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Abstract: Overexpression of EGFR is commonly seen in gastric cancer (GC). However, 

patients with GC show resistance to anti-EGFR treatments. RAS mutations are rare in GC and 

cannot explain de novo resistance to EGFR treatments. Therefore, it is particularly important 

to explore the mechanisms of resistance to anti-EGFR treatments. The RANKL activates the 

EGFR pathway in osteoclasts, and the RANK is expressed in gastric carcinoma. Whether 

the RANKL/RANK pathway has an effect on the EGFR pathway in GC remains unknown. 

Expressions of EGFR and RANK in GC tissues were detected using immunohistochemical 

staining. Nineteen patients (28%) showed high-level RANKL expression, and 33 patients (48%) 

showed high-level RANK expression. There was a positive correlation between expression of 

EGFR and RANK (P,0.001). In an in vitro study, RANKL induced activation of the EGFR 

pathway and further abrogated cetuximab sensitivity in GC cells. Knockdown of RANK or use 

of the RANKL inhibitor enhanced cetuximab effect by decreasing RANKL-induced EGFR 

activation. Furthermore, we showed that c-SRC mediated the EGFR activation induced by the 

RANKL/RANK pathway and that c-SRC inhibitor reversed the suppression of RANKL on the 

effect of cetuximab. In conclusion, our results suggest that in GC cells, the RANKL/RANK 

pathway activates the EGFR pathway and thereby causes resistance to anti-EGFR treatments.

Keywords: RANKL/RANK, EGFR, cetuximab, c-Src, gastric cancer

Introduction
Gastric cancer (GC) is the fourth commonly diagnosed cancer and the second most 

frequent cause of cancer death worldwide.1 Although comprehensive therapies have 

improved the response rate, patients with advanced GC continue to have a poor 

prognosis.2 Overexpression of EGFR is associated with poor prognosis in GCs,3,4 yet 

clinical studies using anti-EGFR agents in the general population have failed to show a 

significant improvement.5,6 Therefore, it is necessary to explore the resistance mecha-

nisms to anti-EGFR agents in these patients. Mutations in RAS oncogenes serve as the 

major predictive biomarker of anti-EGFR treatments in colorectal cancer. However, the 

mutation rate for RAS is ~5% in GC.5 Therefore, searching for alternative resistance 

mechanisms to anti-EGFR agents is of critical importance in GC patients.

One crucial resistance mechanism to anti-EGFR agents is aberrant activation of 

EGFR by alternative pathways, such as c-Met and IGF-IR,7,8 that activate many of 

the same downstream signaling pathways as EGFR. RANKL is involved in osteoclast 

differentiation and induces EGFR activation.9 RANKL is a member of the tumor 

necrosis factor family of cytokines, and its receptor RANK was previously found to 

promote osteoclast precursor maturation. Expression of RANK was found in several 
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solid tumors such as breast, prostate and hepatocellular 

carcinomas.10–12 Recently, the RANKL/RANK pathway 

was shown to promote cancer cell migration by stimulating 

AKT and ERK, which are regarded as the most important 

downstream mediators of EGFR signaling.13 Therefore, we 

speculated that the RANKL/RANK pathway might prove 

vital for EGFR activation in GC cells.

In this study, we explored the correlation between 

RANKL and EGFR expression, and the role of the RANKL/

RANK pathway on the activation of EGFR signaling and 

resistance to anti-EGFR agents in GC. Our results might sug-

gest a novel mechanism of resistance to anti-EGFR therapies 

in the treatment of GC.

Materials and methods
reagents
Cetuximab was purchased from EMD Millipore (Billerica, 

MA, USA). Recombinant sRANKL and rOPG was purchased 

from CytoLab/PeproTech Asia (USA). PP2 was obtained 

from Sigma-Aldrich Co. (St Louis, MO, USA). Dasa-

tinib was obtained from Selleck Chemicals (Houston, 

TX, USA). S-P immunohistochemical kit and 3,3′-
diaminobenzidine tetrahydrochloride kit were obtained from 

Maixin Bio (Fuzhou Maixin Biological Technology Ltd., 

Fujian, People’s Republic of China).

cell cultures
GC cells such as SGC-7901, MGC-803, BGC-823, MKN-45, 

and KATO-III and colon cancer cells such as Caco-2 were 

obtained from The Cell Bank of Type Culture Collection 

of the Chinese Academy of Sciences (People’s Republic 

of China). Cells were cultured in Roswell Park Memorial 

Institute 1640 medium (Thermo Fisher Scientific, Waltham, 

MA, USA) containing 10% fetal bovine serum (FBS), 

penicillin (100 U/mL), and streptomycin (100 mg/mL) in an 

atmosphere of 95% air and 5% CO
2
 at 37°C.

Patients and tissue samples
Specimens of gastric adenocarcinoma tissue were collected 

from 68 patients who underwent surgical resection at the 

First Affiliated Hospital of China Medical University. None 

of them received preoperative radiotherapy, chemotherapy 

or immunotherapy. Age, sex, pathological tumor–node–

metastasis (pTNM) stage, and Lauren grade were evaluated 

following medical charts and pathology records. pTNM stage 

was examined according to the seventh edition of AJCC 

Cancer Staging Manual. Lauren grade was according to 

the classification of World Health Organization. The First 

Affiliation Hospital of China Medical University Ethical 

Committee approved this study, and consent was not needed 

due to the retrospective nature of the research.

cell viability assay
The effect of cell proliferation was measured using an MTT 

assay. Cells were seeded at 3,000–5,000/well in 96-well 

plates and incubated at 37°C for 24 hours in 10% FBS 

medium. After pretreatment with dasatinib for 1 hour or not, 

the cells were incubated with the indicated doses of cetux-

imab, RANKL or a combination of them for 48 hours. MTT 

assay was performed as previously described.14

colony-forming assay
Cells were seeded at 300 cells (SGC-7901, MGC-803), 500 

cells (Caco-2) per well in 12-well plates and exposed to 

10 μg/mL cetuximab, 1 μg/mL RANKL or a combination 

of them treatment after plating for 24 hours in 10% FBS 

medium. Then followed by staining with Wright–Giemsa 

after 14 days, the number of colonies was counted.

Western blot
Western blot was performed as previously described.14 

The following antibodies were used: Anti-RANK antibody 

was obtained from Bethyl Laboratories, Inc. (Montgom-

ery, TX, USA). Anti-actin antibody was produced by 

Santa Cruz Biotechnology Inc. (Dallas, TX, USA). Anti-

EGFR, anti-phospho-EGFR (Tyr1068), anti-AKT, anti-

p-AKT (Ser473), anti-ERK1/2, anti-p-ERK1/2 (Thr202/

Tyr204), anti-c-Src, and anti-p-c-Src (Y416) antibodies 

were obtained from Cell Signaling Technology (Dan-

vers, MA, USA). Secondary goat anti-rabbit and goat 

anti-mouse antibodies were purchased from Santa Cruz 

Biotechnology Inc.

immunohistochemistry
Formalin-fixed, paraffin-embedded primary gastric carci-

noma tissues were cut into 3 mm sections. The method of 

immunohistochemistry (IHC) is discussed in our previous 

study.15 Immunohistochemical staining was performed 

using the following antibodies: anti-RANK antibody from 

RD Company and anti-EGFR antibody from Santa Cruz 

Biotechnology Inc. For the evaluation of immunohistochemi-

cal, sections were observed through microscopic examining 

(×20 and ×40) assigned by two independent pathologists. 

From each section, five visual fields were randomly selected, 

and the score for each visual field was based on the per-

centage of positive cells and the staining intensity. For the 

percentage of positive cells, ,10%, 10%–25%, 26%–50%, 

51%–75%, and 76% were recorded as 0, 1, 2, 3, and 4 
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points, respectively. A score 2 was classified as a high-level 

expression and 0–2 as a low-level expression.

small interfering rna transfections
RANK small interfering RNA (siRNA) was obtained form 

RiboBio Co., Ltd. (Guangzhou, People’s Republic of China). 

RANK siRNA was synthesized: 5′-GGCAGGUGAU 

GAACUUCAA-3′. The control siRNA was AATTCTC 

CGAACGTGT CACGT. Cells were transfected with siR-

NAs using Lipofectamine 2000 (Thermo Fisher Scientific) 

according to the manufacturer’s instructions. After 48 hours 

of transient transfection, the cells were analyzed by Western 

blot to verify gene-silencing efficiency.

statistic analysis
Data were confirmed in three independent experiments and 

were expressed as mean ± standard deviation. Differences 

between groups were compared using Student’s t-test. The 

correlation between EGFR and RANK expression was 

assessed using Spearman’s rank correlation for continuous 

variables. P,0.05 was considered statistically significant. 

Statistic analysis was carried out using SPSS 21.0 software 

package (IBM Corporation, Armonk, NY, USA).

Results
expression of egFr shows a positive 
correlation with ranK expression in 
gc patients
A total of 68 primary GC samples were obtained, and the 

expression of EGFR and RANK was determined by IHC. 

High-level EGFR expression was detected in 19 patients 

(28%), and 33 patients (48%) showed high-level RANK 

expression (Figure 1A). Correlations between expression of 

EGFR and RANK and clinical characteristics of primary GC 

patients are given in Table 1. Importantly, there was a signifi-

cant positive correlation between the expression of EGFR and 

RANK (P,0.001; Table 2). Furthermore, we characterized 

a panel of five human GC cell lines (SGC-7901, MGC-803, 

BGC-823, MKN-45, and KATO-III) by Western blot to 

detect the cellular expression levels of EGFR and RANK. 

The results showed that EGFR and RANK expression was 

observed in most of the cell lines (Figure 1B).

Taken together, our results demonstrated that EGFR 

expression was positively correlated with RANK expres-

sion, suggesting an association between the RANKL/RANK 

pathway and EGFR signaling in GC.

stimulation with ranKl activates egFr 
and downstream pathways in gc cells
We continued to investigate the role of RANKL/RANK 

pathway in the EGFR pathway in vitro. We used SGC-7901 

and MGC-803, which were frequently used in the People’s 

Republic of China as RAS wild-type GC cell lines. Follow-

ing stimulation with RANKL, we observed phosphorylation 

of EGFR, AKT, and ERK, indicating that they were tran-

siently activated at different time points in both cell lines 

(Figure 2A).

To observe the effect of RANKL on cell proliferation, 

we treated the two cell lines with different concentrations of 

RANKL for 48 hours. An MTT assay revealed that RANKL 

Figure 1 The expression of ranKl in gc tissues.
Notes: (A) (I and III) EGFR and RANKnegative staining and (II and IV) EGFR and positive staining, respectively (in brown). Magnification ×400. (B) The expression of egFr 
and ranK in sgc-7901, Mgc-803, Bgc-823, MKn-45 and KaTO-iii was detected by Western blot, using actin as a loading control.
Abbreviation: gc, gastric cancer.
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exhibited no distinct effect on cell proliferation at the con-

centration of 0.1 μg/mL or 1 μg/mL (Figure 2B).

ranKl decreases sensitivity to 
cetuximab in gc cells
Because RANKL activated the EGFR pathway, we specu-

lated that the RANKL/RANK pathway could affect sensitiv-

ity to cetuximab.

First, we examined the proliferation of cells treated with 

cetuximab. Both cells exhibited mild growth inhibition 

after addition of cetuximab (21.7%±4.7% in SGC-7901 and 

16.8%±2.3% in MGC-803) and indicated that they were 

relatively insensitive to cetuximab (Figure 3A).

Next, to test whether RANKL modified the responsive-

ness of GC cell lines to cetuximab, the cells were preincubated 

with RANKL before addition of cetuximab. Compared 

with the treatment of cetuximab alone, the combination 

of RANKL and cetuximab significantly decreased inhibi-

tion of cell proliferation by cetuximab in SGC-7901 cells 

(8.2%±0.1% in the combined-treated arm vs 21.7%±4.7% in 

the cetuximab-treatment arm, P=0.009) and MGC-803 cells 

(4.1%±1.1% in the combined-treated arm vs 16.8%±2.3% in 

the cetuximab-treatment arm, P=0.0007; Figure 3A). Further-

more, colony-forming assays showed that the combination of 

cetuximab and RANKL increased colony formation ability 

compared with cetuximab alone (Figure 3B).

We then explored the change in signaling when combined 

treated with cetuximab and RANKL in SGC-7901 cells. 

Cetuximab treatment alone mildly suppressed phosphorylation 

of EGFR, AKT and ERK, whereas combination of cetuximab 

and RANKL reversed this suppression (Figure 4).

These results showed that RANKL depressed sensitivity 

to cetuximab in GC cells through activation of EGFR and its 

downstream pathways.

Blockade of ranKl/ranK pathway 
restores ranKl-induced cetuximab 
resistance in gc cells
To further confirm the role of the RANKL/RANK pathway 

in sensitivity to cetuximab, we downregulated RANK by 

siRNA and then treated with cetuximab, RANKL, or a com-

bination of them. MTT assay revealed that RANK knock-

down resulted in reduction of cell proliferation by ~20%. 

Moreover, in the non-silencing (NS) control arm, cetuximab 

reduced proliferation by 17.7%±4.4% and the combination 

Table 1 correlation between the expression of egFr or ranK and the clinicopathological factors in primary gc patients

Characteristics Cases EGFR RANK

Low (%) High (%) P-value Low (%) High (%) P-value

sex 0.903 0.118
Male 38 (72) 15 (28) 25 (47) 28 (53)
Female 11 (73) 4 (27) 10 (67) 5 (33)

age (years) 0.907 0.335
,60 24 (73) 9 (27) 19 (58) 14 (42)
60 25 (71) 10 (29) 16 (46) 19 (54)

pTnM stage 0.019* 0.017*
i + ii 16 (94) 1 (6) 13 (76) 4 (24)
iii 33 (65) 18 (35) 22 (43) 29 (57)

T stage 0.046* 0.093
T1–2 9 (100) 0 (0) 7 (78) 2 (22)
T3–4 40 (68) 19 (32) 28 (48) 31 (52)

n stage 0.013* 0.136
n0 17 (94) 1 (6) 12 (67) 6 (33)
n1–3 32 (64) 18 (36) 23 (46) 27 (54)

lauren grade 0.545 0.693
intestinal 18 (67) 9 (33) 12 (44) 15 (56)
Diffuse 17 (77) 5 (23) 14 (64) 8 (36)
Mixed 14 (74) 5 (26) 9 (47) 10 (53)

Note: *P,0.05.
Abbreviations: gc, gastric cancer; pTnM, pathological tumor–node–metastasis.

Table 2 spearman’s correlations between egFr and ranK 
expression in primary gc patients

EGFR Cases (%) RANK Spearman’s r P-value

Low (%) High (%)

low (%) 49 (72) 33 (67) 16 (33) 0.510 ,0.001
high (%) 19 (28) 2 (10) 17 (90)

Abbreviation: gc, gastric cancer.
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of RANKL and cetuximab reduced proliferation by only 

10.2%±1.1%. In the si-RANK arm, treatment with cetuximab 

inhibited proliferation by 45.1%±4.8% compared with the 

non-treated control, while treatment combined with cetux-

imab and RANKL inhibited proliferation by 45.0%±5.1%. 

In the NS control arm, the inhibition rate of proliferation 

after cetuximab treatment was significantly higher than in the 

combination treatment, while there was no obvious change  

in the si-RANK arm (Figure 4A). Therefore, knockdown of 

RANK restored the RANKL-induced resistance to cetux-

imab in SGC-7901 cells. Furthermore, we used OPG that 

negatively regulates RANKL binding to RANK. As expected, 

in the control arm, the inhibition rate of proliferation in 

cetuximab-treated cells was significantly higher than that of 

the combined-treated cells, while there was no obvious change 

in the OPG arm. This indicated that inhibition of RANKL 

reduced RANKL-induced cetuximab resistance in SGC-7901 

cells (Figure 4C). The results showed that both knockdown of 

RANK and inhibition of RANKL could reverse the effect of 

growth inhibition induced by cetuximab in SGC-7901 cells.

Changes in EGFR signaling by si-RANK or OPG in 

SGC-7901 cells were also determined. Compared to the 

NS control, reduced phosphorylation of EGFR, AKT and 

ERK was clearly detected when RANK was knocked down. 

Furthermore, RANK knockdown suppressed the effect of 

RANKL on EGFR, AKT and ERK activation (Figure 4B). 

Similarly, OPG reversed RANKL-induced EGFR, AKT 

and ERK activation that mediated resistance to cetuximab 

(Figure 4D).

These results suggested that inhibition of the RANKL/

RANK pathway by RANK knockdown or RANKL inhibi-

tor restored RANKL-induced cetuximab resistance through 

depression of EGFR, AKT and ERK phosphorylation.

c-src activation induced by ranKl is 
involved in resistance to cetuximab in 
gc cells
We speculated that c-Src, an essential intermediate in the 

crosstalk between EGFR pathways and other tyrosine kinase 

receptors, might be involved in the interaction between 

EGFR and RANKL/RANK pathway. Activation of c-Src was 

previously observed when SGC-7901 and MGC-803 cells 

were stimulated with RANKL (Figure 2A). Then we used 

two selective c-Src kinase inhibitors, dasatinib and PP2, to 

examine the effect of c-Src on EGFR signaling in GC cells. 

The activation of c-Src, EGFR, AKT and ERK was dra-

matically attenuated in SGC-7901 and MGC-803 cells after  

treating with c-Src inhibitors (Figure 5A and B).

Next, we assessed the effect of c-Src on RANKL-

regulated cetuximab sensitivity. Dasatinib alone decreased 

the proliferation of SGC-7901 cells by 24.6%±10.2%. In the 

control arm, cetuximab treatment inhibited proliferation by 

Figure 2 ranKl stimulated egFr phosphorylation and downstream signaling in gc cells.
Notes: (A) Two RAS wide-type gc cell lines (sgc-7901 and Mgc-803) were treated with 1 μg/ml sranKl for the indicated times. The expression of egFr, c-src, aKT 
and erK and phosphorylation levels were analyzed by Western blot. (B) sgc-7901 and Mgc-803 cells were respectively treated with sranKl at 0.1 μg/ml and 1 μg/ml 
for 48 hours. cell viability was assessed by MTT assay. The results from three independent experiments are shown.
Abbreviation: gc, gastric cancer.
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20.1%±7.1%, while the treatment combined with cetuximab 

and RANKL inhibited proliferation by 6.3%±2.2%. In the 

dasatinib arm, cetuximab treatment inhibited proliferation 

by 45.5%±10.2%, while the combination treatment inhib-

ited proliferation by 46.4%±10.4%. In the control arm, the 

inhibitory effect of cetuximab on proliferation was much 

higher than that of the combination treatment, while no 

significant difference was found in the dasatinib arm. These 

results suggested that preincubated with dasatinib reversed 

RANKL-induced cetuximab resistance (Figure 5C).

Then, we examined the signaling change of EGFR signal-

ing. Dasatinib not only resulted in the inhibition of EGFR, 

AKT and ERK phosphorylation but also suppressed RANKL-

stimulated EGFR activation (Figure 5D). These results 

suggested that c-Src might be one of the key mediators in 

RANKL-induced EGFR activation that results in RANKL-

induced cetuximab resistance.

ranKl/ranK pathway also induces 
resistance to cetuximab in colon cancer 
cells
We further explored whether RANKL/RANK pathway was 

involved in resistance to cetuximab in colon cancer cells. 

We chose Caco-2 cells with wild type of RAS and RAF. 

Figure 3 The effect of ranKl on sensitivity to cetuximab in gc cells.
Notes: (A) sgc-7901 and Mgc-803 cells were pretreated with 1 μg/ml sranKl for 1 hour and then incubated with 10 μg/ml cetuximab for 48 hours, followed by MTT 
assay. *comparisons between the cetuximab-treated cells and the combined-treated cells, P,0.05. (B) sgc-7901 and Mgc-803 cells were pretreated with 1 μg/ml sranKl 
for 1 hour and then incubated with 10 μg/ml cetuximab for 14 days, and the clones were counted. *comparisons between the cetuximab-treated cells and the combined-treated 
cells, P,0.05.
Abbreviation: gc, gastric cancer.
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Similarly, phosphorylation of EGFR, AKT, ERK, and c-Src 

was upregulated by RANKL (Figure 6A). Preincubation with 

RANKL also decreased sensitivity to cetuximab in Caco-2 

cells (inhibition rate of 11.4%±4.7% in the combined-treated 

arm vs 24.1%±0.3% in the cetuximab-treatment arm, P=0.01; 

Figure 6B). Furthermore, downregulation of RANK with 

siRNA restored inhibition of cell proliferation by cetuximab 

(Figure 6C).

Discussion
EGFR served as one of the most relevant factors in the cell 

proliferation, survival, apoptosis, migration, and tumori-

genesis of various cancers. Overexpression of EGFR has a 

significant predictive value for poor survival in GC patients.3 

Subsequently, EGFR inhibition using cetuximab showed 

promise in combination with chemotherapy in several Phase II 

clinical studies for the treatment of metastatic GC.16–19 Unfor-

tunately, no improvement in the overall survival was shown 

in facing the general population.5,6 Therefore, understanding 

the mechanisms of resistance to anti-EGFR treatments is of 

considerable significance and will help us to improve the 

response rate of anti-EGFR therapies. Among the various 

mechanisms of cetuximab resistance, aberrant activation of 

EGFR and downstream signaling pathways has been identi-

fied as a crucial resistance mechanism to anti-EGFR agents. 

In this study, we first demonstrated that EGFR expression 

Figure 4 The effect of ranKl/ranK pathway on cetuximab sensitivity in sgc-7901 cells.
Notes: (A) sgc-7901 cells were transiently transfected with ranK sirna for 24 hours and then pretreated with 1 μg/ml sranKl for 1 hour, followed by 10 μg/ml 
cetuximab for 48 hours. cell viability was assessed by MTT assay. *comparisons between the cetuximab-treated cells and the combined-treated cells in the ns control 
arm, P,0.05. (B) after transient transfection with ranK sirna for 48 hours, sgc-7901 cells were pretreated with 1 μg/ml sranKl for 1 hour, followed by 10 μg/ml 
cetuximab for 48 hours. expression of ranK, egFr, aKT, erK, and phosphorylation levels were analyzed by Western blot. (C) sgc-7901 cells were preincubated with 
10 μg/ml rOPg for 4 hours and then pretreated with 1 μg/ml sranKl for 1 hour, followed by 10 μg/ml cetuximab for 48 hours. cell viability was assessed by MTT assay. 
*comparisons between the cetuximab-treated cells and the combined-treated cells in the control arm, P,0.05. (D) after preincubating with 10 μg/ml rOPg for 4 hours, 
sgc-7901 cells were pretreated with 1 μg/ml sranKl for 1 hour, followed by 10 μg/ml cetuximab for 48 hours. expression of egFr, aKT, and erK and phosphorylation 
levels were analyzed by Western blot.
Abbreviations: ns, non-silencing; sirna, small interfering rna.
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Figure 5 The effect of dasatinib on ranKl-induced cetuximab resistance in sgc-7901 cells.
Notes: (A and B) sgc-7901 and Mgc-803 cells were treated with 100 nM dasatinib or 10 μM PP2 for the indicated times. expression of c-src, egFr, aKT, and erK and 
phosphorylation levels were analyzed by Western blot. (C) sgc-7901 cells were treated with 100 nM dasatinib for 24 hours, followed by 1 μg/ml sranKl for 1 hour and 
then 10 μg/ml cetuximab for 48 hours. The cell viability was assessed by MTT assay. *comparisons between the cetuximab-treated cells and the combined-treated cells in 
the control arm, P,0.05. (D) sgc-7901 cells were treated with or without 100 nM dasatinib for 2 hours and then preincubated with 1 μg/ml sranKl for 1 hour, followed 
by 10 μg/ml cetuximab for 48 hours. The expression of c-src, egFr, aKT, and erK and phosphorylation levels were analyzed by Western blot.

was positively correlated with RANK expression in GC 

patients, and RANKL activated EGFR signaling in GC cells 

that contributed to cetuximab resistance.

The RANKL/RANK pathway is associated with 

metastasis-related factors in several malignant tumors20–22 

and hormone-induced tumorigenesis of breast cancer.23,24 

The RANKL/RANK pathway has also been shown to 

regulate EGFR activation by cross talk during osteoclast 

differentiation.9 However, limited studies have focused on 

the relationship between the RANKL/RANK pathway and 

EGFR signaling in primary cancer cells. Our study origi-

nally explored the relationship between the RANKL/RANK 

pathway and EGFR in GC patients. Our IHC results showed 

that RANK and EGFR were highly expressed in GC tissues. 
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Figure 6 The effect of ranKl/ranK pathway on sensitivity to cetuximab in caco-2 cells.
Notes: (A) caco-2 cells were treated with 1 μg/ml sranKl for the indicated times. The expression of egFr, aKT, erK, and c-src and phosphorylation levels were 
analyzed by Western blot. (B) caco-2 cells were pretreated with 1 μg/ml sranKl for 1 hour and then incubated with 10 μg/ml cetuximab for 48 hours, followed by MTT 
assay. *comparisons between cetuximab-treated arm and combined-treated arm, P,0.05. (C) caco-2 cells were transiently transfected with ranK sirna for 24 hours and 
then pretreated with 1 μg/ml sranKl for 1 hour, followed by 10 μg/ml cetuximab for 48 hours. The cell viability was assessed by MTT assay. *comparisons between the 
cetuximab-treated cells and the combined-treated cells in the ns control arm, P,0.05.
Abbreviations: ns, non-silencing; sirna, small interfering rna.

We then showed that EGFR and RANK was expressed in 

several different GC cell lines (Figure 1B). In addition to 

this finding, we found a positive relationship between the 

expression of RANK and EGFR in GC tissues (Table 2). 

Furthermore, RANKL stimulation induced activation of 

EGFR and downstream signaling (Figure 2), which indicated 

the cross talk between the RANKL/RANK pathway and 

EGFR signaling.

Additionally, we observed that EGFR and downstream 

activation induced by RANKL decreased sensitivity to 

cetuximab in GC cells (Figures 2 and 3). Treatment with 

RANK siRNA or the RANKL inhibitor OPG attenuated 

phosphorylation of EGFR, AKT, and ERK and addition-

ally reversed RANKL-induced resistance to cetuximab 

(Figure 4). Our results showed that the RANKL/RANK 

pathway phosphorylated EGFR-signaling cascade molecules, 

including EGFR itself, and further decreased sensitivity to 

cetuximab in GC cells. Furthermore, we investigated the role 

of the RANKL/RANK pathway after cetuximab treatment 

of colon cancer using the RAS wild-type cell line Caco-2. 

We observed that sensitivity to cetuximab was similarly 

regulated by the RANKL/RANK pathway in this cell line 

(Figure 6). To our knowledge, this is the first evidence of 

a functional contribution of the RANKL/RANK pathway 

to cetuximab resistance that therefore makes it a promising 

target for developing novel therapeutic strategies to improve 

sensitivity to cetuximab.

To investigate the link between the RANKL/RANK path-

way and EGFR signaling, we considered the role of c-Src. It 

is well established that c-Src and EGFR phosphorylate each 

other in a positive feedback loop.25,26 Our previous study 

showed that c-Src activation mediated cetuximab resistance 
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in colon cancer cells,14 which have not been confirmed in GC 

yet. Moreover, our study showed that c-Src was activated by 

RANKL in the migration of breast cancer cells.13 Further-

more, c-Src expression showed a significantly positive linear 

relationship with RANK in breast cancer patients,27 indicat-

ing the relationship between c-Src and the RANKL/RANK 

pathway. In this study, we observed that c-Src was stimu-

lated by RANKL (Figure 2A) and that c-Src inhibition led 

to repression of EGFR phosphorylation and its downstream 

factors in GC cells (Figure 5A and B). Consequently, inhibi-

tion of c-Src activity reversed RANKL-induced resistance to 

cetuximab (Figure 5C and D). These results suggested that 

c-Src is an intermediate between RANKL and EGFR and 

that c-Src activation contributes to cetuximab resistance via 

downregulation of EGFR signaling.

Our results showed that exogenous RANKL stimulated 

the RANKL/RANK pathway and then activated the EGFR 

pathway in GC cells. However, the accumulation of RANKL 

in gastric carcinoma remains elusive. The RANKL/RANK 

pathway plays an important role in the immune system, and 

RANKL expression is associated with T lymphocytes in 

breast cancer cells.28 GC tissues were found infiltrated with 

T lymphocytes and associated with poor prognosis.29 Herein, 

we initially speculated that T lymphocytes infiltrated into 

GC tissues would have high level of RANKL expression, 

and these might stimulate the RANKL/RANK pathway 

in the surrounding GC cells. As a result, the stimulated 

RANKL/RANK pathway might activate EGFR signal-

ing and furthermore regulate the sensitivity of anti-EGFR 

therapies in GC.

Taken together, our results provided a potential mecha-

nism for the resistance to anti-EGFR treatments in gastro-

intestinal tumors and a conclusion that RANKL/RANK 

and c-Src could be essential therapeutic targets to enhance 

sensitivity to anti-EGFR treatments.
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