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Background: Radioresistance poses a major challenge in nasopharyngeal carcinoma (NPC) 
treatment. Protein tyrosine phosphorylation has emerged as a key device in the control of 
resistance to therapy in cancer cells.
Methods: Using tandem mass tag (TMT) labeling and phospho-antibody affinity enrichment 
followed by high-resolution LC-MS/MS analysis, quantitative tyrosine phosphorylome ana-
lysis was performed in CNE2 (parental) and its radioresistant subline CNE2-IR.
Results: Altogether, 233 tyrosine phosphorylation sites in 179 protein groups were identi-
fied, among which 179 sites in 140 proteins were quantified. Among the quantified proteins, 
38 tyrosine phosphorylation proteins are up-regulated and 18 tyrosine phosphorylation 
proteins are down-regulated in CNE2-IR vs CNE2. Increased tyrosine phosphorylation in 
multiple receptor/protein tyrosine kinases (EPHA2, EGFR, IGF1R, ABL1 and LYN) was 
identified in CNE2-IR vs CNE2 cells. Intensive bioinformatic analyses revealed robust 
activation of multiple biological processes/pathways including E-cadherin stabilization, cell- 
cell adhesion, and cell junction organization in radioresistant CNE2-IR cells. Specifically, we 
observed that the CNE2 cells incubated with EphrinA1-Fc exhibited higher EPHA2 Y772 
phosphorylation and lower E-cadherin expression, as compared with PBS control. 
Furthermore, an ATP-competitive EPHA2 RTK inhibitor (ALW-II-41-27, ALW) reduced 
EPHA2 Y772 phosphorylation and increased the expression of E-cadherin in CNE2-IR cells. 
Colony formation analysis showed that EFNA1 (EFNA1 is the ligand of EPHA2) treatment 
in CNE2 significantly promoted colony formation after 6Gy irradiation; while incubation 
with EPHA2 inhibitor ALW-II-41-27 in CNE2-IR cells impaired colony formation after 
irradiation, as compared with solvent control (DMSO).
Conclusion: In conclusion, phosphoproteomic approach allowed us to link tyrosine kinases 
signaling with radioresistance in NPC. Further studies are necessary to delineate the mole-
cular function of EPHA2/E-cadherin signaling in radioresistant NPC and to explore rational 
combination therapy and its underlying mechanism.
Keywords: nasopharyngeal carcinoma, radioresistance, quantitative tyrosine 
phosphorylome, receptor tyrosine kinase

Introduction
Nasopharyngeal carcinoma (NPC) mostly occurs in a number of Southeast Asian 
regions, including southern China, Hong Kong, and Taiwan.1 Radiation therapy is 
the major therapeutic modality used to treat NPC, and most NPC patients can be 
cured if the disease is diagnosed and treated at an early stage. However, about 20% 
of NPC patients develop local recurrence after radiotherapy, and radioresistance 

Correspondence: Zhanzhan Li  
Department of Oncology, Xiangya 
Hospital, Central South University, 
Changsha 410008, People’s Republic of 
China  
Tel + 86-0731-89753332  
Email liche4006@126.com

submit your manuscript | www.dovepress.com Cancer Management and Research 2020:12 12667–12678                                              12667

http://doi.org/10.2147/CMAR.S260028 

DovePress © 2020 Shen et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Cancer Management and Research                                                       Dovepress
open access to scientific and medical research

Open Access Full Text Article

C
an

ce
r 

M
an

ag
em

en
t a

nd
 R

es
ea

rc
h 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

mailto:liche4006@126.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com


poses a major challenge in nasopharyngeal carcinoma 
(NPC) treatment.2 Hence, it is important to understand 
the mechanisms of radioresistance to develop more speci-
fic treatment for NPC and improve patient prognosis.

A majority of phosphorylation events in cells occur on 
serine and threonine residues of proteins with a very small 
fraction occurring on tyrosine residues. Although tyrosine 
phosphorylation accounts for a minority of total phosphor-
ylation, it has emerged as a key device in the control of 
numerous cellular functions in diseases, especially in 
cancer.3 Kinase is an organism's complete set of protein 
kinases encoded in its genome. A number of studies indi-
cated that tyrosine kinase signaling could promote resis-
tance to cancer therapy. Liu et al showed that tyrosine 
phosphorylation of HSC70 (Heat shock cognate, also 
known as HSPA8, is a member of the heat shock protein 
70 family, and it functions as a chaperone, and binds to 
nascent polypeptides to facilitate correct folding. It also 
functions as an ATPase in the disassembly of clathrin- 
coated vesicles during transport of membrane components 
through the cell) and its interaction with RFC (replication 
factor C, or RFC, is a five-subunit protein complex that is 
required for DNA replication) mediates methotrexate 
(Folate antineoplastic drugs) resistance in murine L1210 
leukemia cells.4 Shajahan et al demonstrated that CAV1 
(a scaffolding protein within caveolar membranes that 
interacts directly with G-protein alpha subunits and can 
functionally regulate their activity) tyrosine phosphoryla-
tion may contribute to anti-microtubule drug resistance in 
breast cancer cells.5 The diversity of the tyrosine kinome 
in mediating Trastuzumab (A chemotherapeutic drug used 
to treat metastatic (spread) breast cancer) resistance is 
further exemplified by the importance of the receptor/pro-
tein tyrosine kinase (Receptor tyrosine-protein kinase 
erbB-4, ErbB4; MET, SRC) in this process.6–8 Recently, 
Koppenhagen et al proposed c-Abl tyrosine kinase as an 
important mediator of beta1-integrin signaling for 
radioresistance.9 Radiation-induced phosphorylation of 
platelet-derived growth factor receptor (PDGFR) and 
c-kit regulates radiosensitivity in nasopharyngeal cancer 
cell.10 Therefore, understanding the mechanisms of tyro-
sine phosphorylation of key proteins might effectively 
allow the proteome-wide profiling of a signaling network 
and the identification of appropriate-targeted combination 
therapies.

In recent years, quantitative proteomic approaches 
have made it possible to utilize large-scale phosphopro-
teomic profiles for the discovery of drug-resistant targets. 

Based on a tyrosine phosphoproteomic analysis, Gioia 
et al observed increased tyrosine phosphorylation of Lyn 
(protein tyrosine kinase) and Syk kinase (Spleen tyrosine 
kinase) in nilotinib-resistant chronic myeloid leukemia 
(CML) cells.11 In the present study, we performed quanti-
tative phosphoproteomics in human NPC cell line CNE2 
and its radioresistant subline CNE2-IR in order to identify 
the altered tyrosine phosphorylation events associated 
with radioresistance. We showed that signaling compo-
nents of E-cadherin stabilization pathway were signifi-
cantly enriched in radioresistant CNE2-IR cells. We also 
identified epithelial cell kinase (EPHA2) as a potential 
kinase to promote radioresistance through modulating 
E-cadherin expression. These results may provide new 
insight to define a critical signaling node associated with 
the development of radioresistance for NPC treatment in 
the future.

Materials and Methods
Reagents
Sequencing grade modified trypsin was obtained from 
Promega (Madison, WI). Tandem mass tags (TMT) label-
ing Kit was purchased from Thermo Scientific (Waltham, 
MA). Dulbecco’s Modified Eagle Medium (DMEM), fetal 
bovine serum (FBS), L-glutamine, and antibiotics were 
purchased from Invitrogen (Carlsbad, CA). EphrinA1-Fc 
was from R&D Systems (Minneapolis, MN). ALW-II-41- 
27 (ALW) was from MedChemExpress (Monmouth 
Junction, NJ). siRNAs for Scramble or E-cadherin were 
purchased from GeneChem (Shanghai, China). pCMV3 
plasmid expressing E-cadherin ORF and pCMV3 empty 
vector were obtained from Sinobiological (Wayne, PA).

Cell Culture
Human NPC cell line CNE2 and its radioresistant subline 
CNE2-IR were kindly provided by Dr Lunquan Sun 
(Center for Molecular Medicine, Xiangya Hospital 
Central South University, Changsha, China). STR test 
was run for CEN2 and CNE2-IR (See Provenance of 
Materials). CNE2 and CNE2-IR cells were cultured in 
DMEM media supplemented with 10% FBS, 2 mM gluta-
mine and antibiotics as described previously.

Proteomic Quantification of Tyrosine 
Phosphorylation
The proteomic quantification of tyrosine phosphorylation 
had been described in the previous our study.12,13 The 
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samples firstly experienced protein extraction and trypsin 
digestion. Briefly, cells were lysed in urea lysis buffer, 
sonicated, and then cleared by centrifugation. The protein 
was redissolved in buffer and the protein concentration 
was determined with 2-D Quant kit according to the man-
ufacturer’s instructions. For digestion, the protein solution 
was reduced with 10 mM DTT for 1 h at 37°C and 
alkylated with 20 mM IAA for 45 min at room tempera-
ture in darkness. After digestion, peptide was desalted by 
Strata X C18 SPE column (Phenomenex) and vacuum- 
dried. Briefly, peptides were first separated with 
a gradient of 2% to 60% acetonitrile in 10 mM ammonium 
bicarbonate pH 10 over 80 min into 80 fractions. Then, the 
peptides were combined into 6 fractions and dried by 
vacuum centrifuging. Then, affinity enrichment was per-
formed. To enrich pY peptides, tryptic peptides dissolved 
in NETN buffer (100 mM NaCl, 1 mM EDTA, 50 mM 
Tris-HCl, 0.5% NP-40, pH 8.0) were incubated with pre- 
washed antibody beads (PTM-703, PTM Biolabs) at 4°C 
overnight with gentle shaking. The beads were washed 
four times with NETN buffer and twice with ddH2O. 
The bound peptides were eluted from the beads with 
0.1% TFA. The eluted fractions were combined and 
vacuum-dried. The resulting peptides were cleaned with 
C18 ZipTips (Millipore) according to the manufacturer’s 
instructions, followed by liquid chromatography tandem 
mass spectrometry (LC-MS/MS) analysis.

Liquid Chromatography Tandem Mass 
Spectrometry
Peptides were dissolved in 0.1% FA, directly loaded onto 
a reversed-phase pre-column (Acclaim PepMap 100, 
Thermo Scientific). Peptide separation was performed 
using a reversed-phase analytical column (Acclaim 
PepMap RSLC, Thermo Scientific). The gradient was 
comprised of an increase from 4% to 24% solvent 
B (0.1% FA in 98% ACN) for 50 min, 24% to 35% for 
12 min and climbing to 80% in 4 min then holding at 80% 
for the last 4 min, all at a constant flow rate of 400 nl/min 
on an EASY-nLC 1000 UPLC system, the resulting pep-
tides were analyzed by Q ExactiveTM hybrid quadrupole- 
Orbitrap mass spectrometer (ThermoFisher Scientific). 
The peptides were subjected to NSI source followed by 
tandem mass spectrometry (MS/MS) in Q ExactiveTM 

(Thermo) coupled online to the UPLC. Intact peptides 
were detected in the Orbitrap at a resolution of 70,000. 
Peptides were selected for MS/MS using NCE setting as 

31; ion fragments were detected in the Orbitrap at 
a resolution of 17,500. A data-dependent procedure that 
alternated between one MS scan followed by 20 MS/MS 
scans was applied for the top 20 precursor ions above 
a threshold ion count of 5E3 in the MS survey scan with 
30.0s dynamic exclusion.

Database Search
The resulting MS/MS data were processed using 
MaxQuant search engine (v.1.5.2.8). Tandem mass spectra 
were searched against Swissprot Human database (https:// 
www.uniprot.org/) concatenated with reverse decoy data-
base. Trypsin/P was specified as cleavage enzyme allow-
ing up to 2 missing cleavages. The mass tolerance for 
precursor ions was set as 20 ppm in First search and 5 
ppm in Main search, and the mass tolerance for fragment 
ions was set as 0.02 Da. Carbamidomethyl on Cys was 
specified as fixed modification, oxidation on Met, acetyla-
tion on protein N-term, and phosphorylation on Tyr were 
specified as variable modifications.

Mass Spectrometry Data Analysis
We averaged and normalized the intensities of the phos-
phopeptides identified in the two replicate experiments 
that were carried out. Total sum intensities of all phospho-
peptides for each TMT label were used to normalize the 
phosphopeptide abundance. The quantifiable proteins in 
this study were divided into four quantitative categories 
according to their CEN2IR4/CNE2 ratio: Quartile 1 
(CNE2IR/CEN2 ratio<0.5 and P<0.05), Quartile 2 
(0.5<CNE2IR/CEN2 ratio<0.67 and P<0.05), Quartile 3 
(1.5<CNE2IR/CEN2 ratio<2 and P<0.05), Quartile 4 
(1.5<CNE2IR/CEN2 ratio<2 and P<0.05). 1.5-fold cutoff 
was selected for hyperphosphorylation, and a 0.67-fold 
cutoff was selected to denote hypophosphorylation.

Pathway and Process Enrichment Analysis
Pathway and process enrichment analysis was carried out in 
Metascape (http://metascape.org/gp/index.html) with the 
following ontology sources: Kyoto Encyclopedia of Genes 
and Genomes (KEGG) Pathway, GO Biological Processes, 
Reactome Gene Sets, Canonical Pathways and CORUM.14 

All genes in the genome were used as the enrichment back-
ground. Terms with p-value < 0.01, minimum count 3, and 
enrichment factor > 1.5 (enrichment factor is the ratio 
between observed count and the count expected by chance) 
are collected and grouped into clusters based on their mem-
bership similarities. More specifically, P-values are 
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calculated based on accumulative hypergeometric distribu-
tion. The most statistically significant term within a cluster is 
chosen as the one representing the cluster.

Clonogenic Survival Assay
Radiosensitivity was measured by clonogenic survival 
assay following exposure to irradiation.15 Briefly, NPC 
cells (5 × 102) were plated in 6 cm culture dishes (n=3) 
and exposed to radiation dose (6 Gy). After exposure, the 
cells were further cultured for 12 days, and the number of 
surviving colonies (defined as a colony with >50 cells) 
was stained with 0.5% crystal violet and counted.

Western Blot Analysis
Western blotting was conducted as described 
previously.16 Briefly, cells were harvested and lysed in 
modified RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM 
NaCl, 1 mm EDTA, 1% Nonidet P-40, 0.25% sodium 
deoxycholate, and 1 mM sodium orthovanadate in the 
presence of protease inhibitors). Protein lysates (15 μg) 
were separated by 10% SDS-PAGE and transferred to 
Hybond-P PVDF membranes (Amersham Biosciences). 
Blots were blocked with 5% non-fat dry milk in Tris- 
buffered saline buffer for 2 h at room temperature and 
then incubated with diluted antibodies against various 
proteins for 2 h at room temperature, followed by incuba-
tion with horseradish peroxidase-conjugated goat-anti- 
mouse antibody (Abcam, Cambridge, MA) for 1 h at 
room temperature. The signal was visualized with an 
enhanced chemiluminescence detection reagent (Abcam, 
Cambridge, MA). The primary antibodies used were 
phosphoEGFR Y869 (6963; Cell Signaling), epidermal 
growth factor receptor (EGFR) (4267; Cell Signaling), 
phospho-EPHA2 Y772 (8244; Cell Signaling), EPHA2 
(6997; Cell Signaling), E-Cadherin (3195, Cell 
Signaling), phosphoIGF1R Y1161 (ab39398; Abcam), 
(Insulin-like growth factor receptor 1) IGF1R 
(Ab39675; Abcam), and β-Actin (A5316, Sigma).

Statistical Analysis
The statistical software package SPSS 13.0 was used in 
this study. Single comparisons were performed using 
Student’s t-test or Mann–Whitney’s U-test. All statistical 
tests were two-sided. Differences were considered statisti-
cally significant for P < 0.05.

Results
Quantitative Tyrosine Phosphoproteomic 
Analysis on CNE2 and Its Radioresistant 
Subline CNE2-IR
NPC cell line CNE2 and its radioresistant subline 
CNE2-IR were used in a previous 2-DE/MALDI-TOF- 
MS study to identify potential biomarkers predicting 
radiosensitivity in NPC cells.17,18 Hence, these two 
cell lines were used in this study for quantitative tyro-
sine phosphoproteomic analysis using TMT labeling and 
LC-MS/MS analysis. The general experimental strategy 
is illustrated in Figure 1A. We first defined the length of 
the peptides and noted that most were between 8 and 
20” amino acids (Figure 1B). Second, we checked the 
mass error of all the identified peptides. The distribution 
of mass error is near zero and most of them are less 
than 5 ppm, suggesting the mass accuracy of the MS 
data fit the requirement (Figure 1C). The detection and 
quantification of proteins showed good reproducibility 
in two biological replicates (Figure 1D).

In total, 233 tyrosine phosphorylation sites in 179 
protein groups were identified, among which179 sites 
in 140 proteins were quantified (Figure 2A). Among 
the 179 identified protein groups, most of the proteins 
exhibited one modification site (Figure 2B). The fold- 
change cutoff was set when proteins with quantitative 
ratios above 1.5 or below 1/1.5 are deemed significant. 
Among the quantified proteins, 38 tyrosine phosphory-
lated proteins are up-regulated and 18 tyrosine phos-
phorylated proteins are down-regulated in CNE2-IR 
/CNE2 (Figure 2A, Table S1). Phosphomotif analysis 
showed that tyrosine phosphorylation mostly occurred 
in motif containing YXXXR (Figure 2C). To determine 
the cellular localization of phosphorylated proteins 
which are significantly up-regulated in CNE2-IR or 
parental CNE2 cells, we interrogated our dataset 
using the Uniprot Keyword database,19 and found that 
phosphorylated proteins in subcellular compartments 
(Cytoplasm-nuclear and Extracellular) were increased 
in CNE2-IR cells versus the parental CNE2 line 
(Figure 3). Impressively, increased tyrosine phosphor-
ylation of multiple receptor/protein tyrosine kinases 
(EGFR, EPHA2, IGF1R, ABL1, and LYN) was 
observed in CNE2-IR, as compared with CNE2 
(Figure 4).
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Differential Activation of Multiple 
Biological Processes/Pathways in 
Radioresistant CNE2-IR Cells
Intensive bioinformatic analysis for 56 differentially phos-
phorylated tyrosine proteins was carried out. To identify cellular 
pathways and the protein complex related with radiosensitivity, 
we performed the analysis based on KEGG Pathway, GO 
Biological Processes, Reactome Gene Sets, Canonical 
Pathways and CORUM. Our findings showed that the 

pathways of E-cadherin stabilization (EPHA2, EGFR, IGF1R, 
VASP, VCL, ACTN1, CTNNA1), cell-cell adhesion (ABL1, 
ACTN1, ANXA2, CAV1, CTNNA1, DSP, EGFR, LYN, 
MYH9, VCL, ADAM9, BAIAP2L1, ANXA5, CDK1, 
KIF23), cell junction organization (ABL1, CTNNA1, DSP, 
EGFR, IGF1R, EPHA2, RASSF1, BST2, CHMP1A, VASP, 
BAIAP2L1, KIF23), and EPHA-mediated growth cone col-
lapse (Growth cone collapse is an easy and efficient test for 
detecting and characterizing axon guidance activities secreted 
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or expressed by cells) (EPHA2, LYN, MYH9, ABL1, 
CTNNA1, ADAM9, ANXA2, ACTN1, BAIAP2L1, KIF23) 
were the dominant pathways enriched in CNE2-IR cells (Figure 
5A). However, as shown in Figure 5B, some pathways such as 
nucleocytoplasmic transport (MAPK14, EGFR, NPM1, 
PTPN11, STAT3, NDC1, THOC2, FYN, HSP90AA1, 

ATP1A1, TRIM29, KRT18, RBBP6), post-transcriptional reg-
ulation of gene expression (MAPK14, DDX1, EGFR, 
HNRNPC, NPM1, STAT3, NDC1, FYN, KRT18, TOP1, 
HSP90AA1, ATP1A1), and regulation of DNA metabolic pro-
cess (EGFR, HNRNPC, HSP90AA1, NPM1, RBBP6, 
PTPN11, NDC1) were significantly enriched in CNE2 cells.
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Multiple Components of E-Cadherin 
Stabilization Pathway are Significantly 
Activated in CNE2-IR Cells
Quantitative proteomic data suggested a robust activation of 
components of E-cadherin stabilization pathway in CNE2- 
IR cells compared to CNE2. Eleven tyrosine phosphoryla-
tion sites in 7 protein groups (EPHA2, EGFR, IGF1R, 
VASP, VCL, ACTN1, CTNNA1) were identified to be sig-
nificantly increased in CNE2-IR vs CNE2 (Figure 6A). 
Among these quantified sites, considerably higher levels of 
EPHA2 tyrosine phosphorylation (pY772, pY628, and 
pY575) could be appreciated in CNE2-IR cells (Figure 
6A). Consistently, Western blotting analysis revealed 
a similar pattern of increased tyrosine phosphorylation on 
EPHA2 (pY772), EGFR (pY869), and IGF1R (pY1161) 
(Figure 6B). Protein level of E-cadherin was greatly reduced 
in CNE2-IR, as compared with parental CNE2 (Figure 6B). 
These results suggested that attenuation of E-cadherin 
expression induced by RTK signaling might contribute to 
the acquisition of radioresistance in NPC cells.

EPHA2 Reduces E-Cadherin Expression 
and Promotes Radioresistance in 
CNE2-IR Cells
To confirm the hypothesis that attenuation of E-cadherin 
promoted resistance to irradiation in NPC cells, we 

manipulated E-cadherin expression in CNE2 or CNE2-IR 
cells. As shown in Figure 7A, E-cadherin expression was 
successfully reduced by siRNA targeting E-cadherin in 
CNE2; while its expression was increased in CNE2-IR 
expressing E-cadherin ORF plasmid. Results from the 
colony surviving analysis showed that knockdown of 
E-cadherin in CNE2 cells significantly increased colony 
formation following 6Gy γ-irradiation; while over- 
expression of E-cadherin in CNE2-IR cells impaired col-
ony formation after receiving γ-irradiation (Figure 7B). 
These results suggested that E-cadherin could play an 
important role in the development of radioresistance 
in NPC.

To further explore the regulatory role of EPHA2 on the 
expression of E-cadherin, we treated CNE2 cells with 
EPHA2 ligand EphrinA1-Fc or EPHA2 inhibitor ALW-II 
-41-27.20,21 We observed the CNE2 cells incubated with 
EphrinA1-Fc exhibited higher EPHA2 Y772 phosphoryla-
tion and lower E-cadherin expression, as compared with PBS 
control (Figure 7C). Furthermore, an ATP-competitive 
EPHA2 RTK inhibitor (ALW-II-41-27, ALW) reduced 
EPHA2 Y772 phosphorylation and increased the expression 
of E-cadherin in CNE2-IR cells. Colony formation analysis 
showed that EFNA1 (EFNA1 is the ligand of EPHA2) treat-
ment in CNE2 significantly promoted colony formation after 
6Gy irradiation; while incubation with EPHA2 inhibitor 
ALW-II-41-27 in CNE2-IR cells impaired colony formation 

Subcellular localization of phosphoproteins enriched in CNE2-IR

13.00%  cytoplasm, nucleus
11.00%  extracellular
8.00%  plasma membrane
5.00%  mitochondria
34.00%  cytoplasm
29.00%  nucleus

0 10 20 30 40 50

cytoplasm, nucleus

extracellular

plasma membrane

mitochondria

cytoplasm

nucleus

Phosphoproteins(%)

CNE2-IR

CNE2

Subcellular localization of phosphoproteins enriched in CNE2

5.00%  cytoplasm, nucleus
5.00%  extracellular
17.00%  plasma membrane
6.00%  mitochondria
39.00%  cytoplasm
28.00%  nucleus

Figure 3 Protein subcellular localization annotation terms linked to either statistically significant CNE2-IR or CNE2 parental up-regulated phosphoproteins generated using 
the DAVID functional annotation tool.
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after irradiation, as compared with solvent control (DMSO) 
(Figure 7D). These results suggested that EPHA2 signaling 
might regulate E-cadherin expression and exert a potential 
function in the development of radioresistance in NPC.

Discussion
Radioresistance remains a major problem in the treatment 
of NPC.22,23 The molecular mechanisms are still poorly 
understood. Quantitative phosphoproteomic techniques 
have been widely applied in many preclinical and clinical 
investigations due to their advantage of revealing the 
dynamics of protein expression and protein–protein inter-
actions from a global perspective, which contributes 
greatly to our understanding of the gene function in cel-
lular processes.24 Our study is, to our knowledge, the first 
quantitative phosphoproteomic analysis of acquired resis-
tance to radiotherapy in NPC cells. We showed that CNE2 
NPC cells that have acquired resistance to irradiation 
harbor an enrichment of phosphotyrosine proteins. In 
total, 233 tyrosine phosphorylation sites in 179 protein 
groups were identified. Among the identified protein 

groups, 38 tyrosine phosphorylated proteins are up- 
regulated and 18 tyrosine phosphorylated proteins are 
down-regulated in CNE2IR/CNE2. Our findings high-
lighted the usefulness of quantitative proteomic technique 
in identifying radiosensitivity-related proteins with good 
sensitivity and reproducibility.

The enriched tyrosine phosphoproteins might play 
a critical role in the regulation of radioresistance. These 
phosphoproteins include several receptor/protein tyrosine 
kinases (EGFR, IGF1R, and ABL1). EGFR has pre-
viously been shown to exhibit irradiation-induced tyro-
sine phosphorylation and play important roles in pro- 
survival signaling after radiotherapy in cancer cells.25,26 

Interestingly, we only observed elevated EGFR phos-
phorylation at Y869, but not phosphorylation at Y1068 
and Y1173 (ligand dependent) in CNE2-IR cells. 
Nevertheless, LYN, one of the Src family genes, also 
showed increased tyrosine phosphorylation in CNE2-IR. 
As EGFR Y869 phosphorylation was shown to be Src 
dependent, it would be reasonable to propose that Src, 
rather than EGF ligand, might contribute to EGFR 
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activation and radioresistance in CNE2-IR.27 Activation 
of IGF1R signaling is a well-established bypass mechan-
ism of resistance to radiotherapy. Previous studies indi-
cated that ionizing radiation activated IGF-1R and 
triggered a cytoprotective signaling in cancer cells.28 

Inhibition of IGF-1R enhanced tumor cell sensitivity to 
ionizing radiation in prostate cancer and glioma.29,30 

ABL1 (ABL Proto-Oncogene 1) critically contributes to 
cancer cell therapy resistance and DNA double strand 
break (DSB) repair.31 ABL1 kinase phosphorylation was 

seen after ionizing radiation in cancer cells; dual target-
ing of ABL1 and beta1-integrin sensitized head and neck 
cancer cells to radiotherapy.9 ANXA2 is a key factor to 
promote therapeutic resistance of NPC.32 We found that 
ANXA2 Y24 phosphorylation was elevated in CNE2-IR 
cells, suggesting ANXA2 tyrosine phosphorylation might 
also contribute to radioresistance in NPC cells. 
Therefore, our phosphoproteomic study may provide 
a rich source of new candidates for target validation and 
drug development to overcome radioresistance in NPC.

A

B

Figure 5 Pathway and process enrichment analysis on the differential phosphoproteins in CNE2-IR vs CNE2. (A) Enriched pathways and process of up-regulated 
phosphoproteins. (B) Enriched pathways and process of down-regulated phosphoproteins.
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In addition, we found that phosphoproteins (EGFR, 
IGF1R, EPHA2, VASP, VCL, ACTN1, and CTNNA1) 
involved in E-cadherin stabilization pathway are signifi-
cantly enriched in CNE2-IR cells. E-cadherin is the 

major adhesion protein associated with epithelial cells. 
Loss of its expression is diagnostic of the epithelial to 
mesenchymal transition (EMT). There was a general cor-
relation between EMT, based on loss of E-cadherin 
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expression, and radioresistance.33–36 Indeed, we observed 
a decline of E-cadherin expression in radioresistant 
CNE2-IR cells. Manipulation of E-cadherin expression 
regulated radiosensitivity in our CNE2/CNE2-IR cell 
model. However, it remains to be determined if 
EPHA2, one of the prominent genes involved in the 
E-cadherin stabilization pathway, is a cause or conse-
quence of the acquisition of radioresistance. Mosch 
et al showed that irradiation affects cellular properties 
and Eph receptor expression in human melanoma cells.37 

Graves et al revealed that ionizing radiation induces 
EphA2 S897 phosphorylation in a MEK/ERK/RSK- 
dependent manner.38 These results suggested that 
EPHA2 phosphorylation might contribute to the radio-
resistance in cancer cells, despite its mechanism remains 
to be poorly understood. In our study, we found three 
tyrosine sites (Y575, Y628, and Y772) highly phos-
phorylated in EPHA2 in CNE2-IR, suggesting EphA2 
tyrosine phosphorylation might contribute to resistance 
to radiotherapy in NPC. We also showed that EPHA2 
tyrosine phosphorylation (pY772) was regulated by 
EPHA2 ligand and EPHA2 inhibitor. EPHA2 activity 
regulated E-cadherin expression and radiosensitivity in 
CNE2/CNE2-IR cell model. Our data would suggest that 
EPHA2/E-cadherin pathway is an actionable target for 
salvage therapy and further investigation to dissect the 
contribution of components of this pathway to acquired 
radioresistance is planned.

In conclusion, our study provides a useful resource for 
future studies investigating the potential determinants of 
radioresistance through tyrosine phosphoproteomic 
approach, and identifies a new therapeutic strategy of inhi-
biting EPHA2 function for further evaluation as a means of 
overcoming radioresistance and tumor recurrence in NPC.
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