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Radiotherapy is the primary treatment for nasopharyngeal cancer (NPC), but radioresistance remains a
serious obstacle to successful treatment in many cases. To identify the proteins involved in this resistance
and to evaluate their potential for predicting NPC response to radiotherapy, we first established a radioresistant
subclone cell line (CNE2-IR) derived from NPC cell line CNE2 by treating the cells with five rounds of sublethal
ionizing radiation. Proteomics was then performed to compare the protein profiles of CNE2-IR and CNE2, and a
total of 34 differential proteins were identified. Among them, 14-3-3σ and Maspin were downregulated and
GRP78 and Mn-SOD were upregulated in the radioresistant CNE2-IR compared with control CNE2, which
was conformed by Western blot. Immunohistochemistry was performed to detect the expression of the four
validated proteins in the 39 radioresistant and 51 radiosensitive NPC tissues and their value for predicting NPC
response to radiotherapy were evaluated by receiver operating characteristic analysis. The results showed that
the downregulation of 14-3-3σ and Maspin and the upregulation of GRP78 and Mn-SOD were significantly
correlated with NPC radioresistance and the combination of the four proteins achieved a sensitivity of 90%
and a specificity of 88% in discriminating radiosensitive from radiaoresistant NPC. Furthermore, the resistance
to ionizing radiation can be partially reversed by the overexpression of 14-3-3σ in the CNE2-IR. The data suggest
that 14-3-3σ, Maspin, GRP78, and Mn-SOD are potential biomarkers for predicting NPC response to radiother-
apy and their dysregulation may be involved in the radioresistance of NPC. Cancer Res; 70(9); 3450–62. ©2010 AACR.
Introduction

Nasopharyngeal carcinoma (NPC) is an endemic disease
with incidence rates of 15 to 50 per 100,000 in southern
China and Southeast Asia. In addition, it poses one of the
most serious public health problems in these areas (1). His-
tologically, these usually belong to WHO types II and III. In
the West, NPC occurs sporadically and, histologically, usually
belongs to WHO type I. The disease tends to be more sensi-
tive to ionizing radiation than other head and neck cancers.
Additionally, types II and III are more sensitive to ionizing
radiation than WHO type I. Thus, the primary treatment
for NPC at that point is radiotherapy. More accurate tumor
localization by computed tomography and better radiother-
apy technique have contributed to the improvement in the
local control of this disease (2). Even in relatively advanced
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disease, combined radiochemotherapy may increase survival
(3). Nevertheless, radioresistance remains a serious obstacle
to successful treatment in many cases. Some of the NPC
patients present local recurrences and distant metastases af-
ter radiotherapy due to radioresistance and the majority of
these patients surrender recurrence and metastasis within
1.5 year after treatment (4, 5). Hence, revealing the molecular
mechanism of NPC radioresistance and identifying subgroup
of radioresistant NPC patients are urgently needed for per-
sonalized therapy.
Although a fraction of genes such as elements of cell cycle

control, apoptosis/antiapoptosis, and DNA repair are be-
lieved to play a key role in the ionizing radiation–induced cell
damages, our understanding of radioresistance in cancer at a
molecular level is limited. Microarrays have been used to
assess genes involved in radioresistance in various types of
cancer (6–11). For examples, analysis for gene expression
profiles of radioresistant NPC cell lines using a cDNA array
found that at least two genes, gp96 and GDF15, involved in
the radioresistance of NPC cell lines (11). However, there
was no overlap in the genes found to be involved in radio-
resistance in various studies. This may be because of distinct
tissue specificity, but it is also possible that there is some
fundamental mechanism underlying radioresistance that
has not yet been elucidated. High throughput proteomics
has introduced a new approach to radioresistant research
that aims at identifying differential expression proteins
associated with the development of cancer radioresistance,
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providing new opportunities to reveal the molecular mecha-
nism underlying NPC radioresistance.
At present, histologic grading and clinical tumor-node-

metastasis (TNM) staging are still the main guidelines as to
whether the NPC patients receive higher radiation dose or
combined more aggressive chemotherapy. NPC patients with
the same histologic grading and clinical TNM staging usually
received the same therapeutic regimens. As cancer sensitivity
to radiotherapy not only is associated with its morphology
and clinical TNM staging, it also is affected by its intrinsic
molecular characteristics. Hence, the finding of biomarkers
to estimate NPC response to radiotherapy would be of clinical
importance for the identification of subgroups of patients
that could benefit from personalized therapeutic strategies.
In this study, we established a radioresistant NPC sub-

clone cell line CNE-2-IR to search for proteins responsible
for NPC radioresistance by a proteomic approach. Thirty-
four differential proteins were identified in the radioresis-
tant CNE-2-IR and control CNE-2 cells and the expression
levels of four differential proteins (14-3-3σ, Maspin, GRP78,
and Mn-SOD) were confirmed. Because 14-3-3σ, Maspin,
GRP78, and Mn-SOD proteins are involved in tumor radio-
sensitivity and/or chemosensitivity from other studies
(12–15), we further investigated their predictive values for
NPC radiosensitivity by immunohistochemical detection of
their expressions in the radiosensitive and radioresistant
NPC tissues. Furthermore, we examined the correlation of
14-3-3σ expression level with NPC radioresistance by over-
expressing 14-3-3σ in CNE-2-IR cells. Our findings provide
substantial evidence that 14-3-3σ, Maspin, GRP78, and
Mn-SOD are potential biomarkers for predicting NPC
response to radiotherapy.

Materials and Methods

Patients and tissues. One hundred ninety-six NPC
patients who were treated by curative-intent radiotherapy
(a total dose of 60–70 Gy) using a modified linear accelerator
in the Xiangya Hospital of Central South University, China
from August 2006 to July 2008 were reviewed. Among these
patient, 90 NPC patients without distant metastasis (M0;
WHO staging II and III) at the time of diagnosis, comprising
39 radioresistant and 51 radiosensitive patients, were recruited
in this study. Radioresistant NPC patients were defined as ones
with persistent disease (incomplete regression of tumor)
at >6 weeks after completion of radiotherapy or ones with
recurrent disease at the nasopharynx and/or neck nodes at
>2 months after completion of radiotherapy (16). Radiosensi-
tive NPC patients were defined as ones without the local resid-
ual lesions at >6 weeks or recurrence at >2 months after
completion of radiotherapy (16). Distant metastasis was ex-
cluded by skeletal, thoracic, and upper abdominal imaging be-
fore radiotherapy. NPC tissue biopsies from these 90 patients
were obtained at the time of diagnosis before any therapy with
an informed consent andwere used for immunohistochemical
staining. Diagnoses were established by experienced pathol-
ogists based on the 1978 WHO classification (17). This study
was approved by the ethics committee of Xiangya School of
www.aacrjournals.org
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Medicine, Central South University, China. The clinicopatho-
logic parameters of NPC tissues used in the present study are
shown in Supplementary Table S1.
Establishment of radioresistant NPC CNE2 subclone cell

line. Poorly differentiated NPC cell line CNE-2 was seeded at
a density of 1 × 105 per T25 flask in DMEM (Invitrogen) with
10% FCS and 1% antibiotics, and cultured in an incubator at
37°C with humidified 5% CO2. After 24 hours of culture,
various doses from 0 to 12 Gy were given to determine the
sublethal dose for the cell line. The radiation was delivered at
room temperature at 300 cGy/min with a linear accelerator
(2100EX, Varian). To establish radioresistant subclone cell
line, CNE-2 cells received the sublethal dose of irradiation
(11 Gy). After treatment, the surviving cells were selected
and cultured to produce the first generation of the subclone
cells. Again, the subclone cells received a sublethal dose of ir-
radiation and the surviving cells were cultured to produce the
next generation of subclone cells. Up to five generations of
subclone NPC cells were produced, and we defined the fifth-
generation cells as the radioresistant subclone cell line and
named for CNE-2-IR. CEN-2 cells, used as a control, were
treated with the same procedure, except they were sham irra-
diated. Experiments were performed with the CNE-2-IR cells
within 4 to 10 passages after the termination of irradiation.
Clonogenic survival assay. Radioresistance was measured

by clonogenic survival assay following exposure to irradiation.
Briefly, cells were plated in six-well culture plates and were
exposed to a range of radiation doses (2–10 Gy). After irradi-
ation, the cells were cultured for 12 days and the number of
surviving colonies (defined as a colony with >50 cells) was
counted. The survival fraction was calculated as the numbers
of colonies divided by the numbers of cells seeded times plat-
ing efficiency. Plating efficiencies were calculated as colonies
per 10 cells. Three independent experiments were done.
Cell growth analysis in response to irradiation. Cells

were plated in a 24-well culture plates (2.5 × 104/well). After
incubation for 24 hours, the cells were irradiated with 6 Gy.
Cell growth was monitored by counting cell numbers at
various time intervals. Three independent experiments
were done in triplicate.
Flow cytometry analysis of cell cycle in response to irra-

diation. Cells were growing in the complete medium and
were harvested at 24 hours after irradiation with 6 Gy. The
cell pellets were fixed with ice-cold 70% ethanol in PBS at
−20°C for 1 hour and then centrifuged at 1,500 rpm for 5 min-
utes. The pellets were incubated with 0.5% Triton X-100
(Sigma) and 0.05% RNase (Sigma) in 1 mL PBS at 37°C for
30 min and then centrifuged at 1,500 rpm for 5 min. The cell
pellets were incubated with 40 μg/mL propidium iodide
(Sigma) in 1 mL PBS at room temperature for 30 minutes.
Samples were immediately analyzed by a FACScan flow cyto-
metry (Becton Dickinson). The distribution of cell cycle was
determined using CellQuest Pro and the ModiFit software.
Three independent experiments were done.
Two-dimensional electrophoresis. Cells were lysed in ly-

sis buffer (7 mol/L urea, 2 mol/L thiourea, 100 mmol/L DTT,
4%CHAPS, 40mmol/L Tris, 2% Pharmalyte, 1mg/mLDNase I)
at 37°C for 1 hour and then centrifuged at 15,000 rpm for
Cancer Res; 70(9) May 1, 2010 3451
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30 minutes at 4°C. The supernatant was transferred and
the concentration of the total proteins was determined using
the two-dimensional Quantification kit (Amersham Bio-
sciences). Two-dimensional electrophoresis was performed
to separate 600 μg of protein samples as previously described
by us (18). After SDS-PAGE, the protein spots were visualized
by staining with colloidal Coomassie (Bio-Rad Laboratories).
Triplicate gels were made for each cell line.
Image analysis. To minimize the contribution of experi-

mental variations, three separate two-dimensional gels were
prepared for each cell line. The stained two-dimensional gels
were scanned with the MagicScan software on Imagescanner
(Amersham Biosciences) and were analyzed using PDQuest
system (Bio-Rad Laboratories). Spot intensities were quan-
tified by calculating the spot volume after normalization of
the image using the total spot volume normalization method
multiplied by the total area of all the spots. An average 2-DE
map for each cell line was constructed with the PDQuest im-
age analysis software after spot matching and the expression
level of a protein spot was determined by its average inten-
sity volume of three gels. The average 2-DE maps were used
to perform the different expression analysis. The differences
of the matched protein spots between the two cell lines was
calculated by the ratio of their average expression levels and
proteins were classified as being differentially expressed be-
tween the two cell lines when average spot intensity was
showed a difference ≥2-fold variation. Significant differences
in protein expression levels were determined by Student's
t test with a set value of P < 0.05.
Mass spectrometry analysis. All the differential protein

spots showing consistent difference between the two cell
lines in triplicate experiments were excised from stained
gels using punch, were in-gel trypsin digested, and analyzed
with a Voyager System DE-STR 4307 matrix-assisted laser
desorption/ionization–time-of-flight (MALDI-TOF) Mass
Spectrometer (MS; ABI) to get a peptide mass fingerprint as
previously described by us (18). The protein spots identified
by MALDI-TOF MS were also subjected to analysis of electro-
spray ionization quadrupole-time of flight MS (Micromass,
Waters). Briefly, the samples were loaded on to a precolumn
(320 μm*50 mm, 5 μm C18 silica beads, Waters) at 30 μL/min
flow rates for concentrations and fast desalting through a
Waters CapLC autosampler and then eluted to the re-
versed-phase column (75 μm*150 mm, 5 μm, 100Å, LC Pack-
ing) at a flow rate of 200 nL/min after flow splitting for
separation. MS/MS spectra were performed in data-depended
mode in which up to four precursor ions above an intensity
threshold of 7 counts per second were selected for MS/MS
analysis from each survey “scan.”
Database search. In peptide mass fingerprint map data-

base searching, Mascot Distiller was used to obtain the
monoisotopic peak list from the raw mass spectrometry
files. Peptide matching and protein searches against the
Swiss-Prot database were performed using the Mascot search
engine (http://www.matrixscience.com/) with a mass toler-
ance of ±50 ppm. Protein scores of >64 (threshold) indicate
identity or extensive homology (P < 0.05) and were con-
sidered significant.
Cancer Res; 70(9) May 1, 2010
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In tandem mass spectrometry data database query, the
MS/MS data (PKL format file) was imported into the Mascot
search engine with a MS/MS tolerance of ± 0.3 Da to search
the Swiss-Prot database. For the protein matching of two or
more unique peptides, individual ion scores of >28 (thresh-
old) indicate identity or extensive homology (P < 0.05) and
were considered significant. For the protein matching only
one unique peptide, individual ion scores of >35 (threshold)
indicate identity or extensive homology (P < 0.01) and were
considered significant.
Western blot. Western blot was performed to detect the

expression of 14-3-3σ, Maspin, GRP78, and Mn-SOD in CNE-
2-IR and CNE-2 cells as previously described by us (19). Briefly,
40 μg of lysates were separated by 10% SDS-PAGE and
transferred to a polyvinylidene difluoride membrane. Blots
were blocked with 5% nonfat dry milk for 2 hours at room
temperature and then incubated with 1:2,000 dilution of
monoclonal mouse anti–14-3-3σ antibody (Santa Cruz Bio-
technology), 1:800 dilution of monoclonal mouse anti-Maspin
antibody (NeoMarkers), 1:2,000 dilution of polyclonal goat
anti-GRP78 antibody (Santa Cruz Biotechnology), or
1:3,000 dilution of polyclonal rabbit anti-Mn-SOD antibody
(Santa Cruz Biotechnology) for 2 hours at room temperature,
followed by incubation with 1:3,000 dilution of horseradish
peroxidase–conjugated secondary antibody for 1 hour at
room temperature. The signal was visualized with an en-
hanced chemiluminescence detection reagent. β-Actin was
detected simultaneously using 1:5,000 dilution of monoclonal
mouse anti–β-actin antibody (Sigma) as a loading control.
Three independent experiments were done.
Immunohistochemistry. Immunohistochemical analysis

of 14-3-3σ, Maspin, GRP78, and Mn-SOD in the 39 radioresis-
tant and 51 radiosensitive NPC tissue samples was performed
on formalin-fixed and paraffin-embedded tissue sections as
previously described by us (19). Briefly, 4 μm of tissue sections
were treated with an antigen retrieval solution [10 mmol/L
sodium citrate buffer (pH 6.0)]; incubated with anti–14-3-3σ
antibody (1:400 dilution), anti-Maspin antibody (1:100 dilu-
tion), anti-GRP78 antibody (1:400 dilution), or anti-Mn-SOD
antibody (1:600 dilution) overnight at 4°C; and then were in-
cubated with 1:1,000 dilution of biotinylated secondary anti-
body followed by avidin-biotin peroxidase complex (DAKO).
Finally, tissue sections were incubated with 3′,3′-diaminoben-
zidine (Sigma) until a brown color developed and were coun-
terstained with Harris' modified hematoxylin. In negative
controls, primary antibodies were omitted.
Evaluation of staining. Sections were blindly evaluated by

two investigators in an effort to provide a consensus on
staining patterns by light microscopy. A quantitative score
was performed by adding the score of staining area and
the score of staining intensity for each case to assess the
expression levels of the proteinss as previously described
by us (19). At least 10 high-power fields were chosen ran-
domly and >1,000 cells were counted for each section. First,
a quantitative score was performed by estimating the
percentage of immunopositive cells: 0, no staining of cells
in any microscopic fields; 1+, <30% of tissue stained positive;
2+, between 30% and 60% stained positive; and 3+, >60%
Cancer Research
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stained positive. Second, the intensity of staining was scored
by evaluating the average staining intensity of the positive
cells (0, no staining; 1+, mild staining; 2+, moderate staining;
3+, intense staining). Finally a total score (ranging from 0–6)
was obtained by adding the area score and the intensity
score for each case. A combined staining score of ≤2 was con-
sidered to be negative staining (no expression); a score be-
tween 3 and 4 was considered to be moderate staining
(expression); and a score between 5 and 6 was considered
to be strong staining (high expression).
Statistical analysis of immunohistochemical data. Sta-

tistical analyses were performed with the statistical package
SPSS 13.0. Difference of the protein expression in the radio-
sensitive and radiaoresistant NPC tissues was analyzed using
Mann-Whitney U test. In addition, the four proteins were in-
dividually and, as a penal, assessed for its ability to discrim-
inate between radiosensitive and radiaoresistant NPC
patients by evaluating its receiver operating characteristic
(ROC) curve based on the immunohistochemistry scores de-
scribed by Hu and colleagues (20). Briefly, we built a logistic
regression model and conducted ROC curve analyses to eval-
uate overall predictive power of individual and the combined
four proteins. The optimal cut point was determined for each
protein by identifying the value that yielded the maximum
corresponding sensitivity and specificity. ROC curves were
then plotted based on the set of optimal sensitivity and spec-
ificity values. The area under the curve and other attributes
were computed through the numerical integration of the
ROC curves. Sensitivity, specificity, positive predictive value,
and negative predictive value of the four proteins were
calculated individually and as a penal. A two-sided P < 0.05
was considered significant.
Overexpression of 14-3-3σ in radioresistant CNE2-IR

cells. pcDNA3-14-3-3σ plasmid and empty vector pcDNA3
(21) were transfected into the radiaoresistant CNE-2-IR cells
with the Lipofectamine 2000 Reagent (Invitrogen), respec-
tively. After 14 days of selection in RPMI 1640 containing
10% FCS and 400 mg/mL G418 (Invitrogen), the expression
of 14-3-3σ was determined by Western blot. Clonogenic sur-
vival assay was done to determine the resistant level in the
transfected cells at 24 hours after exposed a range of radia-
tion doses (2–10 Gy).
Results

Establishment and validation of radioresistant NPC
subclone cell line. The sublethal radiation dose was deter-
mined by dose titration for the NPC CNE-2 cell line. Nearly
all NPC CNE-2 cells were killed after 5 days of irradiation at
a dose of 12 Gy and no cells were recovered at doses higher
than 12 Gy. A dose of 11 Gy was therefore considered sublethal
and used for the selection of CNE-2–radioresistant subclones.
The first generation of subclone cells was generated from the
culture of the surviving fraction of the parental cells irradiated
with the sublethal dose. Similarly, the second generation of
subclone cells was generated from the culture of the surviving
fraction of the first-generation cells irradiated with the suble-
www.aacrjournals.org
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thal dose. Finally, the firth generation of CNE-radioresistant
subclones was established and designated as CNE-2-IR.
To verify the radioresistant phenotypes of CNE2-IR, CNE-

2-IR and control CNE-2 cells were irradiated with a range
of radiation doses (2–10 Gy) and were examined by clono-
genic survival assay. As shown in the Fig. 1A, the surviving
colonies of the CNE-2-IR cells were significantly more and
bigger than control CNE-2 cells. As shown in the Fig. 1B,
CNE-2-IR showed decreased radiosensitivity compared with
the level of control CNE-2 and dose-modifying factors were
2.04 and 1.56, respectively, at 10% and 1% of isosurvival levels
for CNE-2-IR. Furthermore, CNE-2-IR and control CNE-2
were subjected to 6 Gy radiation to examine the effect on cell
growth. As shown in the Fig. 1C, cell growth delay after 6 Gy
of irradiation was less for CNE-2-IR than for control CNE-2.
For ∼5-fold increase in cell number, the delay was ∼32 hours
for CNE-2-IR compared with ∼61 hours for control CNE-2.
The difference in response to radiation between the two

cell lines was further studied by cell cycle analysis using flow
cytometry. As showed in Supplementary Table S2, no differ-
ence was induced by ionizing radiation in G0-G1 phases at 24
hours after 6 Gy of irradiation, whereas compared with con-
trol CNE-2 cells, more CNE-2-IR cells were found detained in
S phase with less cells in G2-M phase. These results suggest
that the regulation of cell cycle induced by ionizing radiation
stress is altered in the radioresistant CNE-2-IR, which is also
consistent with the typical radioresistant phenotype. The
above results indicate that CNE-2–radioresistant subclone
cell line (CNE-2-IR) was established.
Screening for radioresistance-associated proteins by

proteomic analysis. Comparative proteomic study of CNE-
2-IR and control CNE-2 was performed to identify the protein
associated with CNE-2-IR radioresistance. Two represen-
tative 2-DE maps from CNE-2-IR and control CNE-2 were
shown in Fig. 2A. After comparing the average 2-DE maps,
41 differential protein spots (≥2-fold) in the two cell lines
were detected and subjected to the analysis of both MAL-
DI-TOF MS and ESI-Q-TOF MS, 34 differential proteins of
which were successfully identified. The MS/MS results of a
spot 22 are shown in Fig. 2B and C. The amino acid sequence
of a doubly charged peptide from spot 22 with m/z 951.9672
was identified as LAEQAERYEDMAAFMK, which is a part of
14-3-3σ sequence, and the query result indicated that the
protein spot 22 is 14-3-3σ. The detailed information of all
the identified proteins is summarized in the Supplementary
Table S3 and Table 1.
Validation of the identified proteins. To confirm the ex-

pression levels of the differential proteins identified by pro-
teomics, the expression of four identified proteins (14-3-3σ,
Maspin, Mn-SOD, and GRP78) in the CNE-2-IR and control
CNE-2 cells was detected by Western blot. As shown in
Fig. 3A, the expression of Mn-SOD and GRP78 was signifi-
cantly higher, whereas 14-3-3σ and Maspin was significantly
lower in the CNE-2-IR than that in the control CNE-2 cells,
which is consistent with the results of proteomic analysis.
Expression of 14-3-3σ, Maspin, Mn-SOD, and GRP78

proteins in radioresistant and radiosensitive NPC tissues.
The results of both proteomics and Western blot showed
Cancer Res; 70(9) May 1, 2010 3453
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that the expressional levels of 14-3-3σ, Maspin, Mn-SOD, and
GRP78 were associated with the radiosensitivity of NPC cells.
To examine the relevance of this finding to clinical NPC ra-
diosensitivity, we detected the four-protein expression in the
radioresistant and radiosensitive NPC tissues. As shown in
Fig. 3B and Table 2, compared with the radiosensitive NPC,
14-3-3σ and Maspin were significantly downregulated,
whereas Mn-SOD and GRP78 were significantly upregulated
in the radioresistant NPC. The results indicate the associa-
tion of the four-protein expression abnormality with the clin-
ical NPC radiosensitivity.
Value of 14-3-3σ, Maspin, Mn-SOD, and GRP78 as bio-

markers for predicting NPC response to radiotherapy. The
ability of 14-3-3σ, Maspin, Mn-SOD, and GRP78 in distinguish-
ing the radiosensitive and radioresistant NPC tissues was an-
alyzed by determining the ROC curves of the four proteins
individually and as a panel. The area under curve values
of the four proteins are listed in Supplementary Table S4 to-
gether with their individual and collective values of merit.
When individual protein serves as a biomarker for predicting
NPC radiosensitivity, their sensitivity and specificity are 64%
to 87% and 66% to 88% in discriminating radiosensitive from
radioresistant NPC samples, respectively (Supplementary
Table S4; Fig. 4A). As a panel, the four proteins achieved a sen-
sitivity of 90% and a specificity of 88% in discriminating radio-
sensitive from radioresistant NPC samples (Supplementary
Table S4; Fig. 4A).
14-3-3σ Overexpression decreased the radioresistance

of CNE-2-IR. To address the question whether the expression
Cancer Res; 70(9) May 1, 2010
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levels of the four proteins may affect the radiosensitivity of
CNE-2-IR, we selected 14-3-3σ, one of the four proteins, to
be further studied because our previous study showed that
the downregulation of 14-3-3σ was associated with the poor
survival of patients with NPC as an independent prognostic
indicator (19). We generated a stably transfected CNE-2-IR
cell line overexpressing 14-3-3σ and measured the radio-
resistant levels of 14-3-3σ–overexpressing and vector-
transfected CNE-2-IR cells after irradiation with a range of
radiation doses (2–10 Gy) using a clonogenic survival assay.
As shown in Fig. 4B, transfection of pcDNA3-14-3-3σ plasmid
into CNE-2-IR cells increased 14-3-3σ expression compared
with the vector-transfected cells. As shown in Fig. 4C, the
14-3-3σ-overexpressing CNE-2-IR showed increased radiosen-
sitivity compared with the vector-transfected CNE-2-IR and
dose-modifying factors were 0.717 and 0.744, respectively, at
10% and 1% of isosurvival levels for 14-3-3σ–overexpressing
CNE-2-IR. The result indicates that 14-3-3σ downregulation
confers a significant protection against ionizing radiation,
and increased the resistance of NPC cells to irradiation.

Discussion

Radioresistance continues to be a major problem in the
treatment of NPC (4, 5). The molecular mechanisms under-
lying NPC radioresistance are still unclear, and till now,
there have not been effective biomarkers for predicting
NPC radiosensitivity. Identification of NPC radioresistance–
associated proteins will be helpful for finding biomarkers
h. 
r 10, 2017. © 2010 American 
Figure 1. Different sensitivity to
radiation in radioresistant CNE2-IR
and control CNE2 cells. A and B,
clonogenic survival assay.
CNE2-IR and control CNE2 cells
plated in six-well culture plates
were irradiated with a range of
radiation doses (2–10 Gy) and
colonies that formed after
incubation of 12 d were counted to
calculate the survival fractions. C,
growth delay of CNE2-IR induced
by irradiation. CNE2-IR and control
CNE2 cells were seeded in 24-well
culture plate 24 h before
irradiation. Cell numbers were
counted at different times after
6 Gy of irradiation. Cell
multiplication of CNE2-IR and
control CNE2 cells without 6 Gy of
irradiation is also showed and used
as controls. Three experiments
were done; points, mean; bars, SD.
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to estimate NPC response to radiotherapy and deciphering
the molecular mechanisms of NPC radioresistance.
In this study, we established radioresistant NPC subclone

cell line CNE-2-IR by sublethal doses of radiation and used
proteomic approach to screen for differential proteins in
the CNE-2-IR cells. Consequently, 34 differential proteins
were identified and four differential proteins (14-3-3σ, Mas-
pin, GRP78, and Mn-SOD) were confirmed by Western blot,
suggesting that the proteins identified by proteomic ap-
proach are actually differential expression proteins. Immuno-
histochemistry was performed to detect the expressions of
14-3-3σ, Maspin, GRP78, and Mn-SOD in the radiosensitive
and radioresistant NPC tissues, and the correlation of their
expression levels with NPC radioresistance were evaluated.
www.aacrjournals.org
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The results showed that the downregulation of 14-3-3σ and
Maspin and upregulation of Mn-SOD and GRP78 were signif-
icantly correlated with NPC radioresistance. In addition, a
panel of the four proteins achieved a sensitivity of 90% and
a specificity of 88% in discriminating radiosensitive from ra-
diaoresistant NPC. Furthermore, transfection of 14-3-3σ–
expressing plasmid to upregulate the expression of 14-3-3σ,
one of the four differential proteins, rendered radioresistant
CNE-2-IR cells more sensitive to radiation, which strongly
indicated that the downregulation of 14-3-3σ play an
important role in the development of NPC radioresistance.
The above results suggest that 14-3-3σ, Maspin, GRP78,
and Mn-SOD are potential biomarkers for predicting NPC
response to radiotherapy.
Figure 2. Comparative proteomic
analysis of radioresistant CNE2-IR
and control CNE2 cells by 2-DE
and MS. A, representative 2-DE
maps of CNE2-IR and control
CNE2 cells. Arrows, 34 differential
protein spots that have been
identified by mass spectrometry.
B, the ESI-Q-TOF MS–sequenced
spectrum of spot 22. The amino
acid sequence of a doubly charged
peptide with m/z 951.9672 was
identified as LAEQAERYED-
MAAFMK from mass differences in
the y and b fragment ions series,
matched with residues 12 to 27 of
14-3-3σ. C, protein sequence of
14-3-3σ is shown. Matched
MS/MS fragmentation is
underlined.
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Table 1. Differential expression proteins between CNE-2-IR and control CNE-2 identified by mass spectrometry

No. Swiss-Prot
AC

Protein name MW (Da) pI Coverage Unique
peptides

Scores Peptide sequence
identified

Expression ratio
(CNE2-IR/Control CNE2)

1 Q9Y4L1 Oxygen-regulated protein
150K precursor

111,266 5.16 2% 2 78 LPATEKPVLLSK ↑12.07
YFQHLLGK

2 P11142 Heat shock cognate
71-kDa protein

88,805 5.44 3% 2 109 SQIHDIVLVGGSTR ↑2.17
MVNHFIAEFK

3 P68361 Tubulin α-1B chain 50,804 4.94 17% 5 178 AVFVDLEPTVIDEVR ↑2.66
4 P68368 Tubulin α-4A chain 50,503 4.95 6% 3 140 DVNAAIAAIKTK ↑2.10

EDMAALEK
EIIDPVLDR

5 Q16666 γ-IFN–inducible
protein Ifi-16

46,415 4.9 2% 2 82 LISEMHSFIQIK ↑2.69
GLEVINDYHFR

6 P28331 NADH-ubiquinone
oxidoreductase 75-kDa
subunit, mitochondrial
(precursor)

79,417 5.89 2% 1 78 NDGAAILAAVSSIAQK ↓0.18

7 P02787 Serotransferrin (Precursor) 79,280 6.81 12% 3 106 MYLGYEYVTAIR ↓0.26
8 P12532 Creatine kinase, ubiquitous

mitochondrial (precursor)
47,406 8.6 5% 2 108 SFLIWVNEEDHTR ↓0.12

VVVDALSGLK
9 P04264 Keratin, type II cytoskeletal 1 66,152 8.16 7% 4 174 SLDLDSIIAEVK ↓0.15

WELLQQVDTSTR
SLNNQFASFIDK
NKLNDLEDALQQAK

10 P11021 78-kDa glucose-regulated
protein

72,187 5.03 12% 3 206 IINEPTAAAIAYGLDKR ↑17.41
SDIDEIVLVGGSTR
ITPSYVAFTPEGER

11 P08670 Vimentin 53,545 5.06 3% 1 91 ISLPLPNFSSLNLR ↑2.04
12 Q15084 Protein disulfide-isomerase

A6 (precursor)
46,518 4.95 15% 4 202 TGEAIVDAALSALR ↓0.10

GSFSEQGINEFLR
LAAVDATVNQVLASR
ALDLFSDNAPPPELLEIINEDIAKR

(Continued on the following page)
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Table 1. Differential expression proteins between CNE-2-IR and control CNE-2 identified by mass spectrometry (Cont'd)

No. Swiss-Prot
AC

Protein name MW (Da) pI Coverage Unique
peptides

Scores Peptide sequence
identified

Expression ratio
(CNE2-IR/Control CNE2)

13 Q04695 Keratin, type I
cytoskeletal 17

40,524 4.9 18% 5 321 TMQALEIELQSQLSMK ↓0.15

14 P23381 Tryptophanyl-tRNA
synthetase

53,132 5.83 7% 1 49 DRTDIQCLIPCAIDQDPYFR ↓0.17

15 P36952 Serpin B5 (precursor;
Maspin)

42,568 5.72 5% 2 74 ELETVDFKDK ↓0.43
IIELPFQNK

16 P35998 Proteasome 26S subunit
MSS1-human

49,009 5.71 5% 2 91 LREVVETPLLHPER ↓0.46
ALDEGDIALLK

17 Q00987 E3 ubiquitin-protein
ligase Mdm2

55,198 4.6 7% 2 96 NLVVVNQQESSDSGTSVSENR ↑7.42
RAISETEENSDELSGER

18 P17980 26S protease regulatory
subunit 6A

45,512 5.39 3% 1 101 QTYFLPVIGLVDAEK ↑2.50

19 P08727 Keratin 19, type I,
cytoskeletal-human

44,065 5.04 13% 3 86 VLDELTLAR ↑2.20
DYSHYYTTIQDLRDK
FVSSSSSGGYGGGYGGVLTASDGLLAGNEK

20 Q04760 Lactoylglutathione lyase 21,381 5.12 10% 2 87 FEELGVKFVK,DFLLQQTMLR ↑3.48
21 P13693 Translationally controlled

tumor protein
21,512 5.34 8% 1 94 DLISHDEMFSDIYK ↓0.26

22 P31947 14-3-3 protein σ 28,325 4.8 6% 1 59 LAEQAERYEDMAAFMK ↓0.24
23 Q01105 Template-activating factor-I 33,469 4.23 8% 2 45 IDFYFDENPYFENK ↑3.25

VEVTEFEDIK
24 Q13162 Peroxiredoxin-4 30,749 5.86 4% 1 55 IPLLSDLTHQISK ↓0.40
25 Q3T0X5 Proteasome subunit

α type-1
29,822 6.15 9% 2 74 IHQIEYAMEAVK,ETLPAEQDLTTK ↑3.64

26 P21976 Voltage-dependent
anion-selective
channel protein 1

30,868 8.62 20% 3 176 VNNSSLIGLGYTQTLKPGIK ↑2.27
KLETAVNLAWTAGNSNTR
SENGLEFTSSGSANTETTK
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Table 1. Differential expression proteins between CNE-2-IR and control CNE-2 identified by mass spectrometry (Cont'd)

No. Swiss-Prot
AC

Protein name MW (Da) pI Coverage Unique
peptides

Scores Peptide sequence
identified

Expression ratio
(CNE2-IR/Control CNE2)

27 P04792 Heat shock protein 27 22,768 5.98 13% 2 128 LATQSNEITIPVTFESR ↑2.22
LFDQAFGLPR

28 Q06830 Peroxiredoxin-1 22,324 8.27 32% 4 300 GLFIIDDKGILR ↑3.07
TIAQDYGVLKADEGISFR
QITVNDLPVGR
LNCQVIGASVDSHFCHLAWVNTPK

29 Q99479 Protein DJ-1 20,050 6.33 54% 7 451 EGPYDVVVLPGGNLGAQNLSESAAVK ↓0.31
GAEEMETVIPVDVMR
GLIAAICAGPTALLAHEIGFGSK
VTVAGLAGKDPVQCSR
DVVICPDASLEDAK
DVVICPDASLEDAKK
KGLIAAICAGPTALLAHEIGFGSK

30 P03755 Annexin A2 38,822 7.57 33% 5 191 AEDGSVIDYELIDQDAR ↑8.63
GVDEVTIVNILTNR
GLGTDEDSLIEIICSR
SALSGHLETVILGLLK
LSLEGDHSTPPSAYGSVK

31 Q9Y277 Voltage-dependent
anion-selective
channel protein 3

32,060 7.49 4% 1 67 LTLDTIFVPNTGK ↑3.75

32 P31943 Heterogeneous nuclear
ribonucleoprotein H

49,198 5.89 4% 2 135 SNNVEMDWVLK ↑8.39
VHIEIGPDGR

33 P04179 Superoxide dismutase
(Mn), mitochondrial

(precursor)

24,906 8.35 23% 3 155 HHAAYVNNLNVTEEKYQEALAK ↑5.62
GDVTAQIALQPALK
AIWNVINWENVTER

34 O15235 Ribosomal protein S12 14,905 6.81 18% 1 49 EAVCFIPGEGHTLQEHQIVLVEGGR ↓0.08

Abbreviations: AC, accession code; MW, molecular weight; pI, isoelectric point.
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Radioresistant Proteins in Nasopharyngeal Carcinoma
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14-3-3σ, a potential tumor suppressor protein, can nega-
tively regulate cell cycle progression by inducing G2-M phase
arrest (22, 23). It has been shown that 14-3-3σ is transacti-
vated by p53 in response to DNA damage and, in turn, inter-
acts with p53 and positively regulates p53 activity (24). It is
www.aacrjournals.org

Researc
on Novembecancerres.aacrjournals.org Downloaded from 
known that p53 is involved in the complex response to ion-
izing radiation, such as inducing irreversible growth arrest
and apoptosis, and sensitizes cells to radiochemotherapy
(25). As a negative regulator of cell cycle and mediator of
p53 function in response to DNA, 14-3-3σ may also play a
Table 2. The difference of 14-3-3σ, Maspin, Mn-SOD, and GRP78 expression in the radioresistant and
radiosensitive NPC tissues
n
 Score
Cancer Res; 70(9) Ma

h. 
r 10, 2017. © 2010 American Association for Can
P

Low (0–2)
 Moderate (3–4)
 High (5–6)
14-3-3σ

Radioresistance
 39
 18
 9
 12
 0.0001

Radiosensitivity
 51
 9
 17
 25
Maspin

Radioresistance
 39
 17
 18
 4
 0.0000

Radiosensitivity
 51
 19
 22
 10
GRP78

Radioresistance
 39
 7
 14
 18
 0.0000

Radiosensitivity
 51
 20
 16
 15
Mn-SOD

Radioresistance
 39
 6
 14
 19
 0.0000

Radiosensitivity
 51
 18
 17
 16
NOTE: P < 0.01 by Mann-Whitney U test, radioresistant versus radiosensitive NPC tissues.
Figure 3. Expression of 14-3-3σ,
Maspin, Mn-SOD, and GRP78
in the radioresistant and
radiosensitive NPC cell line and
tissues. A, a representative result
of Western blot analysis shows
the downregulation of 14-3-3σ
and Maspin, and the upregulation
of Mn-SOD and GRP78 in
radioresistant CNE-2-IR cells
compared with control CNE-2
cells. β-Actin was used as an
internal control for loading.
B, a representative result of
immunohistochemistry shows the
downregulation of 14-3-3σ and
Maspin, and the upregulation
of Mn-SOD and GRP78 in the
radioresistant NPC tissues
compared with the radiosensitive
NPC tissues. IR-NPC,
radioresistant NPC tissues.
IS-NPC, radiosensitive NPC
tissues. Original magnification,
×200.
y 1, 2010 3459
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critical role in sensitizing tumor cells to radiochemother-
apy. Indeed, decreased expression of 14-3-3σ has been ob-
served in drug-resistant human breast cancer cells (12).
Our previous study showed that 14-3-3σ was decreased in
NPC and that its downregulation was associated with the
poor survival of NPC patients as an independent prognostic
factor which indicates that 14-3-3σ downregulation may
cause radioresistance in NPC (19). It is also a reason for se-
lecting 14-3-3σ to examine the effects of its expression in
CNE-2-IR cells. Our results showed that 14-3-3σ was down-
regulated in the radioresistant NPC cells and tissues; its
downregulation was associated with NPC radioresistance;
and upregulating 14-4-3σ expression lead to the partial radio-
sensitization of CNE-2-IR cells. The data strongly suggest that
14-3-3σ might be a biomarker for predicting NPC response to
radiotherapy. However, we found that the overexpression of
14-4-3σ did not completely reverse the radioresistant pheno-
type of CNE-2-IR, indicating that there are other factors con-
tributing to radioresistance other than 14-4-3σ in NPC.
Maspin is a serpin with tumor suppressive properties; can

inhibit tumor growth, angiogenesis, invasion, and metastasis;
Cancer Res; 70(9) May 1, 2010
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and promote apoptosis (26). Maspin is also an important
apoptosis-sensitizing factor, making tumor sensitive to
drug-induced apoptosis (27, 28). It has been shown that
Maspin expression was directly correlated with radioche-
motherapy response in head and neck squamous cell carci-
noma (13, 29) and the use of Maspin as a therapeutic target
against cancer through the reexpression of Maspin by phar-
macologic intervention have been explored (30). In this study,
Maspin was downregulated in the radioresistant NPC cells
and tissues and its downregulation was associated with
NPC radioresistance, which together with reporters suggests
that the decrease of Maspin expression in NPC increased
its radiation resistance and Maspin might be a biomarker
for predicting NPC response to radiotherapy.
The glucose-regulated protein GRP78, an endoplasmic re-

ticulum stress–induced molecular chaperone, plays a critical
role in the endoplasmic reticulum stress and in maintaining
cellular homeostasis as an important stress response survival
protein (31, 32). GRP78 is induced in cancers due to endo-
plasmic reticulum stress, including glucose deprivation,
acidosis, and severe hypoxia (33), and is also induced by
h. 
r 10, 2017. © 2010 
Figure 4. Efficacy of 14-3-3σ, Maspin,
Mn-SOD, and GRP78 in discriminating
radiosensitive from radioresistant NPC tissues,
as well as the effect of 14-3-3 σ overexpression
on the CNE2-IR radiosensitivity. A, ROC curves
of 14-3-3σ, Maspin, Mn-SOD, and GRP78 in
discriminating radiosensitive from radioresistant
NPC tissues, individually and as a panel.
B, a representative result of Western blot
shows the levels of 14-3-3σ expression in
CNE2-IR, the vector transfected–, and
pcDNA3-14-3-3σ–transfected CNE2-IR cells.
β-Actin was used as an internal control for
loading. C, clonogenic survival assay. CNE2-IR
cells and its transfectants plated in six-well
culture plates were irradiated with a range of
radiation doses (2–10 Gy) and colonies that
formed after incubation of 12 d were counted
to calculate the survival fractions. Three
experiments were done; points, mean; bars, SD.
Cancer Research
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chemotherapeutic drugs and radiation, conferring tumor
resistance to chemotherapeutic agents and radiation (14,
34). Knockdown of GRP78 sensitizes tumor cells to drug
treatment in multiple types of cancer (35). Given the impor-
tance of GRP78 in cancer cell survival, it represents a prime
target for anticancer treatment. Furthermore, GRP78 can
serve as a biomarker for predicting treatment response in
breast cancer patients (14). In the present study, GRP78 is
upregulated in the radioresistant NPC cells and tissues, and
its upregulation was associated with NPC radioresistance,
which together with reporters suggests that overexpression
of GRP78 increased NPC radioresistance and GRP78 might
be a biomarker for predicting NPC response to radiotherapy.
Mn-SOD, one of the mitochondrial antioxidant enzymes,

plays a central role in protecting cells against reactive oxygen
species injury (36). Exposure of cells to ionizing radiation
leads to the formation of reactive oxygen species that can
damage DNA, RNA, protein, and lipid components, and is as-
sociated with radiation-induced injury (36). Mn-SOD can
scavenge reactive oxygen species produced by ionizing radi-
ation and protect cancer cells from radiation-induced oxida-
tive damage (37). Both in vitro and in vivo studies showed
that the expression level of Mn-SOD negatively correlates
with tumor radiosensitivity (15, 38–40). In the present study,
Mn-SOD was upregulated in the radioresistant NPC cells and
tissues, and its upregulation was associated with NPC radio-
resistance, which together with reporters suggests that the
www.aacrjournals.org
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overexpression of Mn-SOD increased NPC radiation resis-
tance and Mn-SOD might be a biomarker for predicting
NPC response to radiotherapy.
In summary, we used proteomic approach identifying

34 differential proteins in the radioresistant NPC cell line
CNE2-IR. We further showed that the expression abnormality
of 14-3-3σ, Maspin, GRP78, and Mn-SOD might contribute to
NPC radioresistance and be potential biomarkers for predict-
ing NPC response to radiotherapy. The findings reported
here could have clinical value in distinguishing radiosensitive
from radiaoresistant NPC and in identifying subgroups of
NPC patients that could benefit from personalized therapeu-
tic strategies.
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