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Abstract. Dysregulation of the discoidin domain recep-
tors (DDRs) has been implicated in the development of 
numerous types of tumors, including head and neck cancer, 
and nasopharyngeal, breast, ovarian and esophageal carci-
nomas. Furthermore, agents that inhibit DDR1 activity are 
hypothesized to be useful for the treatment of nasopharyngeal 
carcinoma (NPC). The aim of the present study was to eval-
uate the effect of the DDR1 inhibitory (3‑(2‑(pyrazolo(1,5‑a)
pyrimidin‑6‑yl)‑ethynyl)benzamide  compound, 7RH, in 
NPC cells both in vitro and in vivo, and its effect when used 
in combination with dasatinib, a SRC family kinase (SFK) 
inhibitor. The effects of 7RH alone or in combination with 
dasatinib on cell viability were assessed using MTT assays 
and apoptosis was detected by flow cytometry. In addition, 
western blotting was performed to analyze the relative protein 
expression levels of cell cycle‑associated genes in human NPC 
cell lines (CNE1, CNE2, HONE1 and SUNE1). Cell migration 

was also assessed using cell adhesion assays. Furthermore, 
tumor xenografts of CNE2 NPC cells were established in 
nude mice and the growth inhibitory effects of 7RH treat-
ment alone or in combination with dasatinib were evaluated. 
Finally, knockdown of DDR1 protein expression was 
achieved by transfection of CNE2 cells with DDR1‑specific 
small interfering RNA. Treatment with 7RH effectively 
suppressed the proliferation and induced the apoptosis of 
NPC cells. In addition, the Janus kinase  1 (JAK1)/signal 
transducer and activator of transcription (STAT3) signaling 
pathway was downregulated by 7RH, whereas the activi-
ties of the Ras/Raf/mitogen‑activated protein kinase kinase 
(MEK)/extracellular signal‑regulated kinase (ERK) and 
phosphoinositide 3‑kinase (PI3K)/AKT signaling pathways 
were upregulated in response to 7RH treatment. Furthermore, 
the expression levels of phosphorylated SRC were increased 
in NPC cells treated with 7RH; thus indicating that SRC 
exhibits a vital function in the resistance of NPC cells to 7RH 
via activation of the PI3K/AKT signaling pathway. The results 
of the present study indicate that DDR1 and SFK inhibition 
may present a potential therapeutic strategy for patients with 
NPC.

Introduction

Head and neck squamous cell carcinoma (HNSCC) is the fifth 
most common malignancy worldwide (1). Despite advances in 
the diagnosis and treatment of HNSCC, the 5‑year survival 
rates for patients with HNSCC have remain unchanged at at 
30-40% for the last 30 years. Furthermore, local and distant 
metastases remain significant barriers to disease eradica-
tion (1). Nasopharyngeal carcinoma (NPC) is a prevalent head 
and neck cancer in Southeast Asia, with an annual incidence 
rate of 54.7 cases per 100,000 individuals (2). NPC is unique 
among head and neck cancers due to its epidemiology, carci-
nogenic risk factors, biological markers, prognostic factors, 
clinical presentation, therapeutic strategies and outcome, as 
well as its close association with the Epstein‑Barr virus and its 
high incidence of metastasis (3).

Antitumor activity of 7RH, a discoidin domain receptor 1 
inhibitor, alone or in combination with dasatinib exhibits 
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An increasing number of studies have suggested that the 
majority of human cancers exhibit dysregulated expression 
and/or functioning of one or more receptor tyrosine kinases 
(RTKs) (4). The protein tyrosine kinases belong to a large, 
multigene family involved in the regulation of cell‑to‑cell 
signaling that is associated with cell growth, differentiation, 
adhesion, motility and apoptosis (4).

Discoidin domain receptors (DDRs) are a unique set of RTKs 
that exhibit an important function in cancer progression by 
regulating the interaction of tumor cells with their surrounding 
collagen matrix. DDRs, which are distinguished from other 
RTKs by the discoidin motif in their extracellular domain (5), 
are upregulated in a number of solid tumors, including head 
and neck cancer, and nasopharyngeal, breast, ovarian and 
esophageal carcinomas (6‑18). According to the homology of 
the C‑terminal region, DDRs may be divided into two catego-
ries: DDR1 and DDR2. The two categories of DDRs exhibit 
different tissue‑specific expression patterns: DDR1 is predomi-
nantly expressed in epithelial cells and DDR2 is predominantly 
expressed in mesenchymal cells (19,20). Previous studies have 
demonstrated that DDR1 and DDR2 exhibit vital functions in 
the regulation of fundamental cellular processes, including 
proliferation, survival, differentiation, adhesion and matrix 
remodeling (21,22). In addition, the dysregulation of DDR1 and 
DDR2 has been associated with a number of human diseases, 
including fibrotic disorders, atherosclerosis and cancer (5,23). 
In a previous study, inhibition of DDR1 using small interfering 
RNA (siRNA) was demonstrated to suppress tumorigenicity, 
inhibit lung cancer bone metastasis and increase cancer cell 
chemosensitivity (24). Therefore, DDR1 is considered a poten-
tial molecular target for cancer therapy.

SRC family kinases (SFKs), which are a family of 
non‑RTKs, exhibit elevated protein expression levels 
in NPC cells  (25). Activated SRC may in turn activate 
AKT, a key effector of the phosphoinositide 3‑kinase 
(PI3K)/AKT/mammalian target of rapamycin (mTOR) 
pathway (26). In addition, AKT is an important component 
of signaling pathways that regulate proliferation, survival, 
metastasis and angiogenesis (27). Thus, due to its involvement 
in these oncogenic processes, AKT presents a potential thera-
peutic target for the treatment of cancer.

To the best of our knowledge, no previous studies have 
evaluated the effect of the DDR1 inhibitor in NPC cells. 
Since high levels of DDR1 protein have been identified in 
HNSCC tissues (6) and DDR1 transcripts are upregulated in 
NPC, NPC metastasis, and head and neck tumor tissues (7), 
we hypothesize that inhibition of DDR1 may be useful for the 
treatment of patients with NPC. Therefore, the present study 
aimed to investigate the effects of a (3‑(2‑(pyrazolo(1,5‑a)
pyrimidin‑6‑yl)‑ethynyl)benzamide compound, 7RH 
(Fig. 1A), which is a potent and reversible small molecule 
inhibitor of DDR1 (28), on the proliferation and apoptosis of 
NPC cells, as well as the underlying mechanisms of such. In 
addition, the ability of 7RH to act synergistically with the SFK 
inhibitor, dasatinib, was evaluated.

Materials and methods

Materials and reagents. Human NPC cell lines (CNE1, CNE2, 
HONE1 and SUNE1) were obtained from the Cancer Center 

of Sun‑Yat‑sen University (Guangzhou, China) and cultured 
in RPMI‑1640 medium supplemented with 5% fetal bovine 
serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA), 100 U/l penicillin and 100 mg/ml streptomycin at 
37˚C in 5% CO2. All experiments were performed using cells 
in the logarithmic phase. The DDR1 inhibitor, 7RH (Guang-
zhou Institutes of Biomedicine and Health, Chinese Academy 
of Sciences, Guangzhou, China) was dissolved in 50 mmol/l 
dimethyl sulfoxide (DMSO) and stored at ‑20˚C. Dasatinib 
(Selleckchem, Co., Ltd., Houston, TX, USA) was dissolved 
in 50  mmol/l DMSO prior to storage at ‑20˚C. Primary 
antibodies against DDR1 (catalog no. 3917; 1:1,000; rabbit), 
phosphorylated (p)‑SRC (catalog no. 2105; 1:1,000; rabbit), 
SRC (catalog no.  2108; 1:1,000; rabbit), p‑Janus kinase  1 
(JAK1; catalog no.  3331; 1:1,000; rabbit), JAK1 (catalog 
no. 3332; 1:1,000; rabbit), p‑AKT (Ser473; catalog no. 4060; 
1:2,000; rabbit), p‑glycogen synthase kinase  3β (GSK3β; 
catalog no. 5558; 1:1,000; rabbit), p‑MEK (catalog no. 3958; 
1:1,000; rabbit), MEK (catalog no.  9126; 1:1,000; rabbit), 
p‑eukaryotic translation initiation factor 4E binding protein 1 
(p‑4EBP1; catalog no. 9456; 1:1,000; rabbit), 4EBP1 (catalog 
no. 9452; 1:1,000; rabbit), poly(ADP‑ribose) polymerase 1 
(PARP; catalog no. 9544; 1:1,000; rabbit), E‑cadherin (catalog 
no. 14472; 1:1,000; mouse), p‑Pyk2 (catalog no. 3291; 1:1,000; 
rabbit), Pyk2 (catalog no. 3292; 1:1,000; rabbit), p‑focal adhe-
sion kinase (FAK; catalog no. 3284; 1:1,000; rabbit) and FAK 
(catalog no. 3285; 1:1,000; rabbit) were obtained from Cell 
Signaling Technology Inc. (Danvers, MA, USA). Primary 
antibodies against AKT (catalog no. sc-5298; 1:1,000; mouse), 
GSK3β (catalog no. sc-24501; 1:1,000; rabbit), p‑extracellular 
signal‑regulated kinase (p‑ERK; catalog no. sc-7976; 1:1,000; 
rabbit), ERK (catalog no.  sc-514302; 1:1,000; mouse), 
caspase‑3 (catalog no. sc-65497; 1:1,000; mouse), myeloid cell 
leukemia‑1 (MCL‑1; catalog no. sc-12756; 1:1,000; mouse), 
B‑cell lymphoma‑2 (BCL‑2; catalog no.  sc-492; 1:1,000; 
rabbit), cyclin‑dependent kinase 4 (CDK4; catalog no. sc-260; 
1:1,000; rabbit), cyclin D1 (catalog no. sc-450; 1:1,000; mouse), 
P21 (catalog no.  sc-6246; 1:1,000; mouse), c‑Myc (catalog 
no. sc-789; 1:1,000; rabbit), signal transducer and activator of 
transcription 3 (STAT3; catalog no. 12640; 1:1,000; rabbit), 
p-STAT3 (catalog no. 9145; 1:2,000; rabbit) and glyceralde-
hyde  3-phosphate dehydrogenase (catalog no.  sc-365062; 
1:2,000; mouse) were purchased from Santa Cruz Biotech-
nology, Inc. (Dallas, TX, USA). The secondary antibodies, 
anti-rabbit immunoglobulin G (IgG), horseradish‑peroxidase 
(HRP)‑linked antibody (catalog no. 7074; 1:2,000) and anti-
mouse IgG, HRP-linked antibody (catalog no. 7076; 1:2,000), 
were obtained from Cell Signaling Technology, Inc.

MTT assay. NPC cells in the logarithmic phase were seeded 
into 96‑well plates at a density of 1,500 cells per well in 195 µl 
RPMI‑1640 medium and cultured at 37˚C overnight. Subse-
quently, the cells were treated with various concentrations 
(0.625, 1.25, 2.5, 5, 10 and 20 µmol/l) of 7RH and/or dasat-
inib for 72 h at 37˚C in 5% CO2. Control cells were treated 
in the same manner as the treatment group but without 7RH 
or dasatinib. Experiments were terminated by adding 10 µl 
of 5 mg/ml MTT and incubated at 37˚C for 4 h. Following 
complete removal of the medium, 100 µl DMSO was added 
to each well to dissolve the purple formazan product. The 
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optical densities (ODs) of the resultant purple solutions were 
measured at an absorbance wavelength of 570 nm. The half 
maximal inhibitory concentration (IC50) was calculated using 
the following equation: Inhibitory rate (%) = (1 ‑ mean OD 
value of the treatment group / mean OD value of the control 
group) x 100.

Western blot analysis. Prior to drug treatment, CNE2 cells 
were seeded into 6‑well plates at a density of 3x105 cells per 
well and incubated at 37˚C in 5% CO2 overnight. Following 
treatment, CNE2 cells were collected and washed three times 
with 1X phosphate‑buffered saline (PBS) and lysed using 
100 µl lysis buffer (Cell Signaling Technology, Inc.) per well. 
Cell lysates were centrifuged at 13,439 x g for 15 min at 4˚C 
and protein concentrations were determined using the Bio‑Rad 
Protein Assay (Bio-Rad Laboratories, Inc., Hercules, CA, 
USA). SDS‑PAGE loading buffer was added to the cell lysates, 
which were then heated at 100˚C for 10 min. Equal quantities 
of protein (24 µg) were separated by 10 and 15% SDS‑PAGE 
and the resolved proteins were transferred onto polyvinylidene 
difluoride membranes. After blocking with 5% skimmed milk, 
the membranes were incubated sequentially with the primary 
and secondary antibodies overnight at 4˚C. After washing 
three times with Tris‑buffered saline supplemented with 
Tween‑20 (pH 7.4; 10 mmol/l Tris‑HCl, 150 mmol/l NaCl, 
0.1% Tween 20), the proteins were detected using enhanced 
chemiluminescence reagent (EMD Millipore, Billerica, MA, 
USA) and BioMax® XAR film (Kodak, Rochester, NY, USA). 
Band intensities were analyzed using ImageJ software (version 
1.45; National Institutes of Health, Bethesda, MA, USA).

Cell apoptosis analysis by flow cytometry. Cell apoptosis was 
assessed by measuring the membrane redistribution of phos-
phatidylserine using an Annexin V‑FITC Apoptosis Detection 
kit (Roche, Basel, Switzerland), according to the manufacturer's 
instructions. Briefly, cells (1x106/well) were seeded into 6‑well 
plates and allowed to attach overnight. Subsequently, the cells 
were treated with 2, 4 or 8 µmol/l 7RH for 48 h, washed twice 
with PBS, resuspended in 250 µl binding buffer and stained 
with Annexin V‑FITC and propidium iodide. Following incu-
bation in the dark for 30 min, the cells were analyzed using the 
BD FACSCalibur flow cytometer (BD Biosciences, Franklin 
Lakes, NJ, USA).

Colony formation assays. To assess colony formation, 
200 CNE2 or HONE1 cells were seeded into each well of a 
6‑well plate in replicates. After 24 h, the cells were incubated 
with or without 7RH (0, 0.4, 0.6 and 0.8 µmol/l) in 5% FBS at 
37˚C and allowed to grow for 5 days. At the end of the treatment 
period, the cells were fixed with 100% ethanol, stained with 
0.1% crystal violet and washed with distilled water. Images of 
the colonies were captured with an inverted microscope and 
quantification was performed using ImageJ software (National 
Institutes of Health).

Cell adhesion assays. Cells in the logarithmic phase were 
seeded into 6‑well plates at a density of 3x105 cells per well in 
RPMI‑1640 medium containing 5% FBS and cultured at 37˚C 
overnight. Subsequently, the cells were treated with various 
concentrations (0, 2, 4 and 8 µmol/l) of 7RH and/or dasatinib 

for 24 h at 37˚C in 5% CO2, while 96‑well plates were precoated 
with BD Matrigel (BD Biosciences) at 37˚C for 2 h. Single cell 
suspensions were prepared in RPMI‑1640 medium containing 
5% FBS, and seeded into the 96‑well plates with DMSO 
control or 7RH at a density of 1x105 cells/well. Following 
2 h of incubation at 37˚C, the cells were washed with PBS 
to remove the nonadherent cells. To obtain the adherent cell 
number, adherent cells were extracted using 200 µl MTT and 
the absorbance at 570 nm was measured. 

siRNA transfection. Prior to transfection, the cells were seeded 
into 6‑well plates with antibiotic‑free growth medium (Gibco; 
Thermo Fisher Scientific, Inc.) at a density of 2.5x105 cells per 
well and cultured overnight at 37˚C. At ~50% confluence, the 
cells were transfected with DDR1‑specific siRNA (DDR1 #1 
sense, 5'-CCA​CCA​ACU​UCA​GCA​GCU​UTT‑3' and antisense, 
5'‑AAG​CUG​CUG​AAG​UUG​GUG​GTT‑3'; DDR1 #2 sense, 
5'‑GGU​UAC​UCU​UCA​GCG​AAA​UTT‑3' and antisense, 
5'-AUU​UCG​CUG​AAG​AGU​AAC​CTT‑3'; and control sense, 
5'-UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3' and antisense, 
5'-ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3') in Opti‑MEM® 
reduced serum medium (Gibco; Thermo Fisher Scientific, Inc.) 
using Lipofectamine® 2000 (Gibco; Thermo Fisher Scientific, 
Inc.), according to the manufacturer's instructions. After 4‑6 h, 
the medium was replaced with fresh RPMI‑1640 medium 
containing 5% FBS and cells were cultured for another 24 h.

Animals. A total of 24 male BALB/c nude mice (age, 6 weeks; 
weight, 20±2 g) were obtained from the Guangdong Prov-
ince Animal Facility (Sun Yat-sen University) and provided 
with distilled water and a commercial stock diet in an 
air‑conditioned room at 22˚C. All animals were sacrificed 
by cervical dislocation following anesthetization with ethyl 
ether (Sigma‑Aldrich; EMD Millipore). The present study 
was approved by the Institutional Animal Care and Use 
Committee of Guangdong Medical Laboratory Animal Center 
(Guangdong, China). All animal studies were performed in 
accordance with the National Institutes of Health Guide for 
the Care and Use of Laboratory Animals (29).

Mouse tumor xenograft model. CNE2 cells (1.3x106  cells 
per 0.2 ml PBS) were injected subcutaneously into the right 
armpit of nude mice. Tumor size was measured every 4 days 
in two dimensions using a caliper and tumor volumes were 
calculated using the formula: ab2/2, where b is the smaller 
dimension. When tumors reached ~150 mm3 in size, the mice 
were randomized into four groups (6 mice/group), as follows: 
i) Normal saline (NS) group, intraperitoneally injected with 
NS for 20 days; ii)  7RH group, intraperitoneally injected 
with 8 mg/kg 7RH for 20 days; iii) dasatinib group, intra-
peritoneally injected with 10 mg/kg dasatinib for 20 days; 
and iv) 7RH + dasatinib group, intraperitoneally injected with 
8 mg/kg 7RH and 10 mg/kg dasatinib for 20 days.

Tumor inhibition rate. The inhibitory effect of 7RH and/or 
dasatinib on tumor growth was evaluated. After 20 days of treat-
ment, the mice were anesthetized with ethyl ether and sacrificed 
via cervical dislocation and the whole body and tumor mass 
were weighed immediately. The inhibition rates of solid tumor 
growth were calculated using the following formula: Inhibition 
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rate (%) = (1 ‑ mean tumor volume of drug treated groups/mean 
tumor volume of NS group) x 100. The IC50 and CI values were 
calculated with CalcuSyn software (Biosoft, Cambridge, UK).

Statistical analysis. Data are presented as the mean ± standard 
deviation. To determine significant differences between the 
treatment and control groups, the Student's two‑tailed t‑test 
was used. SPSS 19.0 (IBM SPSS, Armonk, NY, USA) was 
used for the analyses. P<0.05 was considered to indicate a 
statistically significant difference.

Results

7RH inhibits NPC cell proliferation and colony formation 
in vitro. To investigate the cytotoxicity of the DDR1 inhibitor 
7RH in cancer cells, MTT assays were performed (Fig. 1B). 7RH 
exhibited potent cytotoxicity in NPC cell lines (CNE2, HONE1, 
CNE1 and SUNE1). Exposure to 7RH (0.625‑20  µmol/l) 
resulted in a dose‑dependent inhibition of cell viability. The IC50 
values were 1.97, 3.71, 2.06 and 3.95 µmol/l in CNE2, HONE1, 
CNE1 and SUNE1 cells, respectively. These results indicate 

that 7RH inhibits NPC cell proliferation in a dose‑dependent 
manner. In addition, it was observed that treatment with 0.4, 
0.6 and 0.8 µmol/l 7RH significantly inhibited colony forma-
tion in CNE2 and HONE1 cells (P<0.05; Fig. 1C and D). Taken 
together, these results suggest that treatment 7RH effectively 
inhibits the tumorigenicity of NPC cells.

7RH induces cell cycle arrest and apoptosis by inhibiting 
JAK/STAT signaling in NPC cells. A previous study demon-
strated that the STAT family (STAT1a/b, STAT3 and STAT5) 
directly bind to the DDR1 protein (5). Therefore, the present 
study aimed to investigate whether 7RH affects JAK/STAT 
signaling, which is involved in cell cycle progression, by 
analyzing the protein expression levels of key genes involved 
in this pathway. Following treatment with 4 µmol/  7RH for 
12, 24 or 48 h, the protein expression levels of JAK1, p‑JAK1, 
STAT3, p‑STAT3, BCL‑2, MCL‑1, c‑Myc, cyclin  D1 and 
CDK4 were markedly reduced in a time-dependent manner, 
whereas those of p21 were markedly increased in CNE2 cells 
(Fig. 2A). These results indicate that 7RH is able to effectively 
induce the cell cycle arrest of NPC cells.

Figure 1. 7RH inhibited the proliferation and colony formation of nasopharyngeal carcinoma cells. (A) Structure of the (3‑(2‑(pyrazolo(1,5‑a)pyrim-
idin‑6‑yl)‑ethynyl)benzamide compound, 7RH. (B) SUNE1, HONE1, CNE2 and CNE1 cells were treated with 0, 0.625, 1.25, 2.5, 5, 10 or 20µmol/l 7RH for 
72 h, after which the antiproliferative effect of 7RH was measured using MTT assays. Cell proliferation was decreased in a dose-dependent manner following 
treatment with 7RH in all cell lines. (C) The colony forming abilities of CNE2 and HONE1 cells were decreased in a dose-dependent manner following treat-
ment with 0.4, 0.6 and 0.8 µmol/l 7RH and (D) quantified using ImageJ software. Data are presented as the mean ± standard deviation of triplicate experiments. 
*P<0.05 vs. DMSO. DMSO, dimethyl sulfoxide. 
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Transfection of CNE2 cells with DDR1‑specific siRNA 
was performed to investigate the effect of DDR1 inhibition on 
the activation of the JAK/STAT signaling pathway (Fig. 2B). 
When DDR1 was knocked out by siRNA, the expressions of 
JAK1, p-JAK1, STAT3, p-STAT3 and c-Myc was reduced. In 
addition, to further investigate the mechanism of growth inhibi-
tion by 7RH, the effect of 7RH on the apoptosis of CNE2 cells 
was evaluated by western blotting and flow cytometry (Fig. 2C 
and D). 7RH induced the apoptosis of CNE2 cells, as indicated 
by the increased levels of PARP cleavage and caspase‑3 activa-
tion observed following treatment with 2, 4 or 8 µmol/l 7RH 
for 24 or 48 h (Fig. 2C). The western blot analysis results were 
correlated with a higher fraction of Annexin‑V‑positive cells 
at 48 h (Fig. 2D). These results indicate that 7RH induces cell 

cycle arrest and apoptosis of NPC cells via alteration of the 
JAK/STAT signaling pathways.

7RH inhibits NPC cell adhesion. Cell adhesion is involved in a 
number of regulatory processes, including growth, differentia-
tion, proliferation, migration and regeneration (30). In addition, 
adhesion exhibits a crucial function in the formation and mainte-
nance of coherent multicellular structures. DDR1 has previously 
been demonstrated as one of the key regulators of cell adhe-
sion (31). Therefore, the present study investigated the effect of 
7RH on cell‑matrix adhesion by performing western blot anal-
ysis of cell adhesion‑associated proteins and adhesion assays. As 
shown in Figure 3A, the protein expression levels of E‑cadherin, 
p‑Pyk2 and p‑FAK were markedly decreased in CNE2 cells 

Figure 2. 7RH induced cell cycle arrest and apoptosis of CNE2 cells by inhibiting the JAK1‑STAT3 signaling pathway. (A) The effect of 7RH on the cell cycle 
progression of CNE2 cells. CNE2 cells were incubated for 12, 24 or 48 h with 4 µmol/l 7RH or treated with 2, 4 or 8 µmol/l 7RH for 24 h, after which the 
cell cycle profile was analyzed by western blotting. (B) Transfection of CNE2 cells with DDR1-specific siRNA was associated with similar alterations to the 
JAK1/STAT3 signaling pathway as observed following treatment of the cells with 7RH, as determined by western blotting. (C) Western blot analysis of cleaved 
PARP and caspase‑3. CNE2 cells were treated with 2, 4 or 8 µmol/l 7RH for 24 (PARP) or 48 h (caspase‑3). (D) Induction of apoptosis in cells following 7RH 
treatment was assessed by flow cytometry using an Apoptosis Detection kit. The apoptotic rates of the cell lines were increased following treatment with 2, 
4 or 8 µmol/l 7RH for 48 h. JAK1, Janus kinase 1; p-, phosphorylated; STAT3, signal transducer and activator of transcription 3; DDR1, discoidin domain 
receptor 1; siRNA, small interfering RNA; DMSO, dimethyl sulfoxide.

  A   B

  C   D
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following treatment with 2, 4 or 8 µmol/l 7RH for 24 h. For 
adhesion assays, CNE2 cells adhering to BD Matrigel‑coated 
wells were treated with 2, 4 or 8 µmol/l 7RH for 2 h and the 
number of adherent cells was determined by measuring the 
absorbance at 570 nm. Notably, 7RH inhibited cell‑matrix adhe-
sion in a dose‑dependent manner (Fig. 3B) and this inhibition 
was significant following treatment with 4 or 8 µmol/l 7RH 
(P<0.05). Treatment with 2, 4 or 8 µmol/l 7RH for 2 h inhibited 
cell‑matrix adhesion by 7.4, 29.3 and 68.3%, respectively, in 
CNE2 cells, compared with DMSO‑treated controls (Fig. 3B). 
These results indicate that 7RH inhibits NPC cell adhesion.

7RH enhances the PI3K/AKT signaling pathway via acti-
vation of SRC in NPC cells. To further investigate the 
mechanism of growth inhibition by 7RH, the effect of 7RH on 
the PI3K/AKT and mitogen-activated protein kinase (MAPK) 
signaling pathways were investigated. Western blot analysis 
indicated that the expression levels of p‑AKT (Ser473), 
p‑GSK3β and p‑MEK were significantly upregulated in CNE2 
cells following treatment with 2, 4 or 8 µmol/l 7RH for 24 h 
(Fig. 4A). Activated SRC is a potent activator of the PI3K/AKT 
signaling pathway (27). Therefore, the present study aimed to 
elucidate whether PI3K/AKT signaling was upregulated by 
SRC signaling. Notably, the protein expression levels of p‑SRC 
were markedly upregulated following the inhibition of DDR1 
with both 7RH and DDR1‑specific siRNA (Fig. 4B and C). 
These results indicate that 7RH enhances the PI3K/AKT 
signaling pathway in NPC cells via the activation of SRC.

Dual inhibition of DDR1 and SFK decreases the tumorigenicity 
of NPC cells in vitro. Subsequently, whether the combined 

inhibition of DDR1 and SFKs exhibited a synergistic effect 
on cell tumorigenicity was investigated. Firstly, the combined 
inhibitory effect of 7RH and dasatinib on cell proliferation 
was examined using MTT assays. The proliferation of CNE2 
cells was significantly inhibited following treatment with 7RH 
in combination with various concentrations of dasatinib in 
a dose‑dependent manner. The corresponding combination 
indexes (CIs) were <1 for CNE2 cells, which were determined 
to be statistically significant (Table I). These results suggest 
that combined treatment with 7RH and dasatinib exhibits a 
synergistic effect on the suppression of human NPC cell 
proliferation.

To investigate the combined effect of 7RH and dasatinib 
on the PI3K/AKT signaling pathway, the protein expression 
levels of key proteins in this signaling pathway in CNE2 cells 
were evaluated in CNE2 cells by western blotting. Notably, 
dual inhibition of DDR1 and SFK following treatment 
with 4 µM 7RH and 5 µM dasatinib markedly decreased 
the protein expression of p‑AKT (Ser473) compared with 
the groups of 7RH or dasatinib alone (Fig. 5A); however, 
no evident alterations in the expression levels of p‑GSK3β 
and p‑MEK were observed between the dual treatment 
of 7RH + dasatinib and 7RH or dasatinib alone (data not 
shown). In addition, the phosphorylation levels of one of the 
essential substrates of mTORC1, 4EBP1, as well as p‑ERK, 
were significantly suppressed following combined treatment 
with 4 µM 7RH and 5 µM dasatinib (Fig. 5A). These results 
indicated that the mTOR/4EBP1 and MAPK signaling path-
ways were significantly suppressed following treatment with 
7RH and dasatinib in CNE2 cells. Furthermore, the induc-
tion of PARP and caspase‑3 cleavage and the decrease in the 

Figure 3. 7RH inhibited adhesion in CNE2 cells. (A) Effect of 7RH on the expression of cell adhesion-associated proteins in CNE2 cells. The cells were treated 
with 2, 4 or 8 µmol/l 7RH for 24 h, after which the cell adhesion profile was analyzed by western blotting. (B) The cell adhesion ratio of CNE2 cells decreased 
in a dose-dependent manner following treatment with 2, 4 or 8 µmol/l 7RH, as quantified using ImageJ software. Data are presented as the mean ± standard 
deviation of triplicate experiments *P<0.05 vs. DMSO. DDR1, discoidin domain receptor 1; FAK, focal adhesion kinase; DMSO. DMSO, dimethyl sulfoxide.
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expression levels of MCL‑1 and BCL‑2 observed (Fig. 5A), 
correlated with a higher fraction of Annexin‑V‑positive 
cells following 48 h of treatment (4 µM 7RH and/or 5µM 
dasatinib; Fig. 5B), and indicated the effective induction of 
apoptosis in NPC cells. Furthermore, the dual inhibition of 
DDR1 and SFK significantly decreased NPC cell adhesion 
rate (P<0.05; Fig. 5C). Together, these results suggest that 
combined treatment with 7RH and dasatinib more effectively 
inhibits NPC cell tumorigenicity when compared with either 
drug alone.

Dual inhibition of DDR1 and SFK suppresses tumor growth 
in vivo. To determine whether treatment with 7RH and dasat-
inib exhibits synergistic effects in  vivo, CNE2 cells were 
implanted into the right armpit of mice, which were divided 
into NC, 7RH, dasatinib or 7RH + dasatinib treatment groups. 
Following 20 days of treatment, the mice were sacrificed and 
the mean tumor volumes were measured. The mean tumor 
volumes were significantly decreased in the treatment groups 
when compared with the NC group (P<0.05; Fig. 6). In the 
7RH, dasatinib and 7RH  +  dasatinib groups, the growth 
inhibitory rates were 27, 28 and 33%, respectively (Fig. 6).

Discussion

The present study demonstrated that 7RH, a highly potent 
inhibitor of DDR1, effectively suppresses the tumorigenicity of 
NPC cells. This is consistent with the observation that DDR1 

transcripts are upregulated in NPC, NPC metastasis, and head 
and neck tumor tissues  (7). Furthermore, these results are 
consistent with a previous study that reported that inhibition 
of DDR1 by siRNA suppressed tumorigenicity, inhibited lung 
cancer bone metastasis and increased cancer cell chemosensi-
tivity (24). 

The results of the present study indicated that treatment 
with 7RH alone inhibited the proliferation of NPC cells in 
a dose‑dependent manner. However, the exact mechanism 
underlying the effects of 7RH on cancer cells remains 
unclear. In human breast and colon carcinoma cell lines, 
DDR1 activation triggers the pro‑survival Ras/Raf/ERK and 
PI3K/AKT signaling pathways, resulting in the upregulation 
of anti‑apoptotic Bcl‑xL and the promotion of survival under 
conditions of genotoxic stress  (32). In colon cancer cells, 
DDR1 forms a complex with Notch1; DDR1 activation trig-
gers Notch1 cleavage by γ‑secretase, generating the Notch1 
intracellular domain, which translocates into the nucleus and 
upregulates the expression of pro‑survival genes, including 
Hes1 and Hey2 (33). The results of the present study indicated 
that 7RH‑mediated inhibition of NPC cell growth may be 
due to inhibition of the JAK/STAT3 signaling pathway. This 
hypothesis was based on the observation that 7RH inhibited 
JAK and STAT3 phosphorylation in a time‑ and dose‑depen-
dent manner, which was also observed following treatment 
of NPC cells with DDR1‑specific siRNA. Activation of the 
JAK‑cytokine receptor complex leads to the recruitment and 
phosphorylation of specific cytoplasmic STAT proteins, which 

Figure 4. 7RH upregulated the PI3K/AKT pathway by activating SRC in CNE2 cells. (A) 7RH enhanced the activity of the PI3K/AKT signaling pathway. 
CNE2 cells were treated with 2, 4 or 8 µmol/l 7RH for 24 followed by western blotting of cell lysates to analyze phosphorylation levels of AKT (Ser473), 
GSK3β and MEK, relative to GAPDH. (B) 7RH treatment increased the phosphorylation of SRC in a time- and dose-dependent manner. CNE2 cells were 
treated with 2, 4 or 8 µmol/l 7RH for 24 h, or with 4 µmol/l 7RH for 12, 24 or 48 h, followed by western blotting to assess protein expression levels of DDR1, 
SRC and p‑SRC. (C) CNE2 cells were transfected with siRNA-specific DDR1 for 24 h followed by western blotting to analyze the expression levels of DDR1 
and p‑SRC. PI3K, phosphoinositide 3-kinase; GSK 3β, glycogen synthase kinase 3β; p-phosphorylated; MEK, mitogen-activated protein kinase kinase; DDR1, 
discoidin domain receptor 1.
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Figure 5. Dual inhibition of DDR1 and SFK decreased the tumorigenecity of NPC cells in vitro. (A) Effect of combined 7RH and dasatinib treatment on 
the survival, progression and apoptosis of CNE2 cells. (A) CNE2 cells were treated with 4 µM 7RH alone, 5 µM dasatinib alone or 7RH ± dasatinib and 
the expression levels of cell cycle-associated proteins were analyzed by western blotting. (B) The apoptosis of NPC cells treated with 4 µM 7RH and/or 
5 µM dasatinib for 48 h and stained with Annexin V and propidium iodide was analyzed using flow cytometry. The apoptosis rates of the cells treated with 
7RH ± dasatinib were increased when compared with cells treated with either agent alone. (C) The cell adhesion profile was analyzed by adhesion assays and 
western blot analysis of p-Pyk2 and p-FAK. Decreased cell adhesion ratios were observed for cells treated with 7RH and 7RH + dasatinib, as quantified using 
ImageJ software. Data are presented as the mean ± standard deviation of triplicate experiments *P<0.05 vs. control experiments within the same group. NPC, 
nasopharyngeal carcinoma; DDR1, discoidin domain receptor 1; SFK, SRC family kinase; p-, phosphorylated; ERK, extracellular signal-regulated kinase; 
4EBP1, eukaryotic translation initiation factor 4E binding protein 1; MCL-1, myeloid cell leukemia-1; BCL-2, B-cell lymphoma-2; PARP, poly(ADP-ribose) 
polymerase 1; FAK, focal adhesion kinase; DMSO, dimethyl sulfoxide; FITC,  fluorescein isothiocyanate. 
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subsequently results in the dimerization of STAT proteins and 
their subsequent translocation into the nucleus where they 
interact with various regulatory gene expression elements, 
including c‑Myc, CDK4, cyclin  D1, p21 and the BCL‑2 
family (34). The present study demonstrated that the protein 
expression levels of c‑Myc, CDK4, cyclin D1, P21 and BCL‑2 
family members in NPC cells were altered following treat-
ment with 7RH, indicating that 7RH affects the JAK/STAT3 
signaling pathway.

The present study demonstrated that the PI3K/AKT 
signaling pathway and levels of p‑SRC tyrosine kinase in 
NPC cells were increased following 7RH treatment. Previous 
studies have reported that the SRC tyrosine kinase is over-
expressed in variety of solid tumors, and is associated with 
the promotion of cell growth and proliferation via activation 
of the RAS/RAF/MEK/ERK and PI3K/AKT signaling path-
ways, as well as the promotion of metastasis by enhancing 

FAK activity  (35,36). In the majority of human cancers, 
including NPC, the PI3K/AKT/mTOR signaling pathway is 
involved in cancer progression (26). It has been demonstrated 
that constitutively‑activated AKT regulates cancer processes 
such as cell growth, cell cycle progression, invasion, migra-
tion, epithelial‑mesenchymal transition and angiogenesis, 
as well as promoting resistance to chemotherapy and radio-
therapy  (37,38). Similarly, SRC has been associated with 
cancer chemoresistance; SRC is involved in the development 
of resistance to trastuzumab, an anti‑human epidermal growth 
factor receptor 2 (HER2) monoclonal antibody, used in breast 
cancer therapy (39). Consistent with this, activated forms of 
SRC and HER kinases are frequently identified in cancer, with 
HER kinases and SRC exhibiting hyperfunctionality in ~70% 
of breast cancer cases (39). Furthermore, SRC is involved in the 
signal transduction mediated by HER kinases (40). In prostate 
cancer, SRC family kinases and FAK signaling are frequently 
hyperfunctional and have been associated with poor patient 
outcome, as well as resistance to antihormonal therapies (41). 
In addition, previous studies have demonstrated that SRC is 
involved in resistance to epidermal growth factor receptor 
inhibitors, which has been associated with poor outcomes in 
NPC patients treated with lapatinib and cetuximab (42,43). The 
present study demonstrated that 7RH enhanced the activation 
of the PI3K/AKT signaling pathway, which was accompanied 
by increased protein expression levels of p‑SRC. Similarly, 
knockdown of DDR1 by siRNA led to SRC activation. These 
results suggested that SRC exhibits a vital function in 7RH 
resistance by activating the PI3K/AKT signaling pathway.

Dasatinib is a small molecule tyrosine kinase inhibitor, 
initially isolated as a dual SRC/Abelson murine leukemia viral 
oncogene homolog 1 inhibitor (44). Dasatinib inhibits SFKs, 
including LCK, HCK, FYN, YES, FGR, BLK, LYN, and 
FRK (45). Furthermore, dasatinib blocks the kinase activities 
of certain RTKs with high potency, including c‑KIT, c‑FMS, 
platelet‑derived growth factor receptors  A and  B, DDR1 
and Ephrin receptors (46). Several preclinical studies have 
demonstrated that dasatinib potentiates the antitumor effects 
of various drugs used clinically: Trials using combinations of 
dasatinib with ErbB/HER antagonists have been performed for 
breast (47), head and neck (48) and colorectal cancer (49). The 
present study demonstrated that dasatinib used in combination 
with agents targeting DDR1 presents a potential therapeutic 
strategy for NPC.

Notably, in the present study, combined treatment of NPC 
cells with dasatinib and 7RH decreased the expression levels 
of p‑AKT when compared with either drug treatment alone. 
It has been demonstrated that AKT exerts its cellular effects 
via the phosphorylation of >20 substrate proteins, including 
members of the forkhead protein family (FKHR, FKHRL1 
and AFX), mTOR, MDM2 and Bad (50). In the present study, 
the phosphorylation levels of downstream targets of mTORC1, 
such as 4EBP‑1, were decreased following the combined drug 
treatment when compared with single treatments. In addi-
tion, the MAPK signaling pathway was altered in response 
to combined dasatinib and 7RH treatment. The inhibition 
of multiple signaling pathways indicated that the synergistic 
antitumor effects of the combined drug treatment may have 
resulted from the inhibition of multiple signaling pathways 
involved in the control of cell proliferation and survival.

Figure 6. Dual inhibition of DDR1 and SFK decreased tumor growth of 
CNE2 cells in vivo. Nude mice were injected with CNE2 cells and divided 
into the following treatment groups: Normal saline, 7RH (8 mg/kg/day), 
dasatinib (10 mg/kg/day) and 7RH (8 mg/kg/day) ± dasatinib (10 mg/kg/day). 
The effect of 7RH and dasatinib treatment alone or combination on tumor 
development was assessed by measuring tumor size every 4 days until the 
end of the treatment (day 20). Solvent vs. dasatinib, P=0.05; solvent vs. 7RH, 
P=0.04; solvent vs. drug combination, P=0.03. P‑values were calculated 
using the Student's t‑test (two‑sided). DDR1, discoidin domain receptor 1; 
SFK, SRC family kinase.

Table I. Dual inhibition of discoidin domain receptor  1 and 
SRC family kinase decreased the tumorigenicity of nasopha-
ryngeal carcinoma cells in vitro.

7RH (µmol/l)	 Dasatinib (µmol/l)	 Fa	 CI

0.3125	 1.25	 0.377	 0.289
0.625	 2.5	 0.486	 0.378
1.25	 5	 0.738	 0.268
2.5	 10	 0.827	 0.326
5	 20	 0.840	 0.596
10	 40	 0.895	 0.755

CIs were determined using CalcuSyn software. A CI value 
<1 indicates a synergistic effect The results are representative of three 
independent experiments. CIs, combination indexes.
 



LU et al:  7RH TREATMENT ALONE OR IN COMBINATION WITH DASATINIB EXHIBITS ANTITUMOR ACTIVITY IN NPC 3607

In the present study, 7RH and dasatinib exhibited anti-
tumor effects in vivo. These results suggested that DDR1 may 
be considered a potential molecular target for NPC treatment.

In conclusion, the present study demonstrated that the 
DDR1 inhibitor 7RH was able to suppress NPC cells in vitro, 
via the inhibition of JAK1/STAT3 signaling pathway acti-
vation. SRC was demonstrated to exhibit a vital function 
in the resistance of NPC cells to 7RH via activation of the 
PI3K/AKT signaling pathway. Notably, the present study 
formed a conceptual basis for the application of combination 
chemotherapy targeting both DDR1 and SFK for the treatment 
of patients with NPC in the future.
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