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Constitutive activation of EGFR is associated with tumor 
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ABSTRACT

Chondrosarcoma is a highly agressive cancer with currently no effective therapies 
when unresectable or metastasized, thus the outcome remains poor. High-grade 
chordrosarcomas are resistant to conventional chemotherapy and radiotherapy and 
surgical resection remains the only treatment for the majority of chondrosarcomas. 
Constitutive activation of receptor tyrosine kinases has been shown to be important 
for malignant transformation and tumour proliferation. Here, we investigated the 
activation status of EGFR in chondrosarcoma tumor biopsies and cell lines. We found 
that EGFR is activated in grade II and grade III chondrosarcoma tumors but not in 
grade I tumors, suggesting a role in tumor progression. Interestingly, we showed that 
EGFR is activated through an autocrine loop and that inhibition of the EGFR by the 
TKI, tyrphostin AG1478 or EGFR neutralizing antibodies strongly reduced activation 
of oncogenic ERK1/2 and mTOR/AKT downstream pathways. Importantly, inhibition 
of EGFR profoundly reduces cell proliferation and migration, inhibits the expression 
of MMP13 and MMP3 and enhances cell death. Taken together, these data support the 
blocking of EGFR as new potential treatment for high-grade chondrosarcoma tumors.
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INTRODUCTION

Targeted therapy was recently recognized as 
promising strategy for cancer treatment [1]. Constitutive 
activation of receptor tyrosine kinases (RTKs) has been 
shown to be important for malignant transformation and 
tumour proliferation. Recently, there has been increased 
focus on developing anti-cancer therapies aimed at 
controlling key pathways governing oncogenesis and 
aggressive clinical features of tumor cells by inhibiting 
RTKs. Several small molecule inhibitors such as 
tyrosine-kinase inhibtors (TKIs) and antibodies are being 
clinically developed to target RTKs [2]. Examples of RTK 
inhibitors include imatinib, sunitinib and regorafenib in 
gastrointestinal stromal tumors [3, 4] and pazopanib in 
non-adipocytic soft tissue sarcomas [5]. Beside small 
molecule inhibitors, several antibodies are being clinically 
developed to target RTKs such as trastuzumab which is 

used to target the extracellular domain of the HER2 
protein in HER2-positive breast cancer patients and has 
been shown to increase survival at early and late stages of 
breast cancer [6], and cetuximab used to target the EGFR-
ligand binding in the treatment of patients with metastatic 
colorectal cancer [7].

Chondrosarcoma is a rare cancer that accounts for 
about 20% of bone tumors which show hyaline cartilage 
differentiation and display diverse histopathology and 
behaviour [8]. They are associated with high metastatic 
potential and poor prognosis and new therapeutic 
approaches are urgently needed. Indeed, chondrosarcomas 
are poorly responsive to radiation and conventional 
chemotherapy [9], thereby the clinical management of 
chondrosarcomas remains a challenging problem. Due 
to the lack of an effective adjuvant therapy, surgical 
resection remains the only treatment for the majority 
of chondrosarcomas. Despite previous evidences for 
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activation of PDGFRB in chondrosarcomas [10], 
targeting the PDGF pathway by the PDGFR TKI 
imatinib mesylate failed to show any significant activity 
or clinical success [11], suggesting that other pathways 
may be involved in chondrosarcoma pathogenesis. 
Therefore, identifying chondrosarcoma’s key signaling 
pathways involved in tumor development and survival 
is an important issue towards rational development of 
efficient therapies. Activation of RTK signaling often 
leads to cell transformation, which is observed in a wide 
variety of malignancies. This, results in the activation 
of MAP kinase and PI3K/AKT pathways leading to 
increase in cell proliferation, survival, invasion and 
metastasis. The epidermal growth factor receptor (EGFR) 
is widely up-regulated in solid tumors and mediates 
many characteristics of malignant phenotype, including 
proliferation, tumor cell motility and cell survival marking 
it as a good target for therapeutic intervention [12–14]. 
Therapies targeting EGFR using TKIs and antibodies 
directed against EGFR-ligand binding site have provided 
remarkable responses in human non-small cell lung 
cancer [15, 16] and metastatic colorectal cancer [7, 17], 
respectively. 

Here, we investigated the activation status of 
EGFR in chondrosarcoma tumors and studied the effect 
of inhibition of EGFR in chondrosarcoma cell lines using 
specific TKI inhibitor and neutralizing antibodies. We 
found that EGFR is activated in grade II and grade III 
chondrosarcoma tumors but not in grade I tumors. Most 
important, we found that EGFR is activated through 
an autocrine loop and showed that inhibition of EGFR 
profoundly reduced the activation of both ERK1/2 and 
AKT/mTOR signaling and decreased cell proliferation 
and migration of chondrosarcoma cells. In addition, 
our results showed that inhibition of EGFR produced a 
cell cycle arrest at G0/G1 phase and induced apoptosis 
of chondrosarcoma cells. Moreover, we found that 
expression of MMP-13 and MMP-3 proteinases involved 
in the degradation of cartilage extracellular matrix (ECM), 
were down regulated following the inhibition of EGFR. 
This study reveals that activation of EGFR is a key event 
that drives tumorigenesis in chondrosarcoma and suggests 
that inhibition of EGFR by a selective TKI or neutralizing 
antibodies may constitute a potential treatment for 
chondrosarcoma tumors.

RESULTS

EGFR is activated in chondrosarcoma tumors

Aberrant activation and deregulated expression 
of EGFR has been found to be important for cancer cell 
proliferation, survival and invasion as well as resistance 
to chemotherapy [18, 19]. To determine whether EGFR 
was activated in chondrosarcoma tumors, we analyzed 
the phosphorylation status of this receptor in twenty-

seven chondrosarcoma tumor biopsies of different grade  
i.e., fourteen grade I, six grade II and seven grade III 
by immunohistochemistry using specific phospho-
EGFR antibodies. We found that EGFR is activated in 
grade III and in grade II, whereas it is not activated in 
grade I tumors (Figure 1A). Indeed, all grade III and 
grade II chondrosarcoma tumor biopsies analyzed were 
stained positively for phosphorylated EGFR, however 
no staining was observed in grade I tumors (Figure 1A). 
Unexpectedly, phospho-EGFR staining was restricted to 
clusters of cells in in 30% of grade II chondrosarcoma 
tumor biopsies (Figure 1B), suggesting that activation 
of EGFR is an event that occurs during chondrosarcoma 
tumor progression. To further validate the EGFR 
immunohistochemistry data, we analyzed the expression 
and phosphorylation of EGFR in two human-derived 
chondrosarcoma cell lines, HEMC-SS and SW1353, 
and in human primary chondrocytes by immunoblot. 
The results revealed that EGFR is strongly expressed 
in chondrosarcoma cell lines compared to primary 
chondrocytes (Figure 2A). Analysis of the phosphorylation 
status of EGFR indicated that the receptor is strongly 
activated in chondrosarcoma cell line HEMC-SS but 
weakly activated in SW1353. In contrast, no detectable 
activation of EGFR is observed in primary chondrocytes 
(Figure 2A). These results indicate that EGFR expression 
is up-regulated in chondrosarcoma cells compared to 
primary chondrocytes, suggesting misregulation of 
EGFR gene expression in chondrosarcoma tumors. Given 
that constitutive activation of EGFR is high in HEMC-
SS chondrosarcoma cells compared to SW1353 cells, 
while protein express level of the receptor is similar in 
both cells, we hypothesized that constitutive activation 
of the receptor in HEMC-SS chondrosarcoma cells may 
be due to an EGF/EGFR autocrine loop. To test this 
hypothesis, we examined whether SW1353 and HEMC-SS 
chondrosarcoma cells produce EGF. For these purposes, 
conditioned medium from SW1353 and HEMC-SS cells 
were collected after 24 h of growth and expression of 
EGF was analyzed by western blot. The results clearly 
show that HEMC-SS chondrosarcoma cells produce 
significant amount of EGF, whereas SW1353 cells did not 
produce detectable amount of this growth factor (Figure 
2B), therefore suggesting an autocrine loop in HEMC-SS 
chondrosarcoma. Given that SW1353 chondrosarcoma 
cells express high amount of EGFR, we examined whether 
incubation of SW1353 cells with conditioned medium 
from HEMC-SS cells induces the phosphorylation of 
the receptor. As shown in Figure 2C, EGFR receptor 
was strongly activated following stimulation of SW1353 
cells with conditioned medium from HEMC-SS cells, 
indicating that SW1353 cells express high amount of 
functional EGFR but do not express EGFR ligand. 
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Figure 1: EGFR is constitutively activated in high-grade chondrosarcoma tumor biopsies. (A) Twenty-seven chondrosarcoma 
tumor biopsies of grade I (n = 14), grade II (n = 6) and Grade III (n = 7) were probed with anti-p-EGFR antibodies. Representative images 
are shown at magnification (×40) and (×63). (B) Grade II chondrosarcoma tumor biopsy showing the phospho-EGFR staining in cluster of 
cells in the biopsy. Anti-p-EGFR antibodies were missed in the control. Brown color indicates positive cells.
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Constitutive EGFR signaling mediates 
aberrant activation of ERK1/2 and AKT in 
chondrosarcoma

We showed above that EGFR is activated in 
chondrosarcoma cells. Given that EGFR activation 
triggers known oncogenic signals such as ERK1/2 and 
AKT and promote malignant phenotype, we analyzed 
the activation status of these pathways in HEMC-SS 
and SW1353 chondrosarcoma cells, and in human 
primary chondrocytes. Western blot analysis showed 
that both ERK1/2 and AKT signaling pathways were 
strongly activated in chondrosarcoma cells compared 
to chondrocytes (Figure 3A). To determine whether 
constitutive activation of ERK1/2 and AKT is dependent 

on EGFR activation, we examined the effect of inhibition 
of EGFR on the activation status of these signaling 
pathways. To this end, we used tyrphostin AG1478, a 
highly potent and selective inhibitor of EGFR. We first 
tested whether AG1478 inhibits the phosphorylation 
of EGFR receptor in chondrosarcoma cells. As shown 
in Figure 3B, treatment of chondrosarcoma cells with 
AG1478 strongly inhibits the phosphorylation of EGFR. 
Importantly, inhibition of EGFR severely reduced the 
activation of both ERK1/2 and AKT signaling pathways 
in HEMC-SS chondrosarcoma but not in SW1353 cells 
(Figure 3B), indicating that activation of ERK1/2 and 
AKT signaling in HEMC-SS chondrosarcoma cells 
depends on EGFR activation, whereas it is not the case 
in SW1353. 

Figure 2: EGFR is overexpressed and constitutively activated in chondrosarcoma cells. (A) Western blot analysis of EGFR 
and p-EGFR in primary chondrocytes and in chondrosarcoma cell lines HEMC-SS and SW1353. (B) Detection of EGF in conditioned 
medium of chondrosarcoma cell lines HEMC-SS and SW1353. (C) Western blot analysis of EGFR and p-EGFR in HEMC-SS, SW1353 and 
SW1353 stimulated for 1 h with conditioned medium from HEMC-SS cells.  β-actin was used as a loading control. Data are representative 
of three independent experiments (n = 3).
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To further confirm the role of EGFR in the activation 
of downstream pathways, we investigated the effect 
of EGFR knockdown on the phosphorylation status of 
ERK1/2 and AKT in HEMC-SS cells. Silencing of EGFR 
by siRNA efficiently reduced its expression (Figure 3C) 
and strongly decreased the phosphorylation of both 
ERK1/2 and AKT (Figure 3C), confirming the key role of 
EGFR in the activation of downstream signaling pathways 
in HEMC-SS chondrosarcoma cells. Altogether, these 
data suggest that aberrant activation of ERK1/2 and AKT 
signaling pathways in chondrosarcoma cells is driven by 
constitutive EGFR activation.

It is well known that mTOR acts both upstream and 
downstream of AKT and plays an important role in the 
regulation of cell growth and proliferation. To determine 
whether mTOR is activated in HEMC-SS chondrosarcoma 
cells and whether this is associated with EGFR activation, 
we analyzed mTOR phosphorylation status in the absence 
and presence of the EGFR inhibitor, AG1478. As shown 
in Figure 3D, mTOR is strongly phosphorylated in 
chondrosarcoma cells. Interestingly, inhibition of EGFR 
following treatment with AG1478 markedly decreased 
the activation of mTOR (Figure 3D), therefore suggesting 
that EGFR mediates the activation AKT/mTOR signaling 
pathways in HEMC-SS chondrosarcoma cells. 

Chondrosarcoma cells cultured in 3D are 
sensitive to anti-EGFR treatment

In vitro three-dimensional (3D) models, are known 
to permit endogenous ECM deposition, cell-cell matrix 
interactions and cell-cell contact in all directions, allowing 
cell responses that more closely mimic events occurring in 
vivo during cancer formation and progression. Therefore, 
it is important to evaluate the effect of the EGFR inhibitor, 
AG1478 on chondrosarcoma cells cultured in 3D system. 
To this end, HEMC-SS chondrosarcoma cells were 
embedded in alginate beads and grown for one week 
before treatment with AG1478 or DMSO (control) for 
24 h. Treatment of HEMC-SS chondrosarcoma cells 
cultured in 3D with AG1478 at 1 μM and 5 μM inhibits 
the phosphorylation of EGFR and reduced the activation 
of both ERK1/2 and AKT signaling pathways, however 
the inhibition is more pronounced when 5 μM of AG1478 
were used (Figure 3E). These data suggest that AG1478 is 
able to inhibit the activation of EFGR pathway in HEMC-
SS tumoral cells that grow in a 3D environment.

Anti-EGFR neutralizing antibodies inhibit 
constitutive activation of downstream signaling 
pathways

The use of monoclonal antibodies for cancer 
therapy has been successful and their clinical development 
is growing. Monoclonal antibodies targeting EGFR-
ligand binding domain have been used for the 

treatment of colorectal cancer [20], however their use 
in chondrosarcoma is not reported yet. To determine 
whether such strategy could be considered in the case 
of chondrosarcoma, we examined whether anti-EGFR 
monoclonal antibodies are effective in preventing the 
aberrant activation of ERK1/2 and AKT pathways. For 
this purpose, HEMC-SS chondrosarcoma cells were 
incubated with a monoclonal anti-EGFR neutralizing 
antibody that reacts with external domain of EGFR and 
the phosphorylation status of ERK1/2 and AKT were 
monitored by western blot. As shown in Figure 4, ERK1/2 
and AKT signaling were down regulated in the presence 
of the anti-EGFR antibody. Indeed, strong inhibition 
of ERK1/2 and AKT phosphorylation was observed at 
concentration of 5 μg/ml anti-EGFR neutralizing antibody. 
No inhibition of these signaling pathways was seeing when 
incubation is carried out with anti-IgG antibodies. This 
observation indicates that anti-EGFR antibodies are able 
to efficiently block the activation of oncogenic signals, 
ERK1/2 and AKT in chondrosarcoma cells.

Inhibition of EGFR decreases proliferation and 
migration of chondrosarcoma cells

We showed above that inhibition of EGFR strongly 
decreases ERK1/2 signaling. Given the important role 
of this pathway in cell proliferation, it is likely that 
inhibition of EGFR may affect cell growth. To test this 
hypothesis, we assessed the effect of inhibition of EGFR 
on the proliferation of human chondrosarcoma cells. 
As shown in Figure 5A, a dose-dependent inhibition in 
cell growth of chondrosarcoma cells HEMC-SS was 
observed following treatment with the EGFR inhibitor 
AG1478. Up to 30% inhibition in cell proliferation 
was observed when chondrosarcoma cells were treated 
with 5 μM of AG1478 (Figure 5A), indicating that 
constitutive activation of EGFR sustains chondrosarcoma 
cell proliferation. In contrast, no effect of AG1478 on 
proliferation of SW1353 chondrosarcoma cells was 
observed either at 1 μM or at 5 μM (Figure 5A). We next 
investigated whether chondrosarcoma cell migration, that 
may influence metastatic phenotype, is affected following 
EGFR inhibition. To this end, we analyzed the effect of 
AG1478 on cell migration at 24 h and 48 h treatment 
using Oris™ cell migration assay. The results clearly 
show that treatment of chondrosarcoma cells with the 
EGFR inhibitor strongly reduced the migration of HEMC-
SS cells compared to control cells (DMSO) (Figure 5B). 
Indeed, the population of cells that moved to detection 
zone at 24 h and 48 h of treatment is significantly 
reduced in AG1478-treated cells compared to vehicle-
treated cells (control) as indicated by the size of the 
area closure (Figure 5B). However, no significant effect 
on the migration of SW1353 chondrosarcoma cells was 
observed at 24 h or 48 h of AG1478 treatment (Figure 5C).  
Altogether, these results support the notion that inhibition 
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Figure 3: Inhibition or silencing EGFR down regulates ERK1/2 and AKT/mTOR signaling pathways. (A) Western blot 
analysis of the activation status of ERK1/2 and AKT signaling pathways in chondrosarcoma cells and primary chondrocytes. (B) Analysis 
of the effect of AG1478 (1 μM) on the phosphorylation of EGFR and on the activation of ERK1/2 and AKT downstream signaling 
pathways in chondrosarcoma cells HEMC-SS and SW1353. Control cells were treated with DMSO (vehicle). (C) Western blot analysis 
of the expression of EGFR and the phosphorylation status of ERK1/2 and AKT in chondrosarcoma HEMC-SS cells treated with siRNA 
specific to EGFR (siEGFR) or siRNA control (siControl). (D) Western blot analysis of the effect of AG1478 (1 μM) on the activation of 
mTOR in HEMC-SS chondrosarcoma cells. Control cells were treated with DMSO (vehicle). (E) Analysis of the effect of AG1478 at 1 μM 
and 5 μM on the phosphorylation of EGFR and on the activation of ERK1/2 and AKT downstream signaling pathways in chondrosarcoma 
cells HEMC-SS cultured in 3D in alginate beads. β-actin was used as a loading control. Data are representative of three independent 
experiments (n = 3).
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of EGFR in chondrosarcoma cells HEMC-SS decreased 
cell proliferation and migration.

Inhibition of EGFR induces G0/G1 cycle arrest 
in chondrosarcoma cells

To investigate the mechanism by which 
AG1478 mediates cell growth inhibition in HEMC-SS 
chondrosarcoma cells, we performed flow cytometry 
analysis to determine the effect of EGFR inhibition on 
cell cycle progression. Treatment of chondrosarcoma 
cells with AG1478 for 24 h resulted in the accumulation 
of cells in the G0/G1 phase and a concomitant depletion of  
cells in the G2/M phase (Figure 6A). The percentage of 
cells in the G0/G1 phase increased significantly from 
36.8% to 49.3% while S-phase cells showed only a slight 
increase 18.8% to 20.9%. The percentage of G2/M-phase 
cells decreased from 43.9% in the control cells to 28.4% 
in the treated cells (Figure 6A). This finding indicates that 
cell cycle distribution was blocked in the G0/G1 phase 
when chondrosarcoma cells are treated with AG1478. 
This result, suggest that inhibition of EGFR causes growth 
arrest through G0/G1 cell cycle blockage.

To elucidate the molecular mechanism involved 
in the arrest of chondrosarcoma cells in G0/G1 phase 
by AG1478, we first investigated the expression of 
cyclin D1 that regulates G1 phase progression, in both 
chondrosarcoma cells and in human primary chondrocytes. 

We found that cyclin D1 is expressed at high amount in 
chondrosarcoma cells compared to primary chondrocytes, 
indicating that the expression of cyclin D1 is up-regulated 
in chondrosarcoma cells (Figure 6B). Interestingly, 
treatment of chondrosarcoma cells with AG1478 
produced a strong decrease in the expression of cyclin D1 
(Figure 6C). Given that progression through the G1 phase 
is achieved by the activity of cyclin-dependent kinases 
and is negatively regulated by cyclin-dependent kinases 
inhibitors (CKI), we analyzed the effect of AG1478 on the  
expression of the CKI, p27kip1. As shown in Figure 6C, 
treatment of chondrosarcoma cells with AG1478 strongly 
induces the expression of p27kip1. Altogether, these data 
indicate that AG1478-induced arrest of chondrosarcoma 
cells in G0/G1 phase involves downregulation of 
cyclin D1 expression and upregulation of p27kip1 tumor 
suppressor gene.

Inhibition of EGFR induces apoptosis in 
chondrosarcoma

Next, we investigated whether AG1478 induces 
apoptosis in chondrosarcoma cells. To this end, cells were 
treated with AG1478 for 24 h and apoptosis was analyzed 
using Annexin V-FITC. The results reveal that AG1478 
induces significant apoptosis (53%) in chondrosarcoma 
cells (Figure 7A and 7B). To confirm these observations 
we looked at the expression of key proteins involved in 

Figure 4: Monoclonal anti-EGFR neutralizing antibodies inhibit ERK1/2 and AKT signaling pathways. Western 
blot analysis of the effect of EGFR neutralizing antibodies (5 μg/ml and 10 μg/ml) on the activation of ERK1/2 and AKT pathways in 
chondrosarcoma HEMC-SS cells. For control, cells were incubated with 10 μg/ml of IgG. β-actin was used as a loading control. Data are 
representative of three independent experiments (n = 3).
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apoptotic pathway upon AG1478 treatment by western 
blotting. Treatment of cells with the AG1478 caused 
significant cleavage of Caspase-3 and PARP (Figure 7C), 
indicating that cells undergo apoptosis. These results 
reveal that inhibition of EGFR induces apoptosis in 
chondrosarcoma cells HEMC-SS, therefore indicating 
that the survival of these tumor cells rely strongly on 
constitutive activation of EGFR. In contrast, treatment of 
SW1353 chondrosarcoma cells with the EGFR inhibitor, 
AG1478 did not induce significant cleavage of both 
Caspase 3 and PARP (Figure 7D), suggesting that survival 

of these tumors may involve signaling pathways other than 
the EGFR pathway.

EGFR inhibition down-regulates the expression 
of MMP-13 and MMP-3

Matrix metalloproteinase-13 (MMP-13) also named 
collagenase-3 and MMP-3 named stromelysin-1 are 
of particular importance as they are responsible for the 
degradation of collagen and proteoglycans that are the 
major components of cartilage ECM, therefore they may 

Figure 5: AG1478 reduces proliferation and migration of chondrosarcoma cells. (A) HEMC-SS chondrosarcoma cells were 
treated with DMSO (Control) or with 1 µM or 5 µM of AG1478 and cell proliferation was analyzed by Click-iT® EdU as described in 
Material and Methods. Bar graph shows cell proliferation expressed as percentage relative to control cells. Data are expressed as mean  
(n = 3) ± SD. *P < 0.05 versus control. (B) and (C) HEMC-SS and SW1353 chondrosarcoma cells cultured in 96 well-plates were allowed 
to attach overnight, then stoppers were removed creating a central cell-free zone. Culture medium containing AG1478 (5 µM) or DMSO 
(control) was added and cell migration to central zone was monitored at 24 h and 48 h.
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play an important role in metastasis of chondrosarcoma 
cells. To investigate whether inhibition of EGFR affects 
the expression of MMP-13 and MMP-3, chondrosarcoma 
cells were treated with the inhibitor AG1478 and the 
expression of both genes was analyzed by qPCR. 
Interestingly, AG1478 reduces by about 47% and 68% 
the expression of MMP-13 and MMP-3, respectively 
(Figure 8). These results indicate that AG1478 decreases 
the expression of metastasis-related proteins in HEMC-SS 
chondrosarcoma cells and suggest that inhibition of EGFR 
may reduce chondrosarcoma metastasis.

Constitutive EGFR signaling mediates aberrant 
activation of ERK1/2 and AKT in grade III 
chondrosarcoma cells

To determine whether EGFR activation contributes 
to progression to a higher grade lesion, we used 
chondrosarcoma cells, CH2879 that were established 
from grade III chondrosarcoma tumor of bone. Analysis 
of the phosphorylation status of EGFR indicated that 
the receptor is activated in CH2879 cells (Figure 9A), 
suggesting that EGFR receptor is aberrantly activated in 

Figure 6: AG1478 produces cell cycle arrest, induces p27 and inhibits cyclin D1 in chondrosarcoma cells. (A) Cells 
were treated with 1 µM of AG1478 or with DMSO (control) for 24 h and cell cycle distribution was measured by Propidium Iodide 
flow cytometry. Abbreviations: M, mitosis; S, DNA duplication phase; G0/G1, gap between end of M-phase and start of S-phase; G2, 
gap between end of S-phase and start of M-phase. Data are expressed as mean (n = 3) ± SD, (*P < 0.05). (B) Western blot analysis of 
the expression of cyclin D1 in human primary chondrocytes and chondrosarcoma HEMC-SS cells. (C) Detection of cyclin D1 and p27 
in chondrosacoma HEMC-SS treated with AG1478 (1 µM) or DMSO (control) for 24h. Data are representative of three independent 
experiments (n = 3).
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these grade III chondrosarcoma cells. Treatment of the 
CH2879 chondrosarcoma cells with AG1478 strongly 
inhibits the phosphotylation of the EGFR receptor 
(Figure 9A). Interestingly, inhibition of EGFR by the 
TKI leads to significant reduction in the phosphorylation 
of both ERK1/2 and AKT (Figure 9A), indicating that 
the activation of oncogenic signals ERK1/2 and AKT 
in CH2879 cells rely on EGFR activation. Given the 
important role of ERK1/2 and AKT signaling pathways 

in cell proliferation and apoptosis, we hypothesize that 
inhibition of EGFR may affect CH2879 cell growth and 
survival. To test this hypothesis, we treated CH2879 cells 
with the EGFR inhibitor AG1478 for 24 h and analyzed 
cell proliferation and apoptosis. As shown in Figure 9B, 
up to 20% inhibition in cell proliferation was observed 
when chondrosarcoma cells were treated with 1 μM of 
AG1478, indicating that constitutive activation of EGFR 
sustains the proliferation of the grade III chondrosarcoma 

Figure 7: AG1478 induces apoptosis in chondrosarcoma cells. (A) Representative apoptosis profile of cells treated with DMSO 
(left panel) or  (B) 1 μM of AG1478 (right panel) for 3 h stained with Annexin V-FITC Conjugate and Propidium Iodide (PI) using Alexa 
Fluor® 488 annexin V/Dead Cell Apoptosis kit and analyzed by flow cytometry. (C) and (D) HEMC-SS and SW1353 chondrosarcoma 
cells were treated with 1 µM of AG1478 or DMSO (control) overnight and assayed by western blot to assess the apoptotic markers 
Caspase-3 and PARP. Representative immunoblot shows the effect of AG1478 on the protein levels of Cleaved Caspase-3 and Cleaved 
PARP. β-actin was used as a loading control. Data are representative of three independent experiments (n = 3).
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cells, CH2879. Interestingly, treatment of chondrosarcoma 
cells with AG1478 decreased the expression of cyclin 
D1 and induced that of the CKI, p27kip1 (Figure 9C), 
suggesting that AG1478 inhibits cell proliferation through 
dowregulation of cyclin D1 and upregulation of p27kip1. 
Next, we investigated whether AG1478 induces apoptosis 
in CH2879 cells. For this purpose, cells were treated 
with AG1478 for 24 h and the cleavage of Caspase 3 and 
PARP were analysed by western blot. Treatment with 
AG1478 induces significant cleavage of both Caspase 3 
and PARP (Figure 9D), indicating that AG1478 induces 
apoptosis in CH2879 chondrosarcoma cells and suggest 
that activation of EGFR promote the survival of the 
tumor cells. Altogether, these results strongly support 
the notion that aberrant activation of EGFR is critical 
for chondrosarcoma tumor growth and survival and may 
contribute to progression to higher-grade lesion.

DISCUSSION

In this study, we showed that EGFR is constitutively 
active in chondrosarcoma tumors of high-grade, whereas 
it is not active in low-grade tumors, suggesting that EGFR 
activation may be involved in chondrosarcoma tumor 
progression and therefore could be used as a biomarker 
to monitor the progression of chondrosarcoma tumors. 
Clinical trials have shown that inhibition of EGFR by TKIs 
such as gefitinib or antibodies such as cetuximab have 
proven effective in human non-small cell lung cancer [15, 
16] and metastatic colorectal cancer [7, 17], respectively. 
In chondrosarcoma, gefitinib has been shown to reduce 

cell proliferation and migration of the cell lines, JJ2012 
and SW1353 but the molecular mechanism involved has 
not been investigated [21]. However, we showed that 
SW1353 cells express high amount of EGFR but they do 
not produce EGF ligand and EGFR is not constitutively 
active in these cells. In addition, we found that EGFR 
inhibition with AG1478 did not affect the proliferation of 
SW1353 cells. Therefore, how gefitinib inhibits SW1353 
cell proliferation remains to be elucidated.

Our study reveals that aberrant activation of 
oncogenic signals, ERK1/2 and AKT/mTOR is driven 
by constitutive activation of EGFR. Indeed, treatment 
of chondrosarcoma cells with AG1478 inhibits the 
phosphorylation of EGFR receptor and of ERK1/2 and 
AKT/mTOR. Chondrosarcoma tumors produce high 
amount of extracellular matrix proteins that may play a 
role in drug resistance. Three-dimensional cell culture 
models allow the synthesis and deposition of extracellular 
matrix and are more likely to mimic natural tumor 
microenvironment in vitro. These models become essential 
tools in cancer research, notably for testing the efficacy of 
anticancer drugs. Interestingly, we showed that AG1478 
at a concentration of 5 μM is able to strongly inhibit the 
phosphorylation of EGFR and reduced the activation of 
down-stream pathways in chondrosarcoma cells cultured 
in 3D, indicating that chondrosarcoma did not show 
strong resistance to the drug in the 3D culture model used. 
Although other factors such as low vascularisation of 
chondrosarcoma tumors may play a role in the resistance 
of chondrosarchomas to chemotherapy, the 3D cultures 
results suggest that AG1478 may be effective in reducing 

Figure 8: Inhibition of EGFR down-regulates the expression of the Matrix Metalloproteinases MMP3 and MMP13. 
Fold changes of MMP3 and MMP13 expression normalized to control in chondrosarcoma HEMC-SS cells treated with AG1478 (1 μM) 
or DMSO (vehicle) (n = 3). Data are representative of at least three experiments. Q-PCR values were normalized for the housekeeping 
gene ribosomal protein S29 and are expressed as relative expression compared with control. Data are expressed as mean ± S.D. Statistical 
analysis was performed with an unpaired Student’s t-test (*p < 0.05).
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Figure 9: AG1478 inhibits oncogenic signals and cell growth, and induces apoptosis in high-grade chondrosarcoma 
cells. (A) Analysis of the effect of AG1478 (1 μM) on the phosphorylation of EGFR and on the activation of ERK1/2 and AKT downstream 
signaling pathways in chondrosarcoma cells CH2879. Control cells were treated with DMSO (vehicle). (B) Chondrosarcoma CH2879 cells 
were treated with DMSO (Control) or with 1 µM of AG1478 and cell proliferation was analyzed by Click-iT® EdU as described in Material 
and Methods. Bar graph shows cell proliferation expressed as percentage relative to control cells. Data are expressed as mean (n = 3) ± SD. 
*P < 0.05 versus control. (C) Detection of cyclin D1 and p27 in chondrosacoma CH2879 treated with AG1478 (1 µM) or DMSO (control) 
for 24 h. Data are representative of three independent experiments (n = 3). (D) Cells were treated with 1 µM of AG1478 or DMSO (control) 
overnight and assayed by western blot to assess the apoptotic markers Caspase-3 and PARP. b-actin was used as a loading control. Data are 
representative of three independent experiments (n = 3).
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tumor growth in vivo, however this has not been tested in 
this study. 

Aberrant activation of oncogenic signals, ERK1/2 
and AKT/mTOR in chondrosarcomas may sustain cell 
proliferation and survival. In line with this, it has been 
reported that treatment of rat chondrosarcoma cells with 
mTOR inhibitor, everolimus blocked cell proliferation and 
tumor progression [22]. Owing to the role of ERK1/2 and 
AKT/mTOR in cell proliferation and survival, and given 
that inhibition of EGFR strongly decreased the constitutive 
activation of these pathways, we investigated a potential 
effect of AG1478 on cell survival and proliferation. We 
found that the TKI induced apoptosis in chondrosarcoma 
cells as evidenced by activation of Caspase-3 and cleavage 
of PARP, indicating that EGFR activation is required for 
chondrosarcoma survival.

We showed that AG1478 inhibits the proliferation 
of chondrosarcoma cells. Given that ERK1/2 pathway has 
a pivotal role in facilitating cell proliferation and cycle 
progression by activating cell cycle regulatory proteins 
during G0/G1 [23], we analyzed whether the TKI impairs 
cell cycle progression. Our data revealed that inhibition 
of EGFR by AG1478 produced arrest in the G0/G1 phase, 
suggesting that AG1478 exerts growth-inhibitory effects in 
chondrosarcoma cells by causing G0/G1 cell cycle arrest 
probably through inhibition of ERK1/2 signaling. 

Our data indicated that cyclin D1 is up-regulated in 
chondrosarcoma cells. Given that, overexpression of cyclin 
D1 is correlated with tumor differentiation, poor survival, 
increased metastasis and resistance to certain cytotoxic 
drugs including tamoxifen [24–27] targeting cyclin D may 
be considered as an effective strategy for the treatment 
of chondrosarcoma. In line with this, the results obtained 
in the present study revealed that inhibition of EGFR 
activation with AG1478 induces inhibition of cyclin D1 
expression. In addition, we showed that AG1478 treatment 
of chondrosarcoma cells strongly induced the expression 
of the cyclin/cdk inhibitor p27kip1. Of note, increased levels 
of p27kip1 protein typically cause cells to arrest in G1 phase 
by inhibiting the catalytic activity of cdks. In line with 
this, our results showed that treatment with AG1478 
produced cell cycle arrest at G0/G1 phase. Interestingly, it 
has been reported that overexpression of EGFR in cancer 
cells plays a role in accelerated proteolysis of p27 protein 
and allow the cancer cells to undergo rapid division and 
uncontrolled proliferation [28]. Accordingly, inhibition 
of the EGF receptor with AG1478 increased the levels of 
p27kip1 protein in chondrosarcoma cells. 

The metastatic process is complex, and tumor 
cells need to overcome many barriers to reach and grow 
in distant organs [29]. Chondrosarcoma metastasis 
needs degradation of ECM which is mainly composed 
of collagen and proteoglycans. Two main enzymes are 
involved in the degradation of ECM, MMP-13 which 
exhibits high activity towards collagen and MMP-3 that 
degrades proteoglycans [30]. It has been reported that 

chondrosarcoma produces high amount of MMP-13, 
suggesting that it may facilitate cartilage destruction 
through degradation of type II collagene and remodeling 
of collagenous ECM [31]. MMP-13 expression is also 
reported in primary and metastatic melanomas [32] 
and has been shown to enhance the invasion capacity 
of HT1080 fibrosarcoma cells [33]. Here, we showed 
that AG1478 treatment of HEMC-SS chondrosarcoma 
cells inhibits the expression of MMP-13 and MMP-3, 
suggesting that inhibition of EGFR may impair metastatic 
potential of chondrosarcoma. In line with this, it has been 
shown that EGFR activation in melanocytes resulted in 
a strong induction of MMP-13 in ERK1/2-dependent 
manner [34]. 

The use of therapeutic monoclonal antibodies in 
patients with solid tumors has been most successful with 
classes of antibodies targeting the ERBB family including 
EGFR [20, 35]. Here, we showed that EGFR neutralizing 
antibodies, directed against the external domain of the 
receptor, strongly inhibits the oncogenic signals, ERK1/2 
and AKT triggered by EGFR activation. This indicates 
that monoclonal antibodies therapy may be beneficial for 
the treatment of chondrosarcoma with activated EGFR 
through a paracrine/autocrine loop. Taken together, our 
study reveals that EGFR is activated predominantly in 
high-grade chondrosarcoma tumors and may be used  
as a biomarker of chondrosarcoma cancer progression. 
Because of their heterogeneity, with differences in invasive 
and metastatic behaviour, it is important to identify 
biological markers that will allow for a more accurate 
estimation of prognosis in patients with these tumors. This 
study also reveals that constitutive EGFR activation drives 
the oncogenic signals in chondrosarcoma and suggests that 
inhibition of EGFR by TKIs or neutralizing antibodies 
may be proven effective in the treatment of high-grade 
chondrosarcoma. 

MATERIALS AND METHODS

Cell culture and treatments

The human chondrosarcoma cell lines HEMC-SS 
(extraskeletal myxoid chondrosarcoma) and SW1353 
(grade II chondrosarcoma of bone) were obtained 
from the European Collection of Animal Cell Cultures 
(ECACC; Salisbury, UK) and the American Type Culture 
Collection (ATCC; LGC, France), respectively. The 
human chondrosarcoma cell line CH2879 (grade III 
chondrosarcoma of bone) was obtained from Pr. Rosario 
Gil-Benso (The University of Valencia, Spain) [36]. They 
were cultured in Dulbecco’s modified Eagle’s medium/
F12 (F12/DMEM) (1:1) supplemented with 10% (v/v) fetal 
bovine serum, penicillin (100 U/ml)/streptomycin (100 μg/
ml), and 1 mM glutamine at 37° C in a humidified incubator 
containing 5% CO2. Chondrosarcoma cells were seeded in 
6-well plates at 2 × 105 cells per well, allowed to attach 
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overnight then treated with the EGFR specific inhibitor, 
tyrphostin AG1478, (Sigma, Saint Louis MO) or vehicle 
(DMSO) at a concentration of 1 μM or 5 μM. Treatment 
of chondrosarcoma cells with neutralizing anti-EGFR 
antibody (Clone LA1, Millipore, Eschborn, Germany) or 
IgG (control) was performed overnight at a concentration 
of 5 μg/ml and 10 μg/ml, respectively. At the end of the 
treatment period, cells were washed with PBS and harvested 
for western blot and mRNA expression analyses. 

Stimulation of chondrosarcoma cells SW1353 
with conditioned medium from chondrosarcoma 
HEMC-SS cells was performed by replacing SW1353 
chondrosarcoma cell medium with conditioned medium 
from HEMC-SS cells that were grown for 24 h. The 
conditioned medium was centrifuged at 5,000 × g for  
10 min before addition to SW1353 cells for 1 h. Cells 
were then washed with PBS and collected for western blot.

3D culture of chondrosarcoma cells

HEMC-SS cells are cultured until 75% confluency 
in petri dishes then trypsinized and embedded in a 2% 
alginate solution in 0,09% NaCl (w/v) at 106 cells/ml.  
Beads are formed by adding dropwise the alginate 
solution containing cells through a 18G syringe in a 102 
mM CaCl2 solution. After 3 washes with 0,09% NaCl, 
beads are cultured in complete medium containing 1mM 
CaCl2 for 1 week. Beads are further cultured 3 days 
without Cacl2 then treated with DMSO (control) or with 
1 µM or 5 µM of AG1478 for 24 h. Beads are then lysed 
in citrate/EDTA (50mM) (pH 6,8) buffer for 20 min, 
centrifuged 10 min at 300 × g, washed with PBS and 
lysed in RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, 
pH 7.5, 1% deoxycholate, 0.1% SDS, 1% Triton X-100) 
supplemented with protease and phosphatase inhibitors 
(Roche Diagnostics, Indianapolis, IN, USA). Cell lysates 
were sonicated on ice and protein concentration of the 
samples was determined by the Bradford method.

Chondrosarcoma tissue microarray and 
immunohistochemistry analysis 

Chondrosarcoma tissue microarray, containing 
27 cases of chondrosarcoma including well (grade I), 
moderately (grade II) and poorly (Grade III) differentiated 
was obtained from US Biomax (OS803, US Biomax, Inc, 
USA). Immunohistochemistry staining was performed on 
chondrosarcoma tissue microarray using the ImmPRESS™ 
HRP Universal Antibody Polymer Detection Kit (Vector 
Laboratories, CA, USA). Paraffin-embedded sections 
were deparaffinized in alcohol baths, then washed in 
water. Antigen unmasking was performed using HIER 
citrate buffer pH=6.0 (Zytomed, Germany) for 6 h at 70° 
C. Then, peroxidase activity is quenched for 10 min using 
Peroxid-Block buffer (Zytomed, Germany). Sections 
were subsequently blocked for 20 min with normal 

horse blocking buffer and incubated at 4° C overnight 
with primary antibodies, phospho-EGFR (p-EGFR, 
diluted 1:400, Cell signalling, Danvers, USA) or EGF 
(diluted 1:250, GeneTex, CA, USA) in antibody dilutent 
(Dako, CA, USA). Sections were washed once with 
PBS, incubated with ImmPRESS reagent for 30 min and 
washed twice with PBS before incubated with peroxidase 
substrate (Permanent AEC kit, Zytomed, Germany) until 
stains develop. Sections were then counterstained with 
hematoxylin, cleared and mounted. Immunohistochemistry 
images were obtained by using Leica DMD 108 
microscope (Leica Microsystem, Germany).

Small interfering RNA transfection

Chondrosarcoma cells were seeded in 6-well 
plates at 2 × 105 cells per well and grown overnight at 
37° C. Then, cells were transfected with 25 nM small 
interfering RNA (siRNAs) to human EGFR; siEGFR(
1):CAGGAACTGGATATTCTGAAA, siEGFR(2):CC 
CATCCAATTTATCAAGGAA, siEGFR(3):TACGAA 
TATTAAACACTTCAA or control siRNA, (siControl, 
Scrambled, Qiagen, Hilden, Germany) using DharmaFECT 
transfection reagent (ThermoFisher Scientific, Waltham, 
USA) according to the manufacturer’s instructions. At 
48 h post-transfection, cells were washed with PBS and 
harvested for immunoblotting to determine the change in 
the expression and the phosphorylation status of relative 
proteins.

Western blot analysis

After treatment, cells were washed with ice-
cold PBS and total protein was extracted using RIPA 
buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 1% 
deoxycholate, 0.1% SDS, 1% Triton X-100) supplemented 
with protease and phosphatase inhibitors (Roche 
Diagnostics, Indianapolis, IN, USA). Cell lysates were 
sonicated on ice and protein concentration of the samples 
was determined by the Bradford method. Proteins from 
cell lysate or conditioned medium were separated on 10% 
SDS-PAGE gels, transferred to a PVDF membrane (BIO-
RAD, CA, USA), and subsequently blocked in PBS-Tween 
20 containing 5% nonfat milk for 1 h at room temperature. 
Membranes were incubated at 4° C overnight with primary 
antibodies, phospho-EGFR (Y1068), phospho-ERK1/2, 
ERK1/2, phospho-AKT, AKT, phospho-mTOR, mTOR, 
cyclin D1, p27, Caspase-3, or PARP (diluted at 1:1000, 
Cell signaling, Danvers, USA), EGFR Pan (diluted 
1/10000 Epitomics, CA, USA), EGF (diluted at 1:500, 
GeneTex, CA, USA). β-actin antibodies (Sigma) were 
used at a dilution of 1:5000. The membranes were washed 
three times for 10 min each with TBST and incubated 
in horseradish peroxidase-conjugated rabbit or mouse 
secondary antibodies (1:2000, Cell signaling) for 1 h at 
room temperature. The blots were then developed using 
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Clarity Western ECL substrate (BIO-RAD) according to 
the instructions of the manufacturer.

Real-time quantitative PCR

Total RNA from cells was extracted using the 
RNeasy Mini Kit (Qiagen, Hilden, Germany) based on the 
manufacturer’s instructions. The reverse transcription was 
performed using 500 ng of total RNA from each sample 
with iScript Ready to use cDNA supermix (BIO-RAD). 
Quantitative PCR was performed with iTaq™ Universal 
SYBR Green Supermix kit (BIO-RAD) using StepOne 
Plus™ Real-Time PCR Systems (Applied Biosystems, 
CA, USA). Expression of MMP-13 and MMP-3 was 
measured using specific primers (Qiagen). PCR cycling 
parameters were 30 s at 95° C, 40 cycles of 30 s at 95° C 
and 60 s at 60° C. Expression levels of target genes were 
normalized to ribosomal protein S29 RNA level.

Cell migration assay

The cell migration was measured using the Oris™ 
96-well cell migration assay kit (Platypus Technologies, 
Madison, USA) following the manufacturer’s instructions. 
Briefly, on the first day, 5 × 104 cells were seeded in each 
well. On day 2, the stopper was removed to allow cells 
to migrate into the detection zone. Culture medium 
containing AG1478 (5 µM) or DMSO (control) was added 
and cell migration to central zone was monitored at 24 h 
and 48 h. The picture of the cells that migrated into the 
detection zone was taken using inverted microscope Leica 
DMI3000 B (Leica Microsystems, Germany).

Cell proliferation assay

The cell proliferation was measured by Click-iT® 
EdU (ThermoFisher Scientific, Waltham, USA) assay, 
according to the manufacturer’s protocol. Cells were 
seeded in 96-well plates at 2 × 104 cells per well. On 
day two, culture medium containing AG1478 or DMSO 
(control) was added for 24 h, then cells were exposed to 
10 µM of 5-ethynyl-2′-deoxyuridine (EdU) for additional 
4 h at 37 ° C, fixed with Click-iT® EdU Fixative for 5 min 
at room temperature and incubated with 50 µL of Click-
iT® reaction cocktail for 25 min. Cells were then washed 
twice with 200 µL per well of Amplex® UltraRed buffer 
and incubated with 100 µL per well of Amplex®UltraRed 
for 15 min at room temperature before addition of  
10 µL per well Amplex® UltraRed stop reagent. Cells were 
analyzed on a plate reader with filter sets appropriate for 
Amplex® UltraRed (excitation/emission, 568/585 nm).

Analysis of apoptotic cells

Apoptosis was measured by Alexa Fluor® 488 
annexin V/Dead Cell Apoptosis kit (ThermoFisher 
Scientific, Waltham, USA), according to the 

manufacturer’s protocol. Briefly, after treatment with 
AG1478 (5 µM) or vehicle (DMSO) for 3 h, cells were 
harvested and resuspended in 100 µL annexin-binding 
buffer and stained with 5 µL annexin-V-FITC and 1 µL 
Propidium Iodide (PI) for 15 min at room temperature 
in the dark. Then, 400 µL annexin-binding buffer was 
added and cells were analyzed on EPICS ALTRAII flow 
cytometry (Beckman, USA) using Multi-cycle software 
(Phoenix Flow Systems, USA). Results were expressed 
as percentage of PI negative and annexin-V positive 
apoptotic cells. All experiments were performed in 
triplicate.

Cell cycle analysis

Cells were treated with AG1478 inhibitor (5 µM) 
or vehicle (DMSO) for 3 h then washed twice with ice 
cold PBS, collected by trypsinization and centrifuged. 
The pellets were resuspended in 1 ml cold PBS and 2.5 
ml absolute ethanol and incubated on ice for 15 min. 
After centrifugation, cells were stained with 500 μl 
propidium iodide (PI)-solution (50 μg/ml PI, 0.1 mg/
ml RNase A, 0.05% Triton X-100) for 40 min at 37° C. 
Cells were analyzed on EPICS ALTRAII flow cytometry 
(Beckman, USA). Cell distribution in the different phases 
of the cell cycle was determined with Multi-cycle software 
(Phoenix Flow Systems, USA). Results were expressed as 
percentage. All experiments were performed in triplicate.

Statistical analysis

The results are presented as mean ± SD of 
three independent experiments. Statistical differences 
between control and treated groups were evaluated using 
Student’s test. A two-sided P-value <0.05 was considered 
statistically significant for all analyses.

Abbreviations

CKI: cyclin-dependent kinases inhibitors; ECM: 
extracellular matrix; EGFR: epidermal growth factor 
receptor; MMP-13: Matrix metalloproteinase-13, PI: 
Propidium Iodide; RTKs: receptor tyrosine kinases; 
siRNA: small interfering RNA; TKIs: tyrosine-kinase 
inhibitors.

Author contributions

JQ, IS, LB, DM, PN and MO designed the study. JQ, 
IS and LB, carried out the experimental data acquisition. 
JQ, LB, MO performed data analyses. JQ and MO wrote 
and revised the manuscript.

CONFLICTS OF INTEREST

The authors disclose no conflict of interest.

www.oncotarget.com
www.oncotarget.com


Oncotarget3181www.oncotarget.com

FUNDING

This study was funded by Ligue Contre le Cancer 
and Région Grand EST.

REFERENCES

  1.	 Vanneman M, Dranoff G. Combining immunotherapy and 
targeted therapies in cancer treatment. Nat Rev Cancer. 
2012; 12:237–51. https://doi.org/10.1038/nrc3237. 
[PubMed]

  2.	 Regad T. Targeting RTK signaling pathways in cancer. 
Cancers (Basel). 2015; 7:1758–84. https://doi.org/10.3390/
cancers7030860. [PubMed]

  3.	 Sleijfer S, Wiemer E, Seynaeve C, Verweij J. Improved 
insight into resistance mechanisms to imatinib in 
gastrointestinal stromal tumors: a basis for novel approaches 
and individualization of treatment. Oncologist. 2007; 
12:719–26. https://doi.org/10.1634/theoncologist.12-6-719. 
[PubMed]

  4.	 Demetri GD, Reichardt P, Kang YK, Blay JY, Rutkowski 
P, Gelderblom H, Hohenberger P, Leahy M, von Mehren 
M, Joensuu H, Badalamenti G, Blackstein M, Le Cesne 
A, et al, and GRID study investigators. Efficacy and 
safety of regorafenib for advanced gastrointestinal stromal 
tumours after failure of imatinib and sunitinib (GRID): an 
international, multicentre, randomised, placebo-controlled, 
phase 3 trial. Lancet. 2013; 381:295–302. https://doi.
org/10.1016/S0140-6736(12)61857-1. [PubMed]

  5.	 van der Graaf WT, Blay JY, Chawla SP, Kim DW, Bui-
Nguyen B, Casali PG, Schöffski P, Aglietta M, Staddon 
AP, Beppu Y, Le Cesne A, Gelderblom H, Judson IR, et 
al, and EORTC Soft Tissue and Bone Sarcoma Group, and 
PALETTE study group. Pazopanib for metastatic soft-tissue 
sarcoma (PALETTE): a randomised, double-blind, placebo-
controlled phase 3 trial. Lancet. 2012; 379:1879–86. https://
doi.org/10.1016/S0140-6736(12)60651-5. [PubMed]

  6.	 Hudis CA. Trastuzumab--mechanism of action and use in 
clinical practice. N Engl J Med. 2007; 357:39–51.R. https://
doi.org/10.1056/NEJMra043186. [PubMed]

  7.	 Messersmith WA, Ahnen DJ. Targeting EGFR in colorectal 
cancer. N Engl J Med. 2008; 359:1834–36. https://doi.
org/10.1056/NEJMe0806778. [PubMed]

  8.	 Bovée JV, Cleton-Jansen AM, Taminiau AH, Hogendoorn 
PC. Emerging pathways in the development of 
chondrosarcoma of bone and implications for targeted 
treatment. Lancet Oncol. 2005; 6:599–607. https://doi.
org/10.1016/S1470-2045(05)70282-5. [PubMed]

  9.	 Rosenberg G.  The Uncertain Century. New 
Perspectives Quarterly. 1999; 16:45–50. https://doi.
org/10.1111/j.1540-5842.1999.tb00076.x.

10.	 Lagonigro MS, Tamborini E, Negri T, Staurengo S, Dagrada 
GP, Miselli F, Gabanti E, Greco A, Casali PG, Carbone A, 
Pierotti MA, Pilotti S. PDGFRalpha, PDGFRbeta and KIT 
expression/activation in conventional chondrosarcoma. 

J Pathol. 2006; 208:615–23. https://doi.org/10.1002/
path.1945. [PubMed]

11.	 Grignani G, Palmerini E, Dileo P, Asaftei SD, D’Ambrosio 
L, Pignochino Y, Mercuri M, Picci P, Fagioli F, Casali 
PG, Ferrari S, Aglietta M. A phase II trial of sorafenib in 
relapsed and unresectable high-grade osteosarcoma after 
failure of standard multimodal therapy: an Italian Sarcoma 
Group study. Ann Oncol. 2012; 23:508–16. https://doi.
org/10.1093/annonc/mdr151. [PubMed]

12.	 Ishiguro Y, Ishiguro H, Miyamoto H. Epidermal growth 
factor receptor tyrosine kinase inhibition up-regulates 
interleukin-6 in cancer cells and induces subsequent 
development of interstitial pneumonia. Oncotarget. 2013; 
4:550–59. https://doi.org/10.18632/oncotarget.939. 
[PubMed]

13.	 Hirsch FR, Varella-Garcia M, Bunn PA Jr, Di Maria MV, 
Veve R, Bremmes RM, Barón AE, Zeng C, Franklin 
WA. Epidermal growth factor receptor in non-small-
cell lung carcinomas: correlation between gene copy 
number and protein expression and impact on prognosis. 
J Clin Oncol. 2003; 21:3798–807. https://doi.org/10.1200/
JCO.2003.11.069. [PubMed]

14.	 Dobashi Y, Suzuki S, Sugawara H, Ooi A. Involvement 
of epidermal growth factor receptor and downstream 
molecules in bone and soft tissue tumors. Hum Pathol. 2007; 
38:914–25. https://doi.org/10.1016/j.humpath.2006.12.005. 
[PubMed]

15.	 Paez JG, Jänne PA, Lee JC, Tracy S, Greulich H, Gabriel 
S, Herman P, Kaye FJ, Lindeman N, Boggon TJ, Naoki K, 
Sasaki H, Fujii Y, et al. EGFR mutations in lung cancer: 
correlation with clinical response to gefitinib therapy. 
Science. 2004; 304:1497–500. https://doi.org/10.1126/
science.1099314. [PubMed]

16.	 Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, 
Okimoto RA, Brannigan BW, Harris PL, Haserlat SM, 
Supko JG, Haluska FG, Louis DN, Christiani DC, Settleman 
J, Haber DA. Activating mutations in the epidermal growth 
factor receptor underlying responsiveness of non-small-cell 
lung cancer to gefitinib. N Engl J Med. 2004; 350:2129–39. 
https://doi.org/10.1056/NEJMoa040938. [PubMed]

17.	 Douillard JY, Oliner KS, Siena S, Tabernero J, Burkes R, 
Barugel M, Humblet Y, Bodoky G, Cunningham D, Jassem 
J, Rivera F, Kocákova I, Ruff P, et al. Panitumumab-
FOLFOX4 treatment and RAS mutations in colorectal 
cancer. N Engl J Med. 2013; 369:1023–34. https://doi.
org/10.1056/NEJMoa1305275. [PubMed]

18.	 Yue P, Zhang X, Paladino D, Sengupta B, Ahmad S, 
Holloway RW, Ingersoll SB, Turkson J. Hyperactive 
EGF receptor, Jaks and Stat3 signaling promote enhanced 
colony-forming ability, motility and migration of cisplatin-
resistant ovarian cancer cells. Oncogene. 2012; 31:2309–22. 
https://doi.org/10.1038/onc.2011.409. [PubMed]

19.	 Ardito CM, Grüner BM, Takeuchi KK, Lubeseder-
Martellato C, Teichmann N, Mazur PK, Delgiorno KE, 
Carpenter ES, Halbrook CJ, Hall JC, Pal D, Briel T, Herner 

www.oncotarget.com
www.oncotarget.com
https://doi.org/10.1038/nrc3237
https://www.ncbi.nlm.nih.gov/pubmed/22437869
https://doi.org/10.3390/cancers7030860
https://doi.org/10.3390/cancers7030860
https://www.ncbi.nlm.nih.gov/pubmed/26404379
https://doi.org/10.1634/theoncologist.12-6-719
https://www.ncbi.nlm.nih.gov/pubmed/17602061
https://doi.org/10.1016/S0140-6736(12)61857-1
https://doi.org/10.1016/S0140-6736(12)61857-1
https://www.ncbi.nlm.nih.gov/pubmed/23177515
https://doi.org/10.1016/S0140-6736(12)60651-5
https://doi.org/10.1016/S0140-6736(12)60651-5
https://www.ncbi.nlm.nih.gov/pubmed/22595799
https://doi.org/10.1056/NEJMra043186
https://doi.org/10.1056/NEJMra043186
https://www.ncbi.nlm.nih.gov/pubmed/17611206
https://doi.org/10.1056/NEJMe0806778
https://doi.org/10.1056/NEJMe0806778
https://www.ncbi.nlm.nih.gov/pubmed/18946069
https://doi.org/10.1016/S1470-2045(05)70282-5
https://doi.org/10.1016/S1470-2045(05)70282-5
https://www.ncbi.nlm.nih.gov/pubmed/16054571
https://doi.org/10.1111/j.1540-5842.1999.tb00076.x
https://doi.org/10.1111/j.1540-5842.1999.tb00076.x
https://doi.org/10.1002/path.1945
https://doi.org/10.1002/path.1945
https://www.ncbi.nlm.nih.gov/pubmed/16470538
https://doi.org/10.1093/annonc/mdr151
https://doi.org/10.1093/annonc/mdr151
https://www.ncbi.nlm.nih.gov/pubmed/21527590
https://doi.org/10.18632/oncotarget.939
https://www.ncbi.nlm.nih.gov/pubmed/23592411
https://doi.org/10.1200/ JCO.2003.11.069
https://doi.org/10.1200/ JCO.2003.11.069
https://www.ncbi.nlm.nih.gov/pubmed/12953099
https://doi.org/10.1016/j.humpath.2006.12.005
https://www.ncbi.nlm.nih.gov/pubmed/17376509
https://doi.org/10.1126/science.1099314
https://doi.org/10.1126/science.1099314
https://www.ncbi.nlm.nih.gov/pubmed/15118125
https://doi.org/10.1056/NEJMoa040938
https://www.ncbi.nlm.nih.gov/pubmed/15118073
https://doi.org/10.1056/NEJMoa1305275
https://doi.org/10.1056/NEJMoa1305275
https://www.ncbi.nlm.nih.gov/pubmed/24024839
https://doi.org/10.1038/onc.2011.409
https://www.ncbi.nlm.nih.gov/pubmed/21909139


Oncotarget3182www.oncotarget.com

A, et al. EGF receptor is required for KRAS-induced 
pancreatic tumorigenesis. Cancer Cell. 2012; 22:304–17. 
https://doi.org/10.1016/j.ccr.2012.07.024. [PubMed]

20.	 Van Cutsem E, Köhne CH, Hitre E, Zaluski J, Chang Chien 
CR, Makhson A, D’Haens G, Pintér T, Lim R, Bodoky 
G, Roh JK, Folprecht G, Ruff P, et al. Cetuximab and 
chemotherapy as initial treatment for metastatic colorectal 
cancer. N Engl J Med. 2009; 360:1408–17. https://doi.
org/10.1056/NEJMoa0805019. [PubMed]

21.	 Song J, Zhu J, Zhao Q, Tian B. Gefitinib causes growth 
arrest and inhibition of metastasis in human chondrosarcoma 
cells. J BUON. 2015; 20:894–901. [PubMed]

22.	 Perez J, Decouvelaere AV, Pointecouteau T, Pissaloux 
D, Michot JP, Besse A, Blay JY, Dutour A. Inhibition of 
chondrosarcoma growth by mTOR inhibitor in an in vivo 
syngeneic rat model. PLoS One. 2012; 7:e32458. https://
doi.org/10.1371/journal.pone.0032458. [PubMed]

23.	 Mebratu Y, Tesfaigzi Y. How ERK1/2 activation controls 
cell proliferation and cell death: is subcellular localization 
the answer? Cell Cycle. 2009; 8:1168–75. https://doi.
org/10.4161/cc.8.8.8147. [PubMed]

24.	 Jares P, Colomer D, Campo E. Genetic and molecular 
pathogen esis of mantle cell lymphoma: perspectives for 
new targeted therapeutics. Nat Rev Cancer. 2007; 7:750–62. 
https://doi.org/10.1038/nrc2230. [PubMed]

25.	 Thomas GR, Nadiminti H, Regalado J. Molecular predictors 
of clinical outcome in patients with head and neck squamous 
cell carcinoma. Int J Exp Pathol. 2005; 86:347–63. https://
doi.org/10.1111/j.0959-9673.2005.00447.x. [PubMed]

26.	 van Diest PJ, Michalides RJ, Jannink L, van der Valk P, 
Peterse HL, de Jong JS, Meijer CJ, Baak JP. Cyclin D1 
expression in invasive breast cancer. Correlations and 
prognostic value. Am J Pathol. 1997; 150:705–11. https://
doi.org/10.1136/mp.51.1.30. [PubMed]

27.	 Stendahl M, Kronblad A, Rydén L, Emdin S, Bengtsson 
NO, Landberg G. Cyclin D1 overexpression is a negative 
predictive factor for tamoxifen response in postmenopausal 
breast cancer patients. Br J Cancer. 2004; 90:1942–48. 
https://doi.org/10.1038/sj.bjc.6601831. [PubMed]

28.	 Chu IM, Hengst L, Slingerland JM. The Cdk inhibitor 
p27 in human cancer: prognostic poten tial and relevance 
to anticancer therapy. Nat Rev Cancer. 2008; 8:253–67. 
https://doi.org/10.1038/nrc2347. [PubMed]

29.	 Gupta GP, Massagué J. Cancer metastasis: building 
a framework. Cell. 2006; 127:679–95. https://doi.
org/10.1016/j.cell.2006.11.001. [PubMed]

30.	 Troeberg L, Nagase H. Proteases involved in cartilage 
matrix degradation in osteoarthritis. Biochim Biophys 
Acta. 2012; 1824:133–45. https://doi.org/10.1016/j.
bbapap.2011.06.020. [PubMed]

31.	 Uría JA, Balbín M, López JM, Alvarez J, Vizoso F, 
Takigawa M, López-Otín C. Collagenase-3 (MMP-13) 
expression in chondrosarcoma cells and its regulation by 
basic fibroblast growth factor. Am J Pathol. 1998; 153:91–
101. https://doi.org/10.1016/S0002-9440(10)65549-6. 
[PubMed]

32.	 Airola K, Karonen T, Vaalamo M, Lehti K, Lohi J, 
Kariniemi AL, Keski-Oja J, Saarialho-Kere UK. Expression 
of collagenases-1 and -3 and their inhibitors TIMP-1 
and -3 correlates with the level of invasion in malignant 
melanomas. Br J Cancer. 1999; 80:733–43. https://doi.
org/10.1038/sj.bjc.6690417. [PubMed]

33.	 Ala-Aho R, Johansson N, Baker AH, Kähäri VM. 
Expression of collagenase-3 (MMP-13) enhances invasion 
of human fibrosarcoma HT-1080 cells. Int J Cancer. 2002; 
97:283–89. https://doi.org/10.1002/ijc.1619. [PubMed]

34.	 Meierjohann S, Hufnagel A, Wende E, Kleinschmidt MA, 
Wolf K, Friedl P, Gaubatz S, Schartl M. MMP13 mediates 
cell cycle progression in melanocytes and melanoma cells: 
in vitro studies of migration and proliferation. Mol Cancer. 
2010; 9:201. https://doi.org/10.1186/1476-4598-9-201. 
[PubMed]

35.	 Karapetis CS, Khambata-Ford S, Jonker DJ, O’Callaghan 
CJ, Tu D, Tebbutt NC, Simes RJ, Chalchal H, Shapiro 
JD, Robitaille S, Price TJ, Shepherd L, Au HJ, et al. 
K-ras mutations and benefit from cetuximab in advanced 
colorectal cancer. N Engl J Med. 2008; 359:1757–65. 
https://doi.org/10.1056/NEJMoa0804385. [PubMed]

36.	 Gil-Benso R, Lopez-Gines C, López-Guerrero JA, 
Carda C, Callaghan RC, Navarro S, Ferrer J, Pellín A, 
Llombart-Bosch A. Establishment and characterization of 
a continuous human chondrosarcoma cell line, ch-2879: 
comparative histologic and genetic studies with its tumor 
of origin. Lab Invest. 2003; 83:877–87. https://doi.
org/10.1097/01.LAB.0000073131.34648.EA. [PubMed]

www.oncotarget.com
www.oncotarget.com
https://doi.org/10.1016/j.ccr.2012.07.024
https://www.ncbi.nlm.nih.gov/pubmed/22975374
https://doi.org/10.1056/NEJMoa0805019
https://doi.org/10.1056/NEJMoa0805019
https://www.ncbi.nlm.nih.gov/pubmed/19339720
https://www.ncbi.nlm.nih.gov/pubmed/26214645
https://doi.org/10.1371/journal.pone.0032458
https://doi.org/10.1371/journal.pone.0032458
https://www.ncbi.nlm.nih.gov/pubmed/22761648
https://doi.org/10.4161/cc.8.8.8147
https://doi.org/10.4161/cc.8.8.8147
https://www.ncbi.nlm.nih.gov/pubmed/19282669
https://doi.org/10.1038/nrc2230
https://www.ncbi.nlm.nih.gov/pubmed/17891190
https://doi.org/10.1111/j.0959-9673.2005.00447.x
https://doi.org/10.1111/j.0959-9673.2005.00447.x
https://www.ncbi.nlm.nih.gov/pubmed/16309541
https://doi.org/10.1136/mp.51.1.30
https://doi.org/10.1136/mp.51.1.30
https://www.ncbi.nlm.nih.gov/pubmed/9033283
https://doi.org/10.1038/sj.bjc.6601831
https://www.ncbi.nlm.nih.gov/pubmed/15138475
https://doi.org/10.1038/nrc2347
https://www.ncbi.nlm.nih.gov/pubmed/18354415
https://doi.org/10.1016/j.cell.2006.11.001
https://doi.org/10.1016/j.cell.2006.11.001
https://www.ncbi.nlm.nih.gov/pubmed/17110329
https://doi.org/10.1016/j.bbapap.2011.06.020
https://doi.org/10.1016/j.bbapap.2011.06.020
https://www.ncbi.nlm.nih.gov/pubmed/21777704
https://doi.org/10.1016/S0002-9440(10)65549-6
https://www.ncbi.nlm.nih.gov/pubmed/9665469
https://doi.org/10.1038/sj.bjc.6690417
https://doi.org/10.1038/sj.bjc.6690417
https://www.ncbi.nlm.nih.gov/pubmed/10360651
https://doi.org/10.1002/ijc.1619
https://www.ncbi.nlm.nih.gov/pubmed/11774278
https://doi.org/10.1186/1476-4598-9-201
https://www.ncbi.nlm.nih.gov/pubmed/20667128
https://doi.org/10.1056/NEJMoa0804385
https://www.ncbi.nlm.nih.gov/pubmed/18946061
https://doi.org/10.1097/01.LAB.0000073131.34648.EA
https://doi.org/10.1097/01.LAB.0000073131.34648.EA
https://www.ncbi.nlm.nih.gov/pubmed/12808123

