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Osteosarcoma is the most common primary malignant bone tumour in children and adolescents and is
characterised by high malignant and metastatic potentials. However, the molecular mechanism underly-
ing this invasiveness remains unclear. In this study, we determined that PD98059 and SP600125, the two
mitogen-activated protein kinase (MAPK) family inhibitors, decreased the osteosarcoma cell U2OS-AEG-1
migration and invasion that was enhanced by astrocyte elevated gene-1 (AEG-1) in an in vitro wound-
healing and Matrigel invasion assay independently of cell viability. These findings indicate that AEG-1
promoted osteosarcoma cell invasion is relevant to the MAPK pathways. The up-regulation of AEG-1
increased the levels of phosphor-c-Jun N-terminal kinase (JNK) and phosphor-c-Jun; however, there were
no marked changes in the levels of phosphor-extracellular regulated kinase (ERK) 1/2 or phosphor-c-Fos
due to the activation of AEG-1 in U2OS. SP600125 (a JNK inhibitor) decreased phosphor-c-Jun and MMP-2
in U2OS-AEG-1, while PD98059 (a ERK1/2 inhibitor) had no influence on the levels of phosphor-c-Jun or
MMP-2 in U2OS-AEG-1. Further study revealed that the down-regulation of phosphor-c-Jun not only
obviously decreased the MMP-2 protein level and the MMP-2 transcriptional activity that were up-
regulated by AEG-1 in Western-blot and luciferase reporter assays, but also inhibited the migration
and invasion abilities of the U2OS-AEG-1 cells, which suggests that AEG-1 mediated U2OS invasion at
least partially via the JNK/c-Jun/MMP-2 pathway. Consistent with these observations, immunohisto-
chemical (IHC) staining revealed that AEG-1 expression was associated with the protein levels of
phosphor-c-Jun and MMP-2 in needle biopsy paraffin-embedded archival human osteosarcoma tissues.
Taken together, our findings suggest that AEG-1 plays a crucial role in the aggressiveness of osteosarcoma
via the JNK/c-Jun/MMP-2 pathway.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Osteosarcoma is the most common primary bone tumour in
children and adolescents and is characterised by high malignant
and metastatic potentials [1]. Up to 20% of patients with osteosar-
coma present with clinically detectable metastatic disease at the
initial diagnosis, and approximately 40% of patients present with
metastases that predominantly develop in the lungs in the
advanced stage. Despite rapid advancements of multimodal treat-
ment, patients with metastatic disease and local relapse still have
poor outcomes with survival rates of approximately 20% [2–5].
However, the development of the metastatic ability of osteosar-
coma and the underlying molecular mechanism are complicated
and remain to be elucidated.
Recently, astrocyte elevated gene-1 (AEG-1) has drawn atten-
tion. In 2004, ‘‘a lung homing domain’’ was found in a metastatic
breast carcinoma and mediated the movement of breast cancer
cells to the lung. This domain is part of the protein metadherin
(MTDH) [6]. MTDH, also known as AEG-1, was initially identified
as an HIV-1- and tumour necrosis factor a (TNF-a)-inducible tran-
script in primary human foetal astrocytes by a rapid subtraction
hybridisation approach [7,8]. Overexpression of AEG-1 is fre-
quently observed in glioma and carcinomas of the breast, colorec-
tum, liver and other malignancies and is correlated with poor
clinical outcomes [9–13].

Interestingly, several studies have documented that AEG-1
plays an important role in promoting tumour invasion. Emdad
et al. [14] reported that overexpression of AEG-1 significantly
enhances the invasion ability of Hela cells and that this enhance-
ment is associated with the activation of the NF-jB pathway. Song
et al. [15] demonstrated that the overexpression of AEG-1 is
significantly associated with tumour aggressiveness in human
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non-small cell lung cancer and that the function of AEG-1 in the
modulation of metastasis is correlated with the activation of the
PI3K-Akt and NF-jB signalling pathways. Additionally, the knock-
down of AEG-1 by a small interfering RNA inhibits cellular invasive
ability of U87 human glioma cells and 9 L rat gliosarcoma cells in
which MMP-2 and MMP-9 are involved in AEG-1-mediated inva-
sion [9]. Moreover, Liu et al. [16] reported that AEG-1 up-regulates
MMP-9 and induces human glioma invasion. All of these studies
suggest an association between AEG-1 and the invasive ability of
malignant tumours.

Our previous study also suggested that AEG-1 plays a crucial
role in osteosarcoma invasion through MMP-2 [17]. However, the
molecular mechanism by which AEG-1 regulates MMP-2 in osteo-
sarcomas is not clear. MMP-2 is a member of the matrix metallo-
proteinases (MMPs), which play critical roles during tumour
invasion and metastasis in cancer tissues including human osteo-
sarcoma [18]. It is well known that activator protein 1 (AP-1),
which was one of the first identified transcription factors, acts
independently or coordinately to regulate numerous genes that
are involved in the regulation of MMPs expression [19]. AP-1 is
composed of a variety of combinations of dimerised proteins that
include the Jun, Fos, Maf and ATF sub-families. C-Jun is the most
potent transcription factor in this group and forms stable heterodi-
mers with c-Fos proteins. The MAPKs regulate a number of
transcription factors such as AP-1, which includes c-Jun and c-
Fos [20,21]. The MAPK family contains the ERK 1/2 pathway, the
JNK pathway, the p38 pathway and the ERK5 pathway, which are
activated via reversible phosphorylation and play key roles in the
transduction of extracellular signals to cellular responses [22,23].
The ERK1/2 and JNK pathways have been reported to participate
in the modulation of the invasion of osteosarcoma cells. The
ERK1/2 and JNK pathways might activate c-Fos and c-Jun, respec-
tively, via the induction of phosphorylation in these pathways
[24,25]. Interestingly, YOO [13] demonstrated that the activations
of the MAPK pathways play important roles in mediating AEG1-
induced Matrigel invasion and anchorage-independent growth in
hepatocellular carcinomas. Taken together, these studies prompted
us to hypothesise that AEG-1 might exert its invasive ability by
activating the ERK1/2 and JNK/AP-1/MMPs pathways.

In the present study, we found that AEG-1 promoted osteosar-
coma cell invasion through the JNK/c-Jun/MMP-2 pathway. Consis-
tent with this observation, immunohistochemical staining
revealed that there were significant correlations between AEG-1
expression and the protein levels of phosphor-c-Jun and MMP-2
in paraffin-embedded human osteosarcoma tissues. Our results
suggest that AEG-1 might play a crucial role in osteosarcoma
aggressiveness via the JNK/c-Jun/MMP-2 pathway.
2. Material and methods

2.1. Cell culture and reagents

Human osteosarcoma cell lines U2OS and MG63 (obtained from
our laboratory’s cell bank, Guangzhou, China) were cultured in
RPMI1640 media (Gibco, Grand Island, NY, USA) supplemented
with 10% foetal bovine serum (Hyclone, Tauranga, New Zealand),
100 lg/ll streptomycin and 100 lg/ll penicillin in a 37 �C incuba-
tor containing 5% CO2. PD98059 and SP600125 were purchased
from Cell Signaling Technology (Beverly, MA, USA).
2.2. Vector and retroviral infection

The vector pMSCV/AEG-1-overexpressing human AEG-1 was
kindly provided by Dr. Meng-Feng Li (Sun Yat-sen University
Zhongshan School of Medicine). Retroviral production and infec-
tion were performed as previously described [12]. Stable cell lines
expressing AEG-1 were selected for 10 days with 0.5 lg/ml puro-
mycin 48 h after infection.

2.3. Immunoblotting analyses

Immunoblotting analyses were conducted as previously
described [17]. Anti-AEG-1 rabbit antibody (Invitrogen, Carlsbad,
CA, USA), anti-rabbit IgG (Cell Signaling Technology, Beverly, MA,
USA), anti-GAPDH rabbit antibody (Cell Signaling Technology, Bev-
erly, MA, USA), anti-MMP-2 mouse antibody, anti-Erk1/2 rabbit
antibody, anti-phospho-Erk1/2 rabbit antibody, anti-c-Fos rabbit
antibody, anti-phospho-c-Fos rabbit antibody, anti-JNK rabbit
antibody, anti-phospho-JNK rabbit antibody, anti-c-Jun rabbit
antibody and anti-phospho-c-Jun rabbit antibody (Cell Signaling
Technology, Beverly, MA, USA) were used.

2.4. Wound healing assay

Cell migration was assessed by measuring the movement of
cells into a scraped cellular area created with a 200 ll pipette tube.
After 24 h, the spread of the wound closure was photographed
under a microscope. The fraction of cell coverage across the line
was measured and taken as the migration rate. All experiments
were performed in triplicate.

2.5. Invasion assay

Invasive ability was analysed using 24-well BioCoat cell culture
inserts (Costar, Corning, NY, USA) with 8-lm-porosity polyethyl-
ene terephthalate membranes coated with Matrigel Basement
Membrane Matrix (Trevigen, Gaithersburg, MD, USA) as previously
described [17].

2.6. MTT assay

Cell proliferation analyses were conducted using an MTT kit
(sterile 3-(4,5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium
bromide dye) (Keygen, Nanjing, China) as previously described
[17].

2.7. C-Jun knockdown using siRNA transfection

Transient transfections were performed as previously described
[17]. The sequence of the c-Jun siRNA was sense 50 GAC-
CTTATGGCTACAGTAA 30 (Ribobio, Guangzhou, China).

2.8. Luciferase reporter assay

A total of 1 � 105 cells were seeded per well in 24-well plates
and transfected with 1 lg of total DNA (either pGL3-Basic or
pGL3-MMP-2 and b-galactosidase) for 48 h using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. Luciferase activity was normalised to b-galac-
tosidase activity, and the data are presented as fold activations
relative to pGL3-Basic. All experiments were performed in
triplicate.

2.9. Human osteosarcoma sample collection, patient information and
immunohistochemical staining

Paraffin-embedded needle biopsy specimens that were from
primary tumours from 49 osteosarcoma patients, including 10
patients with apparent pulmonary metastases, who underwent



Fig. 1. Upregulation of AEG-1 promotes U2OS invasion. (A) The upregulation of AEG-1 in U2OS cells was analysed by Western blot assay. GAPDH was used as an internal
control. (B) The wound-healing assay revealed assay different cell motilities in the indicated cells. (C, upper) AEG-1 regulated the invasive abilities of the U2OS cells in the
Matrigel invasion assay. (Lower) Quantification of the invaded cells. The error bars represent the standard deviations calculated from three independent experiments.
⁄P < 0.05 compared to the control cells. Original magnifications: �100 (B), �400 (C).

Fig. 2. AEG-1 promoted U2OS-cell invasion is related to the JNK-c-Jun pathway. (A) The wound-healing assays with the U2OS-AEG-1 cells and treatments with PD98059 and
SP600125. (B, upper) The Matrigel invasion assay using the U2OS-AEG-1 cells and treatments with PD98059 and SP600125. (Lower) The quantification of the invaded cells.
The error bars represent the standard deviations calculated from three independent experiments. ⁄P < 0.05 compared to control. (C) Analysis of the viabilities of the U2OS-
vector and U2OS-AEG-1 cells upon treatment with PD98059 and SP600125 by MTT assay. The error bars represent the standard deviations calculated from three independent
experiments. (D and E) The expressions of the indicated proteins were analysed by Western blot assay in the U2OS-vector and U2OS-AEG-1 cells. GAPDH was used as an
internal control. Original magnifications: �100 (A), �400 (B).
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initial surgical resection between 2011 and 2012 were randomly
selected from the First Affiliated Hospital of Sun Yat-sen University
(Guangzhou, China). Prior patient (or guardian) consent and
approval from the Institutional Research Ethics Committee were
obtained for the use of these clinical materials for research
purposes.
Immunohistochemical (IHC) staining was performed using the
standard streptavidin–biotin peroxidase method as previously
described [17]. Anti-AEG-1 rabbit antibody (Invitrogen, Carlsbad,
CA, USA), anti-phosphor-c-Jun rabbit antibody and anti-MMP-2
rabbit antibody (Cell Signaling Technology, Beverly, MA, USA) were
used. Digital photomicrographs were obtained at �400 magnifica-



Fig. 3. AEG-1 promotes osteosarcoma cell invasion through the JNK/c-Jun/MMP-2 pathway. (A and B) The expressions of the indicated proteins were analysed by Western
blot assay using U2OS-AEG-1 cells that were treated with PD98059 and SP600125. (C) Knockdown of phosphor-c-Jun and the expression of phosphor-c-Jun and MMP-2 in the
U2OS-AEG-1 cells were analysed by Western blot assay. (D) Knockdown of phosphor-c-Jun inhibited the transcriptional activity of MMP-2 in the U2OS-AEG-1 cells as
assessed by luciferase reporter assay. The error bars represent the standard deviations calculated from three independent experiments. ⁄P < 0.05 compared to control. (E) The
wound-healing assay using the U2OS-AEG-1 cells following transfection with sic-Jun and siCon. (F, upper) Knockdown of phosphor-c-Jun regulated the invasion abilities of
the U2OS-AEG-1 cells in the Matrigel invasion assay. (Lower) The quantification of the invaded cells. The error bars represent the standard deviations calculated from three
independent experiments. ⁄P < 0.05 compared to control cells. (G) The expressions of the indicated proteins were analysed by Western blot assay in the MG63 cells. GAPDH
was used as an internal control for A, B, C and G. Original magnifications: �100 (E), �400 (F).

Table 1
The intensity of AEG-1, p-c-Jun and MMP-2 were analysed by IHC in osteosarcoma
tissues.

M0 M1

� + ++ +++ � + ++ +++

AEG-1 6 10 15 8 0 2 3 5
p-c-Jun 10 14 10 5 1 2 4 3
MMP-2 4 10 12 13 0 0 4 6

Numerical values represent patient’s quantity. M0: none metastasis, M1: with
pulmonary metastasis.
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tion. The scoring of the immunohistochemically stained sections
was derived by multiplying the percentage of positive cells by
the staining intensity.

2.10. Statistical analyses

Two-tailed Student’s t tests or ANOVA tests were conducted on
the data from the quantitative assays. Spearman correlation analy-
ses were used to assess the associations of the expression of AEG-1
with those of c-Jun and MMP-2, and between the expression of
AEG-1 and pulmonary metastasis. All statistical analyses were per-
formed with the SPSS 16.0 statistical software package. Differences
with P < 0.05 were considered statistically significant.

3. Results

3.1. Upregulation of AEG-1 promotes U2OS invasion

In this study, we first increased the expression of AEG-1 in U2OS
cells via retroviral infection. As shown in Fig. 1A, AEG-1 protein
levels were successfully elevated following transfection with
AEG-1 cDNA compared to the controls as assayed by immunoblot-
ting. Next, we detected the effects of AEG-1 on the invasion ability
of U2OS cells via the wound-healing and Matrigel invasion assays.
We found that the overexpression of AEG-1 markedly increased
U2OS migration as assayed with the wound-healing assay and that
increasing AEG-1 promoted the U2OS cells’ invasion ability as
assessed with the Matrigel invasion assay (Fig. 1B and C).

3.2. AEG-1 promoted U2OS invasion is related to the JNK-c-Jun
pathway

In this study, the ERK1/2 and JNK pathways were blocked with
the specific inhibitors PD98059 (20 lM) and SP600125 (25 lM) in
the U2OS-AEG-1 cells to determine whether AEG-1 regulates U2OS
invasion through the MAPK pathways. As shown in Fig. 2A and B,
both PD98059 and SP600125 inhibited U2OS-AEG-1 cell migration
and invasion in the wound-healing and Matrigel invasion assays,
and the effects of SP600125 were more obvious. Next, we investi-
gated whether the two inhibitors influenced osteosarcoma cell via-
bility. As shown in Fig. 2C, treatment with PD98059 and SP600125
for 48 h did not significantly inhibit the proliferation of the U2OS-
AEG-1 cells, which indicated that the two inhibitors regulated cell
invasion independently of cell viability. Finally, we examined the
signalling pathways that were activated by AEG-1 using Western
blot analysis. As shown in Fig. 2D and E, phosphor-JNK and phos-
phor-c-Jun were significantly increased in the U2OS-AEG-1 cells
compared to the U2OS-vector cells. However, there were no
marked changes in the phosphor-ERK1/2 or phosphor-c-Fos that
were activated by AEG-1. These results suggest that the JNK-c-
Jun pathways might play important roles in mediating AEG-1-
induced cell invasion.

3.3. AEG-1 promotes osteosarcoma cell invasion through the JNK/c-
Jun/MMP-2 pathway

To determine the relationship between the invasive function of
AEG-1 and the phosphorylation levels of JNK and c-Jun, we first
treated U2OS-AEG-1 cells with PD98059 (20 lM) and SP600125
(25 lM) for 1 h. Western blot revealed that PD98059 markedly



Fig. 4. AEG-1 is associated with phosphor-c-Jun and MMP-2 in osteosarcoma tissues. Representative staining for AEG-1, phosphor-c-Jun and MMP-2 expression in serial
sections of formalin-fixed, paraffin-embedded osteosarcoma tissues by IHC. Original magnification: �200.
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inhibited phosphor-ERK1/2 compared to the control, which was
treated with DMSO, but PD98059 had no influence on phosphor-
c-Jun or MMP-2 (Fig. 3A). However, when phosphor-JNK was
decreased by SP600125 in the U2OS-AEG-1 cells, phosphor-c-Jun
and MMP-2 were decreased (Fig. 3B). Moreover, there were no
marked changes in AEG-1 protein levels when the U2OS-AEG-1
cells were treated with PD98059 and SP600125 (Fig. 3A and B).
These results suggest that AEG-1 was located upstream of JNK
and might regulate phosphor-c-Jun and MMP-2 through phos-
phor-JNK in osteosarcoma cells.

Next, we decreased the expression of phosphor-c-Jun in the
U2OS-AEG-1 cells with small interfering RNAs. As shown in
Fig. 3C, phosphor-c-Jun protein levels were successfully decreased
following transfection compared to the controls down to the
MMP-2 levels observed by Western blot. Furthermore, the down-
regulation of phosphor-c-Jun markedly inhibited MMP-2 transcrip-
tional activity in the U2OS-AEG-1 cells compared to the controls as
assessed by luciferase reporter assay (Fig. 3D). Finally, we detected
the effects of phosphor-c-Jun on the invasion ability of the U2OS-
AEG-1 cells via the wound-healing and Matrigel invasion assays.
The results revealed that the downregulation of phosphor-c-Jun
inhibited the migration and invasion abilities of the U2OS-AEG-1
cells (Fig. 3E and F). These results suggest that AEG-1 mediates
U2OS invasion at least partially through phosphor-c-Jun and
MMP-2.

Consistently, as shown in Fig. 3G, the upregulation of AEG-1
expression in another osteosarcoma cell line (MG63) increased
the expression levels of phospho-JNK, phospho-c-Jun and MMP-2.
Together, these results suggest that AEG-1 might regulate osteo-
sarcoma cell invasion through the JNK/c-Jun/MMP-2 pathway.
3.4. AEG-1 is associated with phosphor-c-Jun and MMP-2 in
osteosarcoma tissues

To determine the relationships between AEG-1 expression and
the expressions of phosphor-c-Jun and MMP-2, we conducted
immunohistochemical staining of 49 needle biopsy paraffin-
embedded human osteosarcoma specimens. All of these specimens
were acquired prior to neoadjuvant chemotherapy, which is differ-
ent from our previous study. The intensities of AEG-1, phosphor-c-
Jun and MMP-2 are shown in Table 1 and are similar to the findings
of an earlier study [17]. IHC assay revealed that AEG-1 expression
levels were associated with pulmonary metastasis (r = 0.340;
P = 0.008) and that the osteosarcoma samples with high levels of
AEG-1 expression exhibited strong phosphor-c-Jun or MMP-2
staining signals, whereas the osteosarcoma specimens with low
AEG-1 expression exhibited low or absent phosphor-c-Jun or
MMP-2 expressions (Fig. 4). Spearman correlation analyses
revealed correlations between the expressions of AEG-1 and phos-
phor-c-Jun (r = 0.265; P = 0.016) and between the expressions of
AEG-1 and MMP-2 (r = 0.405; P = 0.009), which were consistent
with the in vitro observations detailed above.
4. Discussion

Previously, we demonstrated that AEG-1 is overexpressed in
osteosarcoma tissues and that the expression of AEG-1 is corre-
lated with the clinical parameters of osteosarcomas, AEG-1 might
play a role in the progression of osteosarcoma via MMP-2 [17]. In
the present study, we clarified the molecular mechanism by which
AEG-1 regulates MMP-2. We found that AEG-1 might promote
osteosarcoma cell invasion through the JNK/c-Jun/MMP-2 path-
way, and our findings suggested that AEG-1 might be a potential
target for anti-osteosarcoma metastasis strategies.

MMPs play important roles in the matrix degradation required
for tumour growth, invasion and tumour-induced angiogenesis
[26,27], which are regulated by H-ras and the transcription factors
AP-1, NF-jB and Akt [28–31]. MAPKs are major signalling path-
ways that control MMPs [32]. Silibinin suppresses human osteo-
sarcoma MG-63 cell invasion by inhibiting the ERK-dependent c-
Jun/AP-1 induction of MMP-2 [33]. Statin-induced HMG-CoA
reductase inhibition reduces cell migration and invasion in
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osteosarcoma cells, and a molecular mechanism involving JNK-c-
Jun-MMP-2 activity is related to these effects [34]. Interestingly,
YOO [13] verified that AEG-1 promotes hepatocellular carcinoma
progression via the MAPK pathways. Similar to other studies, in
the present study, we suggest that AEG-1 might regulate U2OS
invasion through the JNK/c-Jun/MMP-2 pathway.

In the present study, we demonstrated that AEG-1 might pro-
mote osteosarcoma cell invasion through the MAPK pathway.
However, Liu B [35] demonstrated that AEG-1 regulates osteosar-
coma cell invasion via endothelin-1/endothelin A receptor signal-
ling in a PI3K-dependent manner. The MAPK pathway and PI3K
pathway play important roles in the pathogenesis of osteosarcoma.
Bufalin-inhibited migration and invasion in human osteosarcoma
U2OS cells is carried out by suppression of the matrix metallopro-
teinase-2, ERK, and JNK signalling pathways [36]. Knockdown of
CXCR7 inhibits proliferation and invasion of osteosarcoma cells
through inhibition of the PI3K/Akt and b-arrestin pathways [37].
Experimental data demonstrate that the MAPK pathway and PI3K
pathway influence each other both negatively and positively,
resulting in dynamic and complex cross-talk [38]. Whether the
two pathways activate or inhibit each other regulated by AEG-1
with the invasive abilities of osteosarcoma cells requires further
study.

Additionally, in this study, we identified an interesting phe-
nomenon that requires further investigation. Western blot assay
revealed that there were only a single large band in the 80 KD area
and a single small band in the 75 KD area of AEG-1 in the U2OS and
MG63 cells, while there were three bands in the 80 KD, 75 KD and
60 KD areas of the AEG-1 in the U2OS-AEG-1 and MG63-AEG-1
cells. The 75 KD and 60 KD area bands might be isoforms of
AEG-1, which would be consistent with other report [39]. We
found that the U2OS-AEG-1 cells exhibited a greater invasive abil-
ity than did the U2OS cells, and whether the two isoforms of AEG-1
are correlated with the invasive abilities of osteosarcoma cells
requires further study.

In summary, our study is the first to show that AEG-1 promoted
osteosarcoma invasion through the JNK/c-Jun/MMP-2 pathway
in vitro and in vivo. Understanding the molecular mechanism by
which AEG-1 promotes osteosarcoma progression will not only
improve our understanding of the mechanisms that underlie the
metastasis of osteosarcomas but might also establish AEG-1 as a
potential therapeutic target for the treatment of osteosarcoma.
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