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Abstract
Background/Aims: Chondrosarcoma is the second most common primary malignancy of 
bone, characterized by a high metastatic potential. Increasing clinical data highlight the 
important role played by lymphangiogenesis in cancer metastasis. Amphiregulin (AR) has 
been implicated in tumor metastasis and lymphangiogenesis, but its association with vascular 
endothelial growth factor-C (VEGF-C) expression and lymphangiogenesis in chondrosarcoma 
is unclear. Methods: We used qPCR, ELISA and Western blotting to detect AR-induced VEGF-C 
expression in chondrosarcoma cells. Lymphangiogenesis was investigated by lymphatic 
endothelial cells (LECs) migration and tube formation. An in vivo experiment examined AR 
expression in tumor-associated lymphangiogenesis. Results: In this study, we found that both 
AR and VEGF-C expression correlated with tumor stage and were significantly higher than levels 
found in normal cartilage. Exogenous AR promoted VEGF-C expression in chondrosarcoma 
cells in a time- and dose-dependent manner and subsequently increased migration and tube 
formation of LECs. AR also increased VEGF-C expression and lymphangiogenesis through 
the Src/MEK/ERK/STAT3 signaling pathway. However, it is unclear as to how an EGFR ligand 
(AR) induces activation of the Src kinase. Knockdown of AR decreased VEGF-C expression in 
chondrosarcoma cells. Similarly, lymphangiogenesis was abolished in AR knockdown cells 
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in an in vivo model of chondrosarcoma. Conclusion: These results indicate that AR occurs 
through the Src/MEK/ERK/STAT-3 pathway, activating VEGF-C expression and contributing 
to lymphangiogenesis in human chondrosarcoma. Thus, AR could be a therapeutic target in 
metastasis and lymphangiogenesis of chondrosarcoma.

Introduction

Chondrosarcoma is a malignant cartilaginous tumor of bone and soft tissue. The most 
common sites of involvement are in cartilage-abundant bone, such as the femur, tibia, or 
pelvis. Chondrosarcoma typically affects adults aged 20–60 years and is more common 
in men. Patients may be able to feel an abnormal bony bump, which can vary in size and 
location; most individuals will experience pain, swelling, or limited movement. Treatment 
involves complete surgical removal, radiation therapy [1, 2] and chemotherapy [3]. We 
have previously reported that chondrosarcomas can easily metastasize to the lung, liver 
[4] and the other organs. Distant metastasis is associated with highly malignant potential 
and a poor prognosis [3]. Therefore, novel therapeutic strategies are needed to treat human 
chondrosarcoma metastasis.

Tumor-induced lymphangiogenesis is crucial for promoting the ability of cancer cells 
to migrate, invade, proliferate and develop distant metastasis [5-8]. Vascular endothelial 
growth factor-C (VEGF-C) is a well-characterized lymphangiogenic factor involved in 
lymph formation, tumor growth, lymphangiogenesis and metastasis [7, 9] in various types 
of human cancers, such as breast cancer [10], colorectal [11, 12] and ovarian cancer [9], 
chondrosarcomas [13] and lung cancer [14]. Moreover, VEGF-C promotes the growth and 
survival of lymphatic endothelial cells (LECs).

Amphiregulin (AR) is a ligand of the epidermal growth factor receptor (EGFR). Initially 
synthesized as a transmembrane precursor, AR is then proteolytically processed to its 
mature secreted form [15]. AR-EGFR signaling mediates the migration of bone marrow 
mesenchymal progenitors to parathyroid hormone (PTH) [16, 17]. AR plays an important 
role in tumor pathogenesis and metastasis, including colorectal cancer, osteosarcoma, and 
breast cancer [18-20]. Evidence also suggests that AR may serve as a novel resistance factor 
in cancer cells [18, 21, 22]. We have previously reported that AR promotes the expression 
of α6β1 integrin and cell motility of human chondrosarcoma cells [4]. In another paper, 
we have reported that AR enhances VEGF-A expression and promotes the angiogenesis of 
human endothelial progenitor cells [23], which implies that AR is involved in the metastatic 
process of chondrosarcoma.

It is known that AR increases the activity of E-cadherin transcription protein expression 
through the ERK pathway, promoting tumor invasion and proliferation in ovarian cancer 
[24]. In breast cancer, it has been established that VEGF-C enhances tube formation and 
CXCL12 promotes lymphangiogenesis of LECs via the NF-кB signaling pathway [7]. Up until 
now, no such association has been observed between AR and VEGF-C expression in human 
chondrosarcoma. In this study, we found that AR enhances VEGF-C production and promotes 
lymphangiogenesis through the Src/MEK/ERK/STAT3 signaling pathway.

Materials and Methods

Materials
Recombinant human AR was purchased from R&D Systems (Minneapolis, MN, USA) and Trizol was 

obtained from Life Technologies. DMEM, α-MEM, fetal bovine serum (FBS), and remaining cell culture 
reagents were bought from Gibco-BRL life technologies. p-Src- and p-MEK-specific rabbit polyclonal 
antibodies were bought from Cell Signaling Technology. Santa Cruz Biotechnology supplied rabbit polyclonal 
antibodies specific for ERK and p-STAT3. Mouse polyclonal antibodies specific for STAT3, p-ERK, Src, MEK, 
β-actin and VEGF-C were bought from Santa Cruz Biotechnology. LYEV-1 antibody was obtained from 

© 2019 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG



Cell Physiol Biochem 2019;52:1-15
DOI: 10.33594/000000001
Published online: 18 February 2019 3

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2019 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Huang et al.: Amphiregulin Induces VEGF-C-Dependent Lymphangiogenesis

Abcam. Src, MEK and ERK small interfering RNAs (siRNAs) were obtained from Dharmacon Research. The 
AR-shRNA plasmid CCGGGAACGAAAGAAACTTCGACAACTCGAGTTGTCGAAGTTTCTTTCGTTCTTTTTG was 
purchased from RNAiCore (Taipei, Taiwan).

Cell culture
Human chondrosarcoma cell lines JJ012 and SW1353 were supplied by Dr. Sean P. Scully’s laboratory 

(University of Miami School of Medicine, Miami, FL) and The American Type Culture Collection (Manassas, 
VA, USA), respectively. The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)/α-MEM 
supplemented with 10% FBS and 100 U/mL penicillin/streptomycin in a chamber atmosphere of 5% CO2 at 
37°C. The human telomerase-immortalized human dermal lymphatic endothelial cell line (hTERT-HDLEC) 
was purchased from Lonza (Walkersville, MD, USA). These cells stably express endothelial cell-specific 
markers, including CD31, and recognized lymphatic markers, including podoplanin. In addition, they can 
take up acetylated LDL and induce tube formation. We used the EGM-2MV BulletKit Medium (i.e., EBM-2 
basal medium plus a SingleQuots kit) to grow human LECs. We seeded cells onto 1% gelatin-coated plastic 
ware and cultured them in a chamber atmosphere of 5% CO2 at 37°C.

Preparation of conditioned medium and ELISA assay
We pretreated cells with inhibitors for 30 min or transfected them with siRNAs for 24 h, then 

stimulated the cells with AR for 24 h. Conditioned medium (CM) was collected post-treatment and stored at 
−80°C until use. We determined VEGF-C levels with the VEGF-C enzyme immunoassay kit, according to the 
manufacturer’s instructions.

Transwell migration assay
LECs were seeded in the upper chambers of Transwell inserts (8 μm pore size; Costar, NY, USA) in 24-

well plates (7×104 per well). CM (300 μL) was placed in the lower chambers. After 16 h of incubation, we 
wiped off the cells from the top of the membrane using cotton swabs. Migrant cells were collected from the 
bottom of the membrane then fixed with 37% formaldehyde and stained with crystal violet before being 
counted by microscopy.

Tube formation assay
Matrigel was dissolved overnight at 4°C, cultured in 48-well plates (150 μL per well), then incubated 

for 30 min at 37°C. We resuspended LECs at a density of 3×105/100 μL in culture medium (50% EGM-2MV 
BulletKit Medium and 50% chondrosarcoma cell CM) and mixed with different treatment CMs before adding 
them to the wells. The cells were incubated for 6 h at 37°C. We assessed LEC tube formation by microscopy 
and photographed each well. We calculated tube branches and tube lengths with MacBiophotonics Image J 
software.

Western blot analysis
Chondrosarcoma cells were collected and lysed in cold RIPA buffer with protein inhibitors. Cell lysates 

were centrifuged and supernatant protein was quantified using a BCA protein assay kit. Proteins were 
resolved using SDS-PAGE and transferred to Immobilon polyvinyldifluoride (PVDF) membranes [25]. After 
blocking the blots with 4% BSA for 1 h at room temperature, we probed them with rabbit/mouse anti-human 
antibodies against p-Src, p-MEK, p-STAT3 and p-ERK (1:1000) for a further hour at room temperature. Blots 
were washed three times then incubated with an anti-rabbit/mouse peroxidase-conjugated secondary 
antibody (1:1000) at room temperature for 1 h and visualized by Imagequant LAS 4000.

Quantitative real-time PCR
Total RNA from chondrosarcoma cells was extracted using Trizol reagent (Carlsbad, CA, USA) and 

reverse-transcribed into cDNA using M-MLV Reverse Transcriptase, Oligo (dT), and dNTP Mix (Promega, 
Madison, WI), as per the manufacturer’s instructions. Applied Biosystems supplied sequences for all target 
gene primers and probes. qPCR assays were repeated three times using the StepOnePlus sequence detection 
system (Applied Biosystems). Relative gene expression levels were calculated using glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) expression patterns.
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Chromatin immunoprecipitation (ChIP)
ChIP was performed as previously described [26]. DNA was immunoprecipitated using an anti-STAT3 

antibody, extracted, purified and resuspended in H2O. We used immunoprecipitated DNA as a template for PCR, 
using the following primer specific for the 162-bp VEGF-C promoter fragment between 8 and 169 (contains 
putative STAT3 binding sites): 5’-CACAGACCAAGGGAGAGAGG-3’ and 5’-CACTCCCGAGTTCTTGTCCT-3’. We 
used 1% agarose gel to resolve PCR products by electrophoresis and visualized the segments with ultraviolet 
light.

In vivo tumor xenograft study and immunohistochemistry analysis
Male SCID mice (4 weeks old; BALB/c-nu [nu/nu]) were bought from Taipei’s National Science Council 

Animal Center and maintained in pathogen-free conditions. JJ012 cells and JJ012/shAR cells were injected 
subcutaneously into both flanks of each animal, and tumors were allowed to grow for 1 month. To investigate 
the lymphangiogenesis effect in tumor tissues  in vivo, paraffin-embedded tumor sections and human 
chondrosarcoma tissue arrays were prepared, mounted on slides, deparaffinized in xylene, rehydrated, 
and washed in distilled water. We incubated human tissue sections overnight at 4°C with VEGF-C or LYVE-
1 (1:100) primary antibodies, before incubating them with secondary antibody (1:100) for 1 h at room 
temperature. The sections were then stained with diaminobenzidine.

Patients and specimen preparation
China Medical University Hospital’s Institutional Review Board approved the study protocol. Prior to 

enrollment, all patients completed written informed consent. We obtained tumor tissue specimens from 
patients undergoing surgical resection for chondrosarcoma at China Medical University Hospital.

Statistical analysis
The data are expressed as the mean ± standard error of the mean (S.E.M.) from at least three 

independent experiments. Analysis used the two-tailed Student’s t-test. A statistical probability of P < 0.05 
was considered significant. Statistical analysis was performed using GraphPad Prism 6.0.

Results

AR involves lymphangiogenesis in chondrosarcoma cells
We have previously shown that AR promotes tumor metastasis in chondrosarcoma 

cells [4]. In this study, we investigated whether AR influences VEGF-C expression 
and lymphangiogenesis in chondrosarcoma cells. We directly applied AR to human 
chondrosarcoma cell lines (JJ012 and SW1353) and examined VEGF-C expression. AR 
enhanced VEGF-C mRNA expression and VEGF-C production in a concentration-dependent 
and time-dependent manner (Fig. 1A-D). During tumor-induced lymphangiogenesis, 
lymphatic endothelial cells must undergo migration, proliferation and tube formation 
to form new lymph vessels [27]. We therefore examined whether AR-dependent VEGF-C 
expression stimulated LECs during lymphangiogenesis. Using VEGF-C as a positive control, 
we found that CM from AR-treated chondrosarcoma cells promoted tube formation and 
migration in LECs. Anti-VEGF-C monoclonal antibody (mAb) abolished AR-mediated effects, 
which suggests that AR induces lymphangiogenesis in a concentration-dependent manner, 
depending on the VEGF-C inhibitor (Fig. 1E and F). These data indicate that AR-dependent 
VEGF-C expression promotes lymphangiogenesis in human chondrosarcoma cells.

AR promotes VEGF-C expression and lymphangiogenesis in chondrosarcoma cells through 
the Src/MEK/ERK pathway
The Src pathway is involved in lymphangiogenesis and VEGF-C expression [28]. 

Treatment with an Src-specific inhibitor (PP2) or transfection with Src siRNA diminished 
AR-enhanced VEGF-C mRNA expression and protein production (Fig. 2A and B). CM from 
chondrosarcoma cells pretreated with an Src specific inhibitor (PP2) and Src siRNA inhibited 
LEC tube formation and migration (Fig. 2C and D). To examine the mechanism underlying AR-
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induced enhancement of VEGF-C expression, we measured Src protein phosphorylation after 
AR stimulation. In Western blot analysis, AR-stimulated chondrosarcoma cells increased Src 
phosphorylation in a time-dependent manner (Fig. 2E).

MEK/ERK is downstream of the c-Src signaling pathway [29, 30]. The MEK/ERK1/2 
signaling pathway is involved in lymphatic metastatic spread in urinary bladder cancer 
[31]. We therefore investigated whether AR enhances VEGF-C expression via the MEK/ERK 
pathway. VEGF-C mRNA and protein expression were reduced after treatment with a MEK/
ERK inhibitor (PD98059/U0126) and transfection with MEK/ERK siRNA (Fig. 3A and B). CM 
containing the MEK/ERK inhibitor and siRNA inhibited LEC tube formation and migration 
(Fig. 3C and D). MEK and ERK phosphorylation were increased by AR in a time-dependent 
manner (Fig. 3E). Thus, AR increased VEGF-C expression and lymphangiogenesis in 
chondrosarcoma cells via the MEK/ERK pathway. Western blotting showed that AR-induced 

Fig. 1. AR promotes 
VEGF-C expression and 
subsequently increases 
lymphangiogenesis in 
human chondrosarcoma 
cells. Cells were incubated 
with AR (3-50 μg/ml) for 24 
h and then AR (50 μg/ml) 
for 6, 12 and 24 h; VEGF-C 
expression was examined by 
qPCR (A and B) and ELISA 
(C and D). (E and F) JJ012 
cells were incubated with 
AR (3–50 μg/ml) for 24 h. 
The medium was collected 
as conditioned medium 
(CM) and JJ012 cells were 
pretreated with IgG/VEGF-C 
antibody (1 mg/ml) for 
30 min, then incubated 
with AR for 24 h before 
being applied to LECs. LEC 
migration and capillary-like 
structure formation was 
examined by Transwell and 
tube formation assay (E and 
F). Results are expressed as 
the mean ± SEM. *P<0.05 
compared with controls; 
#P<0.05 as compared with 
the AR-treated group.

 

Figure 1   
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phosphorylation of MEK or ERK expression was inhibited by treatment with Src and MEK 
inhibitors, which suggests that c-Src is an upstream molecule in the MEK/ERK pathway (Fig. 
3F).

Transcription factor STAT3 is required for AR-promoted VEGF-C expression and 
lymphangiogenesis in human chondrosarcoma cells
STAT3 is a transcription factor that plays a pivotal role in the promotion of VEGF-C 

production in LECs [28] and tumor lymphangiogenesis [32]. Previous investigations 
have shown that STAT3 is downstream of the MEK/ERK signaling pathway [33]. We 
therefore analyzed the role of STAT3 in AR-induced increases in VEGF-C expression 
and lymphangiogenesis. We found that the STAT3 inhibitor and siRNA abolished STAT3 
expression in chondrosarcoma cells. VEGF-C mRNA expression and protein production were 
significantly diminished after treatment with the STAT3 inhibitor and siRNA (Fig. 4A and B). 
The CM also reduced the result which AR-induce the tube formation and migration in LECs 
(Fig. 4C and D). STAT3 protein phosphorylation was increased after AR treatment (Fig. 4E). 
The data reveal that AR induces STAT3 activation in a time-dependent manner. Incubation 
with Src and MEK inhibitors antagonized AR-induced STAT3 phosphorylation (Fig. 4F), 
suggesting that STAT3 is downstream of the MEK/ERK pathway.

We further examined whether AR promotes STAT3 binding to the VEGF-C promoter 
region. The JASPAR database (http://jaspar.genereg.net/cgi-bin/jaspar_db.pl) implicates 
the STAT3 binding site in the VEGF-C sequence. We therefore constructed a primer that 
included the VEGF-C gene. Chromatin immunoprecipitation (ChIP) analysis showed that 
AR increased STAT3 recruitment to the 162-bp VEGF-C promoter fragment between 8 
and 169 (contains putative STAT3 binding sites): 5’-CACAGACCAAGGGAGAGAGG-3’ and 

Fig. 2. The Src pathway 
is involved in AR-induced 
VEGF-C expression and 
lymphangiogenesis in human 
chondrosarcoma cells. Cells 
were pretreated with PP2 for 30 
min or transfected with siRNAs 
for 24 h, then stimulated with 
AR (50 μg/ml) for 24 h. VEGF-C 
expression was examined 
by qPCR (A) and ELISA (B). 
The medium was collected as 
CM and then applied to the 
LECs. Capillary-like structure 
formation and LEC migration 
was examined by tube 
formation and the Transwell 
assay, respectively (C and D). 
(E) JJ012 cells were incubated 
with AR (50 μg/ml) for 120 
min, and Src phosphorylation 
was determined by Western 
blotting. Western blot data were 
normalized to Src as the loading 
control. Results are expressed 
as the mean ± SEM. *P<0.05 
compared with controls; 
#P<0.05 compared with the AR-treated group.

 

Figure 2 
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5’-CACTCCCGAGTTCTTGTCCT-3’ (Fig. 4G). AR-induced STAT3 binding to the VEGF-C sequence 
was reversed by treatment with Src and MEK inhibitors PP2, U0126 and PD98059 (Fig. 4G). 
These observations suggest that AR enhances VEGF-C expression in chondrosarcoma cells 
through the Src-MEK/ERK/STAT3 signaling pathway.

Fig. 3. The MEK/ERK 
pathway is involved 
in AR-induced VEGF-C 
expression and 
lymphangiogenesis in 
human chondrosarcoma 
cells. Cells were 
pretreated with U0126 
and PD98059 for 30 
min or transfected 
with siRNAs for 24 h, 
then stimulated with 
AR (50 μg/ml) for 24 
h. VEGF-C expression 
was examined by qPCR 
(A) and ELISA (B). The 
medium was collected 
as CM and then applied 
to the LECs. Capillary-
like structure formation 
and LEC migration 
was examined by 
tube formation and 
the Transwell assay, 
respectively (C and D). 
(E) JJ012 cells were 
incubated with AR 
(50 μg/ml) for 120 
min, and MEK/ERK 
phosphorylation was 
determined by Western 
blotting. (F) JJ012 cells 
were pretreated with 
inhibitors as indicated, 
then incubated with AR 
for 60 min and analyzed 
by Western blotting 
with MEK and ERK 
antibodies. Western blot 
data were normalized 
to MEK and ERK as the 
loading control. Results 
are expressed as the 
mean ± SEM. *P<0.05 
compared with control; 
#P<0.05 compared with 
the AR-treated group.  

Figure 3  
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Knockdown AR suppresses in vivo tumor lymphangiogenesis
We have previously shown that stable JJ012/shAR cells silence AR in chondrosarcoma 

cells [4]. Here, we observed that production of VEGF-C mRNA and protein was inhibited in 
AR shRNA stable clones (Fig. 5A and B). Similarly, CM from JJ012/shAR-treated cells reduced 
LEC tube formation and migration (Fig. 5C and D). When we investigated the role of AR in 
tumor lymphangiogenesis, we found that knockdown AR reduced tumor VEGF-C and LYVE-
1 expression in paraffin-embedded tumor sections (Fig. 5E). Our findings show that AR 
enhances tumor-associated lymphangiogenesis in vivo.

Fig. 4. AR induced 
VEGF-C expression and 
lymphangiogenesis 
in human 
c h o n d r o s a r c o m a 
cells via STAT3 
activation. Clls were 
pretreated with a 
STAT3 inhibitor for 
30 min or transfected 
with siRNAs for 24 h, 
then stimulated with 
AR (50 μg/ml) for 24 
h. VEGF-C expression 
was examined by 
qPCR (A) and ELISA 
(B). The medium was 
collected as CM and 
then applied to the 
LECs. Capillary-like 
structure formation 
and LEC migration 
was examined by 
tube formation and 
Transwell assay, 
respectively (C and 
D). (E) JJ012 cells 
were incubated with 
AR (50 μg/ml) for 
120 min, and STAT3 
p h o s p h o r y l a t i o n 
was determined by 
Western blotting. 
(F) JJ012 cells were 
pretreated with 
inhibitors as indicated, 
then incubated with 
AR for 60 min and 
analyzed by Western blotting with STAT3 antibodies. Western blot data were normalized to STAT3 as 
the loading control. (G) Cells were pretreated with PP2, U0126 and PD98059 for 30 min, then stimulated 
with AR (50 μg/ml), and the chromatin immunoprecipitation assay was performed. Chromatin was 
immunoprecipitated with anti-STAT3 antibody. One percent of the precipitated chromatin was assayed to 
verify equal loading (input). Results are expressed as the mean ± SEM. *P<0.05 compared with controls; 
#P<0.05 compared with the AR-treated group. 

Figure 4 
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Clinical correlation between AR and VEGF-C
To investigate AR expression in chondrosarcoma lymphangiogenesis, we analyzed 

AR and VEGF-C expression from human chondrosarcoma tissue. Our previous study 
demonstrated higher AR and VEGF-C mRNA expression in chondrosarcoma specimens than 
in normal cartilage and that the levels of expression correlated significantly with tumor 
stage [13, 23]. We found a positive correlation between AR and VEGF-C mRNA expression 
(Fig. 5F). Quantitative data from the chondrosarcoma tissue array showed a highly positive 
relationship between AR and VEGF-C expression (Fig. 5G). These results reveal that AR 
is strongly associated with VEGF-C expression and tumor lymphangiogenesis in human 
chondrosarcoma cells.

Fig. 5. Knockdown 
AR decreases VEGF-C 
expression and 
lymphangiogenesis in 
chondrosarcoma tumors. 
VEGF-C expression was 
detected in JJ012 and 
JJ012s-hAR cells by qPCR 
and ELISA (A and B). CM 
from JJ012 and JJ012-
shAR cells was applied 
to LECs and analyzed for 
tube formation activity 
(C) as well as migration 
activity (D). Mice were 
injected subcutaneously 
with Matrigel mixed 
with JJ012 and JJ012/
shAR cells, then were 
sacrificed after 28 days. 
Tumor sections were 
embedded in paraffin 
and AR and VEGF-C 
antibodies were used 
for immunostaining 
(E). The correlation 
between tumor stage, 
AR and VEGF-C (F). The 
correlation between 
AR and VEGF-C 
mRNA expression in 
chondrosarcoma tissue 
was examined by qPCR 
(G). Quantitative results 
are expressed as the 
mean ± SEM. *P<0.05 
as compared with the 
control group.

 

Figure 5 
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Discussion

The prognosis of chondrosarcomas depends on many variables, most importantly 
tumor grade and stage; high-grade tumors and axial/pelvic tumor location in high-grade 
chondrosarcoma are poor prognostic factors for overall survival, while the percentage of 
dedifferentiated component in dedifferentiated chondrosarcoma significantly influences 
disease-free survival [34, 35]. Lymphangiogenesis is an indispensable step for cancer 
metastasis, facilitating the generation of new lymphatic vessels that serve as conduits for 
tumor dissemination to lymph nodes [36-38]. Identifying target therapies is therefore 
essential for the management of lymphangiogenesis and metastasis associated with 
chondrosarcoma [39-41].

VEGF-C plays an essential role in lymphatic vessel formation and differentiation [8]. 
For instance, higher intratumoral VEGF-C expression is associated with significantly worse 
overall survival compared with low expression levels in ovarian cancer [9], while suppressing 
the NF-κB signaling pathway inhibits peritumoral lymphatic vessel development and reduces 
VEGF-C expression in triple-negative breast cancer cells [7].

The protein encoded by the AR gene is a member of the EGF family. Upregulated AR 
expression has been reported in many cancers, including colorectal [18], breast [42], lung 
[22], gastric [43, 44], and ovarian cancer [24]. Moreover, evidence suggests that AR plays 
an important role in tumor metastasis in chondrosarcoma [4] and resistance to therapy in 
HER2-positive breast cancer, reducing the antiproliferative effect of trastuzumab via AKT 
and ERK activation [22, 42]. Several studies have indicated that abnormal AR expression 
predicts poor outcome in patients [42, 44-46]. Non-small cell lung cancer (NSCLC) exosomes 
containing AR induce EGFR pathway activation, that in turn causes osteoclast differentiation 
and bone metastasis in lung cancer [47]. In gastric cancer, a positive correlation between 
Trop2 and AR increases tumor cell division and promotes metastasis, which suggests that 
Trop2 and AR could serve as prognostic biomarkers in gastric cancer [43]. In head and neck 
squamous cell carcinoma (HNSCC), increasing miR-34a expression attenuates AR levels 
and thus significantly decreases HNSCC invasion and metastasis via the ErbB signaling 
pathway [48]. We have previously revealed that AR promotes the ability of chondrosarcoma 
cells to migrate and metastasize [4]. In our present study, AR enhanced VEGF-C expression 
and promoted lymphangiogenesis of human chondrosarcoma cells. We found a positive 
correlation between AR and VEGF-C expression in tumor specimens from chondrosarcoma 
patients.

A number of studies have observed that c-Src, a cytoplasmic protein tyrosine kinase, 
is capable of enhancing cell proliferation, reducing apoptosis and promoting metastasis 
in chondrosarcoma [49, 50]. Moreover, Src mediates ERK1/2 and p38MAPK activation, 
contributing to interleukin 6 (IL-6)-induced VEGF-C expression in murine LECs [50]. Inhibition 
of Src significantly reduces LEC migratory activity and suppresses lymphangiogenesis in 
vitro and in vivo [51]. Our current data show that AR enhances lymphangiogenesis through 
Src activation and VEGF-C expression in chondrosarcoma cells.

AR contains multiple domains, one of which is the heparin-binding (HB) domain, 
consisting of an EGF-like domain and a very basic NH2-terminal extension, which contains 
glycosylation sites and putative nuclear localization signals. AR binding to the extracellular 
domain of the EGF receptor (EGFR) influences cell proliferation and causes EGFR 
autophosphorylation of the EGFR tyrosine kinase, and a number of cellular substrates to 
undergo tyrosine phosphorylation [15, 52]. When EGFR undergoes phosphorylation at 
the plasma membrane, the receptor activation induces phosphorylation of key tyrosine 
residues within the COOH-terminal portion of EGFR and provides specific docking sites for 
cytoplasmic proteins containing Src homology 2 (SH2) and phosphotyrosine-binding (PTB) 
domains [53-56]. EGFR-driven Src activation enables ADAM family proteases to cleave to 
membrane-bound heparin-binding EGF-like growth factor (HB-EGF) from the cell surface and 
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drive autocrine EGFR signaling, an important factor in several cancers [57]. The interaction 
between EGFR and Src is complex. Src binds other receptor tyrosine kinases (RTKs) and 
activates RTK signaling [58]. Our data show that the phosphorylation of Src expression was 
increased by stimulation of AR (an EGFR ligand) (Fig. 2E). However, how AR induces the 
activation of the Src kinase remains unclear. Importantly, the MEK/ERK molecular pathway 
is downstream of Src signaling transduction; miR-34a targets Src and inhibits the RAF/MEK/
ERK signaling pathway and cell proliferation [29]. Moreover, insulin-like growth factor-1 
(IGF-1)-induced VEGF-C upregulation promotes MDA-MB-231 breast cancer cell invasion 
and lymphatic metastasis via the MAPK/ERK signaling transduction pathway [59]. CCL2 
enhances the migration ability of human chondrosarcoma cells in the Ras/Raf/MEK/ERK/
NF-κB signaling pathway [60]. ERK inhibition suppresses the proliferation, migration and 
invasion of NSCLC cells and inhibits NSCLC tumor growth and metastasis in the ERK signaling 
pathway [61]. CXCR4/SDF1 promotes matrix metalloproteinase-1 (MMP-1) expression and 
increases the invasion ability of chondrosarcoma cells through the ERK signaling pathway 
[62]. Our findings suggest that AR drives chondrosarcoma development in part through 
the activation of the Src/MEK/ERK signaling pathway, which in turn upregulates VEGF-C 
expression.

Activation of STAT3 is commonly observed in tumor tissue [63]. Other research 
demonstrating vascular endothelial cell expression of VEGF-C via the JAK/STAT3 pathway is 
similar to the findings in our study [64]. We show in the present study that AR stimulation 
activates Src, which is related to STAT3 phosphorylation in chondrosarcoma cells. In 
addition, we have shown that MEK and ERK mediate STAT3 activation. STAT3 is therefore 
a downstream molecule of MEK/ERK. Stimulation with a c-Src inhibitor diminished STAT3 
phosphorylation (Fig. 4F), indicating that c-Src signaling occurs upstream of STAT3. Whether 
STAT3 activation is induced directly from the EGFR in parallel with the Src kinase pathway 
remains to be clarified.

Conclusion

In conclusion, we have demonstrated that AR activates Src/MEK/ERL/STAT3 signaling 
and enhances VEGF-C expression and lymphangiogenesis in chondrosarcoma cells (Fig. 6). 
AR may therefore be a molecular target for inhibiting lymphangiogenesis and metastasis in 
chondrosarcoma.

Fig. 6. The pathways involved in AR-
promoted VEGF-C expression and 
lymphangiogenesis. AR enhances 
VEGF-C production and promotes 
lymphangiogenesis through the Src/
MEK/ERK/STAT3 signaling pathway. 
However, how AR induces the 
activation of the Src kinase is yet to 
be determined.

 

Figure 6 
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