs, leading to a significant 
increased in the activity of AP-1 [22–24]. We therefore 
hypothesized that AP-1 may be involved in AR-mediated 
expression of α6β1 integrin in human chondrosarcoma 
cells. Our data demonstrated that AR induced a 
significant increase in c-Jun phosphorylation (Fig. 4A), 
but this effect was attenuated by manumycin A, GW5074, 
PD98059, and U0126 (Fig. 4B). To further evaluate the 
activation of AP-1 is required for AR-induced migration, 
cells were pretreated with AP-1 inhibitors (curcumin 
and tanshinone) or transiently transfected with c-Jun 
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siRNA, followed by stimulation with AR, and in vitro 
migration was measured by Transwell assay. The 
results revealed that AR elicited a significant rise in 
cell migration, which were drastically attenuated in the 
presence of AP-1 inhibitors (Fig. 4C) or knockdown 
of c-Jun (Fig. 4D). Knockdown efficiency of c-Jun 
was verified by Western blot (Fig. 4D, left). Similarly, 
inhibition of AP-1 activation, by chemical inhibitors or 
transfection of cells with a specific siRNA attenuated 

AR-induced expression of integrin α6β1 at mRNA levels 
(Fig. 4E-4F). Moreover, AP-1 inhibitors also markedly 
inhibited AR-induced the protein levels of integrin α6β1 
expression (Fig. 4G). We next explored whether AR 
activates Ras/Raf-1/MEK1/ERK pathway, which then 
results in transcriptional activation of integrin α6β1 
through binding to the functional AP-1 site. The in vivo 
recruitment of c-Jun to the promoter of integrin α6β1 was 
assessed by ChIP assay. The results demonstrated that AR 

Figure 2: AR increased cell migration and α6β1 integrin expression via Ras and Raf-1 pathways. Cells were incubated 
with AR (50 ng/ml) for the indicated time intervals. A. Ras activation was determined by pull-down binding to GST-Raf-1-RBD and 
subsequent immunoblotting with anti-Ras mAb. B. Phosphorylation of Raf-1 was determined by Western blot. C. Cells were pretreated 
with the manumycin A (10 μM) for 30 min, followed by treatment with AR (50 ng/ml) for 10 min. Phosphorylation of Raf-1 was analyzed 
by Western blot. D. Cells were pretreated with the manumycin A (10 μM) or GW5074 (10 μM) for 30 min, followed by treatment with 
AR (50 ng/ml) for 24 h. Cell migration was analyzed by Transwell assays. E. Cells were transfected with Ras and Raf-1 siRNA for 
24 h, and then stimulated with AR (50 ng/ml) for 24 h. The knockdown efficiency of siRNA was verified by Western blot. The effect of 
knockdown on cell migration was examined by Transwell. F. Cells were pretreated with or without manumycin A or GW5074 for 30 min, or 
transfected with Ras siRNA or Raf-1 siRNA for 24 h followed by stimulation with AR (50 ng/ml). The mRNA expression level of α6β1 was 
examined by q-PCR. G. The protein expression levels of α6β1 integrin were examined by flow cytometry analysis. Results are expressed 
as mean ± SEM. *P < 0.05 compared with control; #P < 0.05 compared with AR-treated group.
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significantly increased c-Jun binding to the AP-1 element 
of the α6 or β1 integrin promoter, but this binding was 
attenuated by manumycin A, GW5074, PD98059, and 
U0126 (Fig. 4H). To further confirm that the Ras/Raf-
1/MEK1/ERK pathway signaling pathway involved in 
AR-induced AP-1 activation, we performed promoter 
activity assays using transient transfection with AP-1 
promoter luciferase construct into cells. As shown in 
Fig. 4I, treatment of cells with AR caused an increase 
in AP-1-luciferase activity; however, pretreatment of 
cells with manumycin A, GW5074, PD98059, and 
U0126 antagonized AR-induced AP-1-luciferase activity. 
Taken together, these data suggest that activation of Ras, 

Raf-1, MEK1, and ERK are required for AR-induced 
AP-1 activation in human chondrosarcoma cells.

Knockdown of AR inhibits metastasis 
of chondrosarcoma cells to the lung in 
animal models

To further investigate whether expression of AR 
would affect tumor metastasis in vivo, we monitored 
the metastatic potential of JJ012 (S10)-Luc cells stably 
expressing control shRNA or AR shRNA in mouse models 
of lung metastasis by using bioluminescence imaging. At 
day 0 post-injection, there were no differences between 

Figure 3: MEK and ERK pathways are involved in AR-induced increase in cell migration and α6β1 integrin 
expression. A. Cells were incubated with AR (50 ng/ml) for indicated time intervals, p-MEK and p-ERK expression were determined 
by Western blot. B. Cells were pretreated with manumycin A or GW5074 for 30 min followed by stimulation with AR (50 ng/ml), and 
then p-MEK expression was examined by Western blot. C. Cells were pretreated with manumycin A, GW5074, or PD98059 for 30 min 
followed by stimulation with AR (50 ng/ml), and then p-ERK expression was examined by Western blot. D-E. Cells were pretreated with 
PD98059 (10 μM) and U0126 (10 μM) for 30 min or transfected with MEK1 and ERK mutant for 24 h followed by stimulation with AR 
(50 ng/ml) for 24 h, and in vitro migration and α6β1 integrin expression were analyzed by the Transwell and q-PCR, respectively. F. Cells 
were pretreated with PD98059 or U0126 for 30 min followed by stimulation with AR (50 ng/ml) for 24 h, and the protein levels of α6β1 
integrin were determined by flow cytometry analysis. Results are expressed as mean ± SEM. *P < 0.05 compared with control; #P < 0.05 
compared with AR-treated group.
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the control shRNA and AR shRNA groups, suggesting 
that mice were injected with the same number of cells. 
However, at day 60 after injection, tumor signals in the 
lung were significantly reduced when AR expression 
was knocked down (Fig. 5A). To confirm metastasis of 
tumor cells into lungs, we isolated lung tissues and took 
ex-vivo images (Fig. 5B). Next, we performed histological 
analyses of lung tissues from mice using hematoxylin-
eosin (H&E) or immunohistological (IHC) staining. The 
results suggested that lung tissues from mice injected with 

AR knockdown JJ012 (S10)-Luc cells showed nearly 
normal structure of lungs or dramatically reduced the 
degree of lung metastatic nodules. However, lung tissues 
from control group mice were heavily infiltrated (Fig. 5C, 
H&E staining). Furthermore, an IHC analysis of the lungs 
revealed knockdown of AR led to lower expression of 
α6β1 integrin in metastatic nodules (Fig. 5C). Therefore, 
our results suggested that AR is involved in up-regulation 
of α6β1 integrin expression, which in turn promotes 
cancer metastasis to the lung.

Figure 4: Activation of c-Jun is required for AR-induced cell migration and up-regulation of integrin α6β1. A. Cells 
were incubated with AR (50 ng/ml) for indicated time intervals. The phosphorylation status and total levels of c-Jun were measured 
by Western blot. B. Cells pretreated with manumycin A, GW5074, PD98059, or U0126 for 30 min followed by treatment with AR 
(50 ng/ml) for 15 min. The levels of p-c-Jun and c-Jun were measured by Western blot. C-G. Cells were pretreated with curcumin 
(10 μM) or tanshinone (10 μM) for 30 min or transfected with c-Jun siRNA for 24 h followed by stimulation with AR (50 ng/ml) for 
24 h. The knockdown efficiency was verified by Western blot. The in vitro migration was measured by Transwell assay (C-D) The  
expression of integrin α6β1 was measured by q-PCR (E-F) and flow cytometry (G). H. Cells were pretreated with manumycin A, 
GW5074, PD98059, or U0126 for 30 min, followed by stimulation with AR (50 ng/ml), and chromatin immunoprecipitation assay was 
then performed. Chromatin was immunoprecipitated with anti-c-Jun antibody. One percent of the precipitated chromatin was assayed 
to verify equal loading (input). I. Cells pretreated with manumycin A, GW5074, PD98059, or U0126, followed by stimulation with 
AR (50 ng/ml) for 24 h. Equal amounts of cell extract were assayed for dual-luciferase activity. Results are expressed as mean ± SEM. 
*P < 0.05 compared with control; #P < 0.05 compared with AR-treated group.
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AR and α6β1 integrin expression levels positively 
correlate with the degree of malignancy in 
chondrosarcoma

To determine the clinical significance of AR and 
α6β1 integrin in patients with chondrosarcoma, we utilized 
a tissue microarray for evaluation by IHC to compare 

the expression of AR, integrin α6, and integrin β1 in 
normal cartilage and different grades of chondrosarcoma. 
Representative examples of IHC staining for AR, 
integrin α6, and integrin β1 in normal cartilage and 
chondrosarcoma tissues with different grades are shown in 
Fig. 6A. The expression of AR, integrin α6, and integrin β1 
had significantly increased with tumor progression 

Figure 5: Depletion of AR suppresses metastasis of chondrosarcoma cells to the lung in mouse model. A. Representative 
bioluminescent imaging of SCID mice injected via tail vein with JJ012 (S10)-Luc cells stably expressing control shRNA or AR shRNA. 
Color scale depicts the photon flux (photons/s) emitted from these mice. Whole-body bioluminescence imaging was performed at day 0 
and 60 after intravenous inoculation. Quantification of bioluminescent imaging data is shown on the bottom (n = 8). B. Bioluminescent 
imaging of the lungs dissected from SCID mice was performed at the end of the experimental period. C. Representative images of lung 
tissue sections from mice injected with JJ012 (S10)-Luc cells with or without AR knockdown. Paraffin-embedded sections were stained 
with hematoxylin-eosin (H&E) or used for immunolabeling with antibodies against AR, integrin α6, and integrin β1. T indicates tumor 
metastases. Images were captured at 200x and 400x magnification as indicated. The scale bar for 200x is 200 μm and 400x is 50 μm.
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(Fig. 6B). In addition, the Pearson’s correlation showed 
significantly positive correlations existed between AR 
expression and integrin α6 (r2 = 0.8259, P < 0.0001), 
AR expression and integrin β1 (r2 = 0.8087, P < 0.0001), 
and integrin α6 and integrin β1 (r2 = 0.7512, P < 0.0001) 
(Fig. 6C). Taken together, our data indicate that elevated 
AR expression is associated with increased levels of α6β1 
integrin and high histological grade of chondrosarcoma.

DISCUSSION

AR is a member of the EGF family, and its 
increased expression has been reported in many cancers, 
including colorectal cancer [6, 7], breast cancer [25, 26], 
ovarian cancer [12, 27], pancreatic cancer [9, 28], lung 
cancer [8, 29], liver cancer [14, 30], oral cancer [13]. 
AR has been considered as a new secreted marker for 

Figure 6: The expression levels of AR and α6β1 integrin are positively correlated with histopathological grade in 
human chondrosarcoma tissues. A. IHC for AR and α6β1 integrin in representative samples of normal cartilage and different grades 
of chondrosarcoma tissue (grade I-III). Positive (brown) and negative (purple counterstain) staining can be readily seen in images captured 
with 400x magnification. Scale bars, 50 μm. B. Box plot comparing the expression levels of AR, α6 integrin and β1 integrin in each the 
histological grades of chondrosarcoma. Box plots, with the horizontal lines representing the median; the top and bottom of the boxes 
representing the largest and smallest observations. C. A scatter plot showing the correlations among AR, α6 integrin, and β1 integrin in 
tissue microarray observed through different grades of chondrosarcoma. The line is the best fit regression line to the points. (P < 0.001 for 
all, Pearson’s correlation).



Oncotarget11442www.impactjournals.com/oncotarget

exhibiting increased potential of cell invasion in cancer 
[31, 32]. Several factors implicated in the induction of 
AR expression have been demonstrated to promote 
cell migration and tumor metastasis. For example, the 
transcription factor, HOXB9, is overexpressed in breast 
cancer cells inducing the expression of AR, resulting 
in increased cell motility [33]. Conversely, Monad, a 
component of R2TP/prefoldin-like complex, has been 
shown to inhibit breast cancer cell invasion by degrading 
AR mRNA [32]. Furthermore, a previous study has 
shown that anterior gradient homolog 2 (AGR2) is 
associated with increased tumor metastasis [34]. More 
recent results, moreover, indicate that AGR2 is able to 
induce AR expression [35]. Another study also found 
that mitochondrial dysfunction has high AR expression 
in hepatoma cells, leading to the facilitation of cell 
migration [36].

Generation of the soluble forms of AR is 
essentially mediated by the proteolytic activity of the 
transmembrane proteinase ADAM-17 (a desintegrin and 
metalloproteinase-17) also known as tumor-necrosis 
factor-alpha converting enzyme (TACE) [3]. The ADAM-
17/TACE have been found to be key players for the 
regulation of cell migration and invasion in cancer [37–39]. 
Conversely, inhibition of ADAM-17 can suppress cell 
migration and invasion [40, 41].

In lung cancer, bone is a frequent target of 
metastasis. A previously study discovered that AR is able 
to activate expression of parathyroid hormone–related 
protein (PTHrP) that is a causative factor contributing to 
osteolytic metastases [42]. With regard to the roles of AR 
in the relationship between tumor cells and nonneoplastic 
cells in the cancer microenvironment, another study 
also found that tumor-associated dendritic cells is able 
to secrete high amounts of AR, which is responsible 
for promoting lung cancer growth, migration, invasion, 
and epithelial-to-mesenchymal transition. Moreover, a 
markedly elevated level of AR in lung cancer patients’ 
serum is also higher than those of healthy donors. 
Neutralization of AR by specific Abs significantly 
decreases the incidence of cancer development in mice 
[29]. These results suggest that anti-AR is an attractive 
strategy to target invasive cancer.

Due the observation that AR is highly expressed in 
a variety of malignancies, insights into the mechanisms 
related to the anti-tumor activity of AR targeted 
therapy might help improve chondrosarcoma therapy. In 
chondrosarcoma, the novel therapeutic strategies targeting 
AR signaling by monoclonal antibodies, soluble receptor 
protein, multikinase inhibitors, and RNA interference 
could serve as therapeutic agents for clinical application 
in humans. More recently, a study further demonstrated 
that human epidermal growth factor receptor 2 (HER2) 
is the only marker suited for patient selection for 
the trastuzumab plus pertuzumab-based regimen in HER2-

positive metastatic breast cancer [43]. Therefore, high AR 
expression and its related receptors identify a subgroup 
of patients who have a high probability of responding 
to EGFR inhibition. It is necessary to establish whether 
or not expression of AR and its receptor can be used for 
tailoring treatment or for selecting patients for novel 
treatment strategies.

Previous studies have indicated that integrins are 
implicated in cellular migrations in chondrosarcoma 
[44–46]. Notably, EGF and AR have been shown to 
increase cell migration and invasion by enhancing 
integrin expression [15–17, 47, 48]. However, the 
detailed mechanism as to how AR-induced cell migration 
in chondrosarcoma remains unclear. Here, we have 
explored the signaling mechanism of AR in the regulation 
of α6β1 integrin expression in human chondrosarcoma 
cells. Collectively, these findings would provide a 
better understanding of the mechanisms underlying AR 
pathogenesis and can utilize this knowledge translationally 
for novel treatment strategies for chondrosarcoma.

MATERIALS AND METHODS

Cell culture

Human chondrosarcoma cell line (JJ012) was 
kindly provided by the laboratory of Dr Sean P Scully 
(University of Miami School of Medicine, Miami, FL). 
The human chondrosarcoma cell line (SW1353) was 
obtained from the American Type Culture Collection. 
Cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM)/α-MEM  supplemented with 10% fetal 
bovine serum and 100 units/ml penicillin/streptomycin at 
37°C in a humidified chamber in 5% CO2.

Cell migration assay

Cell migration was determined by using Transwell 
culture inserts (8-μm pore size; Costar, NY) according 
to the manufacturer’s instructions. In brief, cells 
(1.5 × 104 cells) suspended in 200 μl of serum-free 
medium were seeded onto the upper chamber and 300 μl 
of the same medium containing varying concentrations 
of AR (R&D Systems, Minneapolis, MN) was placed in 
the lower chamber. After overnight incubation, cells were 
washed with PBS, fixed with 4% paraformaldehyde, and 
stained with 0.5% crystal violet. Cells remaining on the 
upper surface of filter membrane were completely removed 
by wiping with a cotton swab. Migrated cells were then 
counted from six random fields under light microscope.

Establishment of migration-prone sublines

Subpopulations of JJ012 cells were selected 
according to their differential migration ability using cell 
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culture insert system as described above. After overnight 
migration, cells that penetrated through pores and migrated 
to underside of filters were trypsinized and harvested for 
a second round of selection. After 10 rounds of selection, 
migration-prone subline was designated as JJ012 (S10). 
Original cells were designated as JJ012 (S0) [49].

Enzyme-linked immunosorbent assay (ELISA)

Conditioned medium was obtained from JJ012 
cells grown in six-well plates. The concentrations of 
AR in medium were measured using Quantikine ELISA 
kits (R&D Systems, Minneapolis, MN) according to the 
manufacturer’s instructions.

Lentivirus infection and shRNA knockdown

The pLKO.1-puro-based lentiviral vectors: 
TRCN0000117995 (shAR#1) and TRCN0000420315 
(shAR#2), and pLKO.1-shscramble were obtained from 
National RNAi Core Facility at Academia Sinica, Taipei, 
Taiwan. Recombinant lentiviruses were packaged as per 
manufacturer’s instruction. Cultured cells were incubated 
with lentiviral supernatants containing 8 μg/ml polybrene 
for 24 h, replaced fresh medium and incubated for 
another 48 h. For stable cell lines, cells were selected by 
puromycin (5 μg/ml) [50].

Oligonucleotide transfection

To sequester downstream signaling, Cells were 
transfected with MEK1 dominant-negative mutant 
(gifts from Dr. W. M. Fu, National Taiwan University at 
Taipei) or ERK2 dominant-negative mutant (gifts from 
Dr. M. Cobb, Southwestern Medical Center, Dallas, TX). 
To suppress gene expression, cells were transfected with 
ON-TARGET plus siRNAs targeting Ras, Raf-1, and 
c-Jun, and control from Dharmacon Research (Lafayette, 
CO). Lipofectamine 2000 (Invitrogen, Carlsbad, CA) 
is used to introduce oligonucleotide according to the 
manufacturer’s recommendations.

Quantitative real-time PCR

Total RNA was extracted using TRIzol reagent 
(MDBio Inc., Taipei, Taiwan) and reverse transcribed 
into cDNA using M-MLV reverse transcriptase, Oligo 
(dT), and dNTP Mix (Promega, Madison, WI) as per 
manufacturer’s instructions. Synthesized cDNA (1 μg) was 
used as template for quantitative PCR (qPCR) that was 
conducted using KAPA SYBR FAST qPCR Kits (Kapa 
Biosystems, MA). Sequences for all target gene primers 
and probes were purchased commercially (Applied 
Biosystems). All primer used in qPCR were list in  
Supplementary Table S1. qPCR assays were carried out 
in triplicate using the StepOnePlus sequence detection 
system (Applied Biosystems). Relative gene expression 

was calculated using the glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) expression value.

Flow cytometry

Aliquots of 1 × 106 cells collected and washed 
once with PBS, then fixed with 70% ethanol overnight. 
Fixed cells were washed twice by PBS and probed with 
mouse monoclonal antibody specific to α6β1 integrin 
(1:50; Chemicon/Millipore, Billerica, MA). Cells were 
then washed again and incubated with fluorescein 
isothiocyanate isothiocyanate-conjugated goat anti-mouse 
secondary IgG (1:100; Leinco Tec. Inc., St. Louis, MO) 
for 45 min and analyzed by flow cytometry using FACS 
Calibur and Cell-Quest software (BD Biosciences).

Ras pull-down assay

Cells were treated with AR in a time-dependent 
fashion. Activation of Ras (Ras-GTP) was detected using 
the Ras-binding domain of Raf-1 to pull down active 
Ras (Ras Activation Assay Kit from Millipore, CA, 
USA) according to the manufacturer’s recommendations. 
Following separation by SDS-PAGE, proteins were 
transferred to membranes which were probed with an anti-
RAS antibody.

Western blotting

Cells were lysed in RIPA buffer containing protease 
inhibitor cocktail. Protein concentration was determined 
by the Pierce BCA Protein Assay Kit (Thermo Fisher 
Scientific Inc., Waltham, MA). Equal amount of total 
protein was resolved by SDS-PAGE and transferred to 
PVDF membranes (Millipore, Bedford, MA). Membranes 
were blocked with 5% bovine serum albumin and then 
probed with primary antibodies. After washes in tris-
buffered saline with 0.05% Tween 20, membranes were 
subsequently incubated with appropriate peroxidase-
coupled secondary antibodies. Membranes were then 
washed and bound antibodies were visualized using ECL 
reagents (PerkinElmer, MA) and autoradiography.

Chromatin immunoprecipitation (ChIP) assay

ChIP analysis was performed as described previously 
[51]. Briefly, cells were fixed with 1% formaldehyde, 
washed, and lysed. Cell lysates were sonicated to shear 
DNA into smaller fragments. Protein-DNA complexes 
were precipitated with anti-c-Jun antibody. After reverse 
cross-link of protein-DNA complexs, free DNA was then 
extracted with phenol-chloroform. Immunoprecipitated 
DNA was amplified by PCR using the following 
primers: primers 5′-AAGCGCTCCATAAACACCTG-3′ 
and 5′-AATTGTGGTTGCCGAGTAGC-3′ utilized 
to amplify across α6 integrin promoter region; 
primers 5′-ACGCAACTCACCAGGTTTTC-3′ and 
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5′-CTAGGAGGAGGCGGAGGAT-3′ utilized to amplify 
across β1 integrin promoter region. PCR products 
were resolved by 1.5% agarose gel electrophoresis and 
visualized by UV light.

Luciferase reporter assay

Cells were co-transfected with luciferase reporter 
gene constructs and β-galactosidase using Lipofectamine 
2000 (Invitrogen) as per manufacturer’s instructions. 
At 24 h transfection, the cells were exposed to AR for 
24 h or pre-treated with inhibitors for 30 min, followed 
by treatment with AR for 24 h. Luciferase activity was 
determined using the luciferase assay kit (Promega, 
Madison, MA).

In vivo metastasis model

Four-week-old male nude mice were used and 
randomly assigned to two groups (eight mice each group). 
Cancer cells (JJ012 (S10)/Luc or JJ012 (S10)/shAR-Luc)  
were resuspended in 100 μl of serum-free DMEM/ 
α-MEM and subcutaneously injected (5 × 106 cell per 
mouse) into the lateral tail vein of mice. Lung metastasis 
was monitored using an in vivo imaging system (Xenogen 
IVIS imaging system). At Day 60, mice were sacrificed 
by overdose with anesthetic. The lungs were then fixed 
in 10% formalin, embedded in paraffin and subsequently 
processed for IHC. All mice were handled in accordance 
with the Animal Care and Use Guidelines of the China 
Medical University (Taichung, Taiwan) under a protocol 
approved by the Institutional Animal Care and Use 
Committee.

Immunohistochemistry (IHC)

The human chondrosarcoma tissue array was 
purchased from Biomax (Rockville, MD, USA; 6 cases 
for normal cartilage, 24 cases for grade I chondrosarcoma, 
9 cases for grade II chondrosarcoma, and 15 cases 
for grade III chondrosarcoma). Fixed and paraffin-
embedded tissues were deparaffinized with xylene, and 
rehydrated through a graded series of alcohols to water. 
Endogenous peroxidase activity was blocked with 3% 
hydrogen peroxide Heat-induced antigen retrieval was 
carried out for all sections in 0.01 M sodium citrate 
buffer, pH 6 at 95°C for 20 min. Human AR, integrin α6, 
and integrin β1 antibodies were applied at a dilution of 
1:200 and incubated at 4°C overnight. Bound antibodies 
were detected by NovoLink Polymer Detection System 
(Leica Microsystems, Newcastle, UK) and visualized 
with the diaminobenzidine reaction. The sections were 
counterstained with hematoxylin. IHC results were scored 
by taking into account the percentage of positive detection 
and intensity of the staining.

Statistics

All data are presented as mean ± SEM. Statistical 
comparison of two groups was performed using the 
Student’s t-test. Statistical comparisons of more than two 
groups were performed using one-way analysis of variance 
with Bonferroni’s post hoc test. In all cases, P < 0.05 was 
considered significant.

ACKNOwLEDGMENTS

This work was supported by grants from 
the National Science Council of Taiwan (MOST 
103-2628-B-039-002-MY3) and China Medical University 
Hospital (DMR-103-059).

REfERENCES

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

2. Karagiannis GS, Pavlou MP, Diamandis EP. Cancer 
 secretomics reveal pathophysiological pathways in cancer 
molecular oncology. Molecular oncology. 2010; 4:496–510.

3. Berasain C, Avila MA. Amphiregulin. Seminars in cell & 
developmental biology. 2014; 28:31–41.

4. Qin L, Tamasi J, Raggatt L, Li X, Feyen JH, Lee DC, 
Dicicco-Bloom E, Partridge NC. Amphiregulin is a novel 
growth factor involved in normal bone development and in 
the cellular response to parathyroid hormone stimulation. 
The Journal of biological chemistry. 2005; 280:3974–3981.

5. Zhu J, Siclari VA, Liu F, Spatz JM, Chandra A, Divieti 
Pajevic P, Qin L. Amphiregulin-EGFR signaling mediates 
the migration of bone marrow mesenchymal progenitors 
toward PTH-stimulated osteoblasts and osteocytes. PloS 
one. 2012; 7:e50099.

6. Yamada M, Ichikawa Y, Yamagishi S, Momiyama N, 
Ota M, Fujii S, Tanaka K, Togo S, Ohki S, Shimada H. 
Amphiregulin is a promising prognostic marker for liver 
metastases of colorectal cancer. Clinical cancer research: 
an official journal of the American Association for Cancer 
Research. 2008; 14:2351–2356.

7. Kuramochi H, Nakajima G, Kaneko Y, Nakamura A, 
Inoue Y, Yamamoto M, Hayashi K. Amphiregulin and 
Epiregulin mRNA expression in primary colorectal can-
cer and corresponding liver metastases. BMC cancer. 
2012; 12:88.

8. Addison CL, Ding K, Zhao H, Le Maitre A, Goss GD, 
Seymour L, Tsao MS, Shepherd FA, Bradbury PA. Plasma 
transforming growth factor alpha and amphiregulin protein 
levels in NCIC Clinical Trials Group, BR.21. Journal of 
clinical oncology: official journal of the American Society 
of Clinical Oncology. 2010; 28:5247–5256.



Oncotarget11445www.impactjournals.com/oncotarget

9. Yotsumoto F, Fukami T, Yagi H, Funakoshi A, 
Yoshizato T, Kuroki M, Miyamoto S. Amphiregulin 
 regulates the  activation of ERK and Akt through  epidermal 
growth  factor receptor and HER3 signals involved in the 
progression of pancreatic cancer. Cancer science. 2010; 
101:2351–2360.

10. Li XD, Miao SY, Wang GL, Yang L, Shu YQ, Yin YM. 
Amphiregulin and epiregulin expression in colorectal 
 carcinoma and the correlation with clinicopathological 
 characteristics. Onkologie. 2010; 33:353–358.

11. Bordoli MR, Stiehl DP, Borsig L, Kristiansen G, 
Hausladen S, Schraml P, Wenger RH, Camenisch G. 
Prolyl-4-hydroxylase PHD2- and hypoxia-inducible  factor 
2- dependent regulation of amphiregulin contributes to 
breast  tumorigenesis. Oncogene. 2011; 30:548–560.

12. D’Antonio A, Losito S, Pignata S, Grassi M, Perrone F, 
De Luca A, Tambaro R, Bianco C, Gullick WJ, Johnson GR, 
Iaffaioli VR, Salomon DS, Normanno N. Transforming 
growth factor alpha, amphiregulin and cripto-1 are 
 frequently expressed in advanced human  ovarian carcino-
mas. International journal of oncology. 2002; 21:941–948.

13. Tsai ST, Yang KY, Jin YT, Lin YC, Chang MT, Wu LW. 
Amphiregulin as a tumor promoter for oral squamous 
cell carcinoma: involvement of cyclooxygenase 2. Oral 
 oncology. 2006; 42:381–390.

14. Castillo J, Erroba E, Perugorria MJ, Santamaria M, Lee DC, 
Prieto J, Avila MA, Berasain C. Amphiregulin contributes 
to the transformed phenotype of human hepatocellular car-
cinoma cells. Cancer research. 2006; 66:6129–6138.

15. Chen JD, Kim JP, Zhang K, Sarret Y, Wynn KC, 
Kramer RH, Woodley DT. Epidermal growth factor (EGF) 
promotes human keratinocyte locomotion on collagen by 
increasing the alpha 2 integrin subunit. Experimental cell 
research. 1993; 209:216–223.

16. Solic N, Davies DE. Differential effects of EGF and amphi-
regulin on adhesion molecule expression and migration of 
colon carcinoma cells. Experimental cell research. 1997; 
234:465–476.

17. Yamanaka I, Koizumi M, Baba T, Yamashita S, Suzuki T, 
Kudo R. Epidermal growth factor increased the  expression 
of alpha2beta1-integrin and modulated integrin- mediated 
signaling in human cervical adenocarcinoma cells. 
Experimental cell research. 2003; 286:165–174.

18. Baillo A, Giroux C, Ethier SP. Knock-down of  amphiregulin 
inhibits cellular invasion in inflammatory breast cancer. 
Journal of cellular physiology. 2011; 226:2691–2701.

19. Rathinam R, Alahari SK. Important role of integrins in 
the cancer biology. Cancer metastasis reviews. 2010; 
29:223–237.

20. Desgrosellier JS, Cheresh DA. Integrins in cancer: 
 biological implications and therapeutic opportunities. 
Nature reviews Cancer. 2010; 10:9–22.

21. Hynes RO. Integrins: bidirectional, allosteric signaling 
machines. Cell. 2002; 110:673–687.

22. Pulverer BJ, Kyriakis JM, Avruch J, Nikolakaki E, 
Woodgett JR. Phosphorylation of c-jun mediated by MAP 
kinases. Nature. 1991; 353:670–674.

23. Karin M. The regulation of AP-1 activity by mitogen- 
activated protein kinases. The Journal of biological 
 chemistry. 1995; 270:16483–16486.

24. Whitmarsh AJ, Davis RJ. Transcription factor AP-1 
 regulation by mitogen-activated protein kinase signal 
 transduction pathways. Journal of molecular medicine 
(Berlin, Germany). 1996; 74:589–607.

25. Willmarth NE, Ethier SP. Autocrine and juxtacrine 
effects of amphiregulin on the proliferative, invasive, 
and  migratory properties of normal and neoplastic human 
 mammary epithelial cells. The Journal of biological 
 chemistry. 2006; 281:37728–37737.

26. McBryan J, Howlin J, Napoletano S, Martin F. 
Amphiregulin: role in mammary gland development and 
breast cancer. Journal of mammary gland biology and 
 neoplasia. 2008; 13:159–169.

27. Freimann S, Ben-Ami I, Hirsh L, Dantes A, Halperin R, 
Amsterdam A. Drug development for ovarian 
 hyper- stimulation and anti-cancer treatment: blocking of 
 gonadotropin signaling for epiregulin and amphiregulin bio-
synthesis. Biochemical pharmacology. 2004; 68:989–996.

28. Ebert M, Yokoyama M, Kobrin MS, Friess H, Lopez ME, 
Buchler MW, Johnson GR, Korc M. Induction and 
 expression of amphiregulin in human pancreatic cancer. 
Cancer research. 1994; 54:3959–3962.

29. Hsu YL, Huang MS, Cheng DE, Hung JY, Yang CJ, 
Chou SH, Kuo PL. Lung tumor-associated dendritic cell-
derived amphiregulin increased cancer progression. Journal 
of immunology. 2011; 187:1733–1744.

30. Berasain C, Castillo J, Perugorria MJ, Prieto J, Avila MA. 
Amphiregulin: a new growth factor in hepatocarcinogen-
esis. Cancer letters. 2007; 254:30–41.

31. Higginbotham JN, Demory Beckler M, Gephart JD, 
Franklin JL, Bogatcheva G, Kremers GJ, Piston DW, 
Ayers GD, McConnell RE, Tyska MJ, Coffey RJ. 
Amphiregulin exosomes increase cancer cell invasion. 
Current biology: CB. 2011; 21:779–786.

32. Saeki M, Egusa H, Kamano Y, Kakihara Y, Houry WA, 
Yatani H, Noguchi S, Kamisaki Y. Exosome-bound WD 
repeat protein Monad inhibits breast cancer cell  invasion 
by degrading amphiregulin mRNA. PloS one. 2013; 
8:e67326.

33. Hayashida T, Takahashi F, Chiba N, Brachtel E, 
Takahashi M, Godin-Heymann N, Gross KW, Vivanco M, 
Wijendran V, Shioda T, Sgroi D, Donahoe PK, 
Maheswaran S. HOXB9, a gene overexpressed in breast 
cancer, promotes tumorigenicity and lung metastasis. 
Proceedings of the National Academy of Sciences of the 
United States of America. 2010; 107:1100–1105.

34. Wang Z, Hao Y, Lowe AW. The adenocarcinoma-
associated antigen, AGR2, promotes tumor growth, cell 



Oncotarget11446www.impactjournals.com/oncotarget

migration, and cellular transformation. Cancer research. 
2008; 68:492–497.

35. Dong A, Gupta A, Pai RK, Tun M, Lowe AW. The 
human adenocarcinoma-associated gene, AGR2, induces 
 expression of amphiregulin through Hippo pathway 
 co- activator YAP1 activation. The Journal of biological 
chemistry. 2011; 286:18301–18310.

36. Chang CJ, Yin PH, Yang DM, Wang CH, Hung WY, 
Chi CW, Wei YH, Lee HC. Mitochondrial 
 dysfunction-induced amphiregulin upregulation  mediates 
 chemo-resistance and cell migration in HepG2 cells. 
Cellular and molecular life sciences: CMLS. 2009; 
66:1755–1765.

37. Gschwind A, Hart S, Fischer OM, Ullrich A. TACE 
 cleavage of proamphiregulin regulates GPCR-induced 
 proliferation and motility of cancer cells. The EMBO 
 journal. 2003; 22:2411–2421.

38. Szalad A, Katakowski M, Zheng X, Jiang F, Chopp M. 
Transcription factor Sp1 induces ADAM17 and  contributes 
to tumor cell invasiveness under hypoxia. Journal of 
 experimental & clinical cancer research: CR. 2009; 28:129.

39. Giricz O, Calvo V, Peterson EA, Abouzeid CM, Kenny PA. 
TACE-dependent TGFalpha shedding drives triple-negative 
breast cancer cell invasion. International journal of cancer 
Journal international du cancer. 2013; 133:2587–2595.

40. Zheng X, Jiang F, Katakowski M, Kalkanis SN, Hong X, 
Zhang X, Zhang ZG, Yang H, Chopp M. Inhibition of 
ADAM17 reduces hypoxia-induced brain tumor cell 
 invasiveness. Cancer science. 2007; 98:674–684.

41. Wu Y, Huang A, Li T, Su X, Ding H, Li H, Qin X, Hou L, 
Zhao Q, Ge X, Fang T, Wang R, Gao C, Li J, Shao N. 
 MiR-152 reduces human umbilical vein endothelial cell 
 proliferation and migration by targeting ADAM17. FEBS 
letters. 2014; 588:2063–2069.

42. Gilmore JL, Gonterman RM, Menon K, Lorch G, Riese DJ 
2nd, Robling A, Foley J. Reconstitution of amphiregu-
lin-epidermal growth factor receptor signaling in lung 
 squamous cell carcinomas activates PTHrP gene expression 
and contributes to cancer-mediated diseases of the bone. 
Molecular cancer research: MCR. 2009; 7:1714–1728.

43. Baselga J, Cortes J, Im SA, Clark E, Ross G, Kiermaier A, 
Swain SM. Biomarker analyses in CLEOPATRA: 
a phase III, placebo-controlled study of pertuzumab 

in human epidermal growth factor receptor 2- positive, 
 first-line  metastatic breast cancer. Journal of clinical 
 oncology:  official journal of the American Society of 
Clinical Oncology. 2014; 32:3753–3761.

44. Liu JF, Fong YC, Chang CS, Huang CY, Chen HT, 
Yang WH, Hsu CJ, Jeng LB, Chen CY, Tang CH. 
Cyclooxygenase-2 enhances alpha2beta1 integrin expres-
sion and cell migration via EP1 dependent signaling 
 pathway in human chondrosarcoma cells. Molecular  cancer. 
2010; 9:43.

45. Lee CY, Su MJ, Huang CY, Chen MY, Hsu HC, Lin CY, 
Tang CH. Macrophage migration inhibitory factor increases 
cell motility and up-regulates alphavbeta3 integrin in human 
chondrosarcoma cells. Journal of cellular biochemistry. 
2012; 113:1590–1598.

46. Tang CH, Keng YT, Liu JF. HMGB-1 induces cell 
motility and alpha5beta1 integrin expression in human 
 chondrosarcoma cells. Cancer letters. 2012; 322:98–106.

47. Matthay MA, Thiery JP, Lafont F, Stampfer F, Boyer B. 
Transient effect of epidermal growth factor on the motility 
of an immortalized mammary epithelial cell line. Journal of 
cell science. 1993; 106:869–878.

48. Colomiere M, Findlay J, Ackland L, Ahmed N. Epidermal 
growth factor-induced ovarian carcinoma cell migration is 
associated with JAK2/STAT3 signals and changes in the 
abundance and localization of alpha6beta1 integrin. The 
international journal of biochemistry & cell biology. 2009; 
41:1034–1045.

49. Chuang JY, Yang WH, Chen HT, Huang CY, Tan TW, 
Lin YT, Hsu CJ, Fong YC, Tang CH. CCL5/CCR5 axis 
 promotes the motility of human oral cancer cells. Journal of 
cellular physiology. 2009; 220:418–426.

50. Weber GL, Parat MO, Binder ZA, Gallia GL, Riggins GJ. 
Abrogation of PIK3CA or PIK3R1 reduces proliferation, 
migration, and invasion in glioblastoma multiforme cells. 
Oncotarget. 2011; 2:833–849.

51. Xia X, Lemieux ME, Li W, Carroll JS, Brown M, 
Liu XS, Kung AL. Integrative analysis of HIF binding 
and  transactivation reveals its role in maintaining histone 
 methylation homeostasis. Proceedings of the National 
Academy of Sciences of the United States of America. 
2009; 106:4260–4265.


