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Background: Radioresistance-induced local failure, which can result in residual or
recurrent tumors, remains one of the major causes of treatment failure in
nasopharyngeal carcinoma (NPC). Lipocalin 2 (LCN2) is known to play important roles
in cancer initiation, progression, and treatment responses. However, its role in the
radioresistance of NPC remains unclear.

Methods: Microarray data from the Gene Expression Omnibus (GEO) was screened for
candidate biomarkers relating to the radioresistance of NPC. The expression of LCN2 in
NPC cell lines was verified by quantitative real-time PCR (RT-qPCR) and western blotting.
The effects of knockdown or overexpression of LCN2 on NPC radiosensitivity were
examined using a soft agar colony formation assay and a gH2AX assay. LCN2 expression
in NPC specimens was evaluated by immunohistochemistry. Survival outcomes were
analyzed. A possible correlation between LCN2 and hypoxia-inducible factor 1-alpha
(HIF-1A) was examined by western blotting and a tissue microarray.

Results: LCN2 was highly expressed in the radioresistant NPC cell line CNE2R. Knocking
down LCN2 enhanced the radiosensitivity of NPC cells by impairing their ability to repair
DNA damage or proliferate, while ectopic expression of LCN2 conferred additional
radioresistance to NPC cells. Immunohistochemical analysis of 100 NPC specimens
revealed that LCN2 expression was significantly upregulated in radioresistant NPC tissues
and was associated with NPC recurrence. Furthermore, a significant correlation between
the expression of LCN2 and HIF-1A was detected.

Conclusion: LCN2 is associated with radioresistance and recurrence in NPC and may
facilitate the development of a radioresistant phenotype through interacting with HIF-1A.
Our data indicate that LCN2 is a promising target for predicting and overcoming
radioresistance in NPC.
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INTRODUCTION

Nasopharyngeal carcinoma (NPC) is a malignancy of the epithelial
origin. Although rare in western countries, it is endemic in
Southeast Asia and southern China. NPC age-standardized
incidence rates are 3.0 and 0.4 per 100,000 population for China
and western countries, respectively (1). NPC is one of the most
frequently diagnosed malignancies in China (2). Radiotherapy is
the primary treatment option for non-metastatic NPC owing to the
high sensitivity of this cancer to ionizing radiation and the
relatively inaccessible anatomical location of the nasopharynx,
which renders surgery difficult to implement. However, the
efficacy of radiotherapy and the prognosis of NPC patients are
impaired by inherent or acquired radioresistance, which can result
in tumor recurrence or distant failure (3). Consequently,
investigating the mechanism of radioresistance and identifying
biomarkers that can predict radioresistance and outcomes for NPC
patients are urgently needed to allow for individualized treatment.

Lipocalin 2 [LCN2; also known as neutrophil gelatinase-
associated lipocalin (NGAL)] is a 25-kDa protein belonging to
the lipocalin superfamily and is a vital modulator of iron
homeostasis (4). A growing number of studies have identified
the LCN2 gene as crucial for various tumor-related processes,
including tumorigenesis, tumor progression, and tumor
resistance to therapies such as radiotherapy, chemotherapy,
endocrine therapy, and targeted therapy (5–12). A previous
study has demonstrated that LCN2 is upregulated in lung
cancer cells treated with X-ray irradiation and the sensitivity of
these lung cancer cells to radiation is enhanced by the silencing
of LCN2. Additionally, LCN2 overexpression has been associated
with radioresistance in both oral cancer and lung cancer cells and
can serve as a predictor of radioresistance (13). These findings
indicated that LCN2 may play an important role in the
radioresistance of several tumors. NPC is highly sensitive to
radiotherapy and is markedly different from other head and neck
cancers (e.g., oral cancer). However, the functional role of LCN2
in NPC radioresistance remains largely unknown.

In the current study, we assessed the potential of LCN2 as a
biomarker for NPC radioresistance through analyzing a Gene
Expression Omnibus (GEO) data set (GSE48501). Furthermore,
we also investigated the relationship between LCN2 and
radioresistance, recurrence of NPC. Our results suggested that
LCN2 may be an important biomarker for NPC and throw light
on the potential mechanisms underlying NPC radioresistance.
MATERIALS AND METHODS

Cell Lines
NPC cell lines (CNE1, HNE1, HNOE1, SUNE1, CNE-2, and its
radioresistant cell type CNE2R) were obtained from Sun Yat-Sen
University Cancer Center (Guangzhou, China) and maintained
in DMEM medium (Invitrogen, California, USA) supplemented
with 10% fetal bovine serum (Gibco, New York, USA) and 1%
penicillin–streptomycin (HyClone, Utah, USA). All cells were
cultured at 37°C in a humidified chamber with 5% CO2.
Frontiers in Oncology | www.frontiersin.org 2
Microarray Data Analysis
The mRNA expression profile of gene chip GSE48501 was
downloaded from the GEO database (https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE48501) (14). GSE48501
includes the expression profile of two human radioresistant
NPCs and two human radiosensitive NPCs obtained using the
Affymetrix Human Genome U133 Plus 2.0 Array platform. Raw
data were preprocessed using the Bioconductor package ‘affy’ as
previously described (15). Differentially expressed genes (DEGs)
were analyzed using the GEO2R tool (http://www.ncbi.nlm.nih.
gov/geo/geo2r/). Adjusted P-value <0.01 was used to
select DEGs.

Patients and Tissue Specimens
A total of 100 primary-diagnosed, non-disseminated, paraffin-
embedded NPC tissue specimens were obtained from Jiangxi
Provincial Hospital of Nanchang University (Nanchang, China)
from February 2011 to November 2015 for immunohistochemical
analysis. The sensitivity of NPC patients to radiotherapy was
defined as previously described (10, 16). In brief, patients with
radioresistant NPC were defined as those with incomplete
regression of lesions after radical irradiation; residual tumors at
more than 6 weeks after the completion of radiotherapy; or local/
regional recurrence after radiotherapy. Patients with radiosensitive
NPC were defined as those with complete regression after
irradiation or without recurrence after the completion of
radiotherapy (16). Written informed consent was obtained from
all the patients. Approval for NPC tissue use was granted by the
Ethics Committee of Jiangxi Provincial Hospital.

Western Blotting
Western blotting was performed to verify the knockdown or
overexpression of LCN2 in NPC cells. Cells were rinsed with
cold phosphate-buffered saline (PBS) and lysed in RIPA buffer
(Beyotime, Shanghai, China). The lysates were then incubated on
ice for 30 min and centrifuged at 12,000 rpm for 25 min at 4°C.
Equal amounts (40 µg) of protein were separated by 12% sodium
dodecyl sulfate–polyacrylamide gradient gel electrophoresis (SDS–
PAGE) and transferred onto polyvinylidene difluoride (PVDF)
membranes. The membranes were blocked with 5% skimmedmilk
for 2 h at room temperature and then incubated with a 1:2,000
dilution of an anti-LCN2 rabbit polyclonal antibody (TA322583,
Origene, Maryland, USA) for 16 h at 4°C. This was followed by
incubation with a 1:5,000 dilution of a horseradish peroxidase-
conjugated secondary antibody for 1 h at room temperature on a
shaker. An enhanced chemiluminescence reagent (Thermo
Scientific, Massachusetts, USA) was used to detect protein
signals. GAPDH was used as a loading control.

Quantitative Real-Time PCR
Total RNA was extracted from NPC cells using TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions. The
concentration and quality of the isolated RNA were evaluated
using an Agilent 2100 Bioanalyzer (Agilent Technologies,
California, USA). First-strand cDNA was reverse-transcribed
using the Prime-Script RT Reagent Kit with gDNA Eraser
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(TaKaRa, Tokyo, Japan). Quantitative real-time PCR (qPCR)
was performed to measure LCN2 mRNA levels using
SYBR Premix Ex Taq II (TaKaRa). The sequences of
the primers used were 5′-GCTGACTTCGGAACTAAAGG
AGAA-3′ (forward) and 5′-GGGAAGACGATGTGGTTTTCA-
3′ (reverse) for LCN2 and 5′-CATCTCTGCCCCCTCTGCTGA-
3′ (forward) and 5′-GGATGACCTTGCCCACAGCCT-3′
(reverse) for GAPDH, which was used as an internal control
(13). The PCR cycling parameters were as follows: 95°C for 30 s,
followed by 40 cycles of 95°C for 20 s, 60°C for 30 s, and 70°C for
2 min. All the reactions were performed in triplicate. Gene
expression was normalized that of GAPDH and quantified using
the 2-DDCt method.

Plasmids, RNA Interference, and
Stable Transfection
Human LCN2 cDNA or a negative control sequence was cloned
into a pSin-EF2 retroviral vector (Origene). CNE2R and HNE1
cells stably expressing scrambled or LCN2 short hairpin RNAs
(shRNAs) were established by the Sigma shRNA system
according to the manufacturer’s instructions. The sequences
for human LCN2 shRNA-1 and shRNA-2 were 5′-TACAAT
GTCACCTCCGTCCTGTTTAGGAA-3′ and 5′-GAGAACCA
AGGAGCTGACTTCGGAACTAA-3′, respectively; the non-
specific shRNA control sequence was 5′-GCACTACCAGAGC
TAACTCAGATAGTACT-3′. The constructed vectors were
verified by DNA sequencing and then transfected into 293T
cells. The supernatants containing the lentiviruses were collected
and purified at 72 h post-transfection. Transfected cells were
selected with puromycin (Sigma–Aldrich, St. Louis, MO, USA) at
a concentration of 2 mg/ml or neomycin (InvivoGen, Hong
Kong, China) at a concentration of 300 mg/ml for 1–2 weeks.
To determine transfection efficiency, LCN2 protein levels were
assessed by western blotting.

Soft Agar Colony Formation Assay
The soft agar colony formation assay was performed as
previously described (17, 18). Briefly, 100, 200, 1 × 103, or 1 ×
104 cells were suspended in 2 ml of 0.6% top agar (Sigma–
Aldrich) and plated onto 1.2% base agar in 6-well plates and
irradiated with a 0-, 2-, 4-, or a 6-Gy dose of 160 kV X-rays (RAD
SOURCE, USA). The irradiated cells were cultured for 14 days.
Colonies with a diameter of >50 µm were counted and imaged at
×4 magnification using a Nikon ECLIPSE Ti2 inverted
fluorescence microscope. The cloning efficiency was calculated
by dividing the number of colonies by the number of cells plated.
Each measurement was the average ± standard deviation (SD) of
three experiments.

gH2AX Assay
Cells were plated in 30-mm dishes and cultured for 72 h at 37°C.
To detect irradiation-induced DNA double-strand breaks
(DSBs), cells were treated with a 2-Gy dose of irradiation from
an external X-ray source (RAD SOURCE) at room temperature
and incubated for 0.5 and 24 h. Unirradiated cells served as
controls. To detect H2AX phosphorylation, cells were
sequentially fixed in 4% formaldehyde (Sigma–Aldrich) for
Frontiers in Oncology | www.frontiersin.org 3
15 min and 50% methanol in PBS for 10 min. The cells were
subsequently blocked with 5% bovine serum albumin for 30 min,
incubated with a rabbit monoclonal anti-gH2AX antibody
(1:1,000, Cell Signaling Technology, Boston, USA) for 30 min,
washed in PBS, incubated with an Alexa 488-conjugated
(Molecular Probes, USA) secondary antibody for 30 min, and
counterstained with DAPI (Invitrogen). Images were captured
using an Olympus FV100 confocal microscope. gH2AX-positive
cells were defined as those with more than 20 gH2AX foci. Five
random fields per coverslip were selected to calculate the number
of gH2AX-positive cells. Assays were performed in triplicate to
eliminate intra-assay variability.

Immunohistochemistry
Immunohistochemical analysis of LCN2 was performed on 100
paraffin-embedded NPC specimens. First, tissue slides were baked
in an oven at 60°C for 2 h and deparaffinized twice with
dimethylbenzene, 10 min each step, and rehydrated with graded
ethanol. The slides were then treated with citrate buffer (pH 6.0)
under high pressure for antigen retrieval followed by the blocking
of endogenous peroxidase activity with 0.3% H2O2 for 30 min.
Next, the slides were sequentially incubated with an anti-LCN2
antibody (1:100 dilution, Origene) for 16 h at 4°C, a biotinylated
anti-rabbit antibody (1:1,000 dilution) for 30 min at room
temperature, and a biotinylated secondary antibody for 1 h at
37°C. Finally, the tissue sections were stained with 3,3′-
diaminobenzidine tetrahydrochloride (DAB) and counterstained
with Harris modified hematoxylin. The immunohistochemical
results were scored as the intensity grades multiplied by the
positive ratios, as previously reported (19). The scores were
classified as 0–3 (no staining, weak staining, moderate staining,
and strong staining) for the staining intensity and 0–4 (no
staining, <10, 10–50, 50–80, and >80% staining) for the positive
ratio. The final scores (0–12) were grouped into no/low expression
(≤6) and high expression (>6). The scores were determined blindly
by two pathologists.

Statistical Analyses
The data are presented as means ± SD from three independent
tests. The Student’s t-test or the Mann–Whitney U test was used
to compare the differences between continuous parameters. The
distribution of clinicopathological variables between high and
low LCN2 expression groups was compared by the chi-square
test. Survival curves were constructed using the Kaplan–Meier
method and compared using the log-rank test. The endpoints
were assessed as follows: local relapse-free survival (LRFS) and
nodal relapse-free survival (NRFS) were measured from the date
of treatment to the date of the first observation of local and
regional recurrence, respectively. Local and regional relapse were
defined as relapse-free survival (RFS). Distant metastasis-free
survival (DMFS) was measured from the date of treatment to the
date of the first observation of distant metastasis. Progression-
free survival (PFS) was measured from the date of treatment to
either the date of the first observation of local or regional
recurrence, or distant metastasis. Overall survival (OS) was
measured from the first date of treatment to the date of death
due to any cause. Multivariable analysis was conducted using the
February 2021 | Volume 10 | Article 605777
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Cox proportional hazards model after adjusting for confounding
factors such as age, sex, T stage, N stage, and receiving or not
induction chemotherapy. The significance of any correlation
between LCN2 and HIF-1A expression was determined by
Pearson’s correlation analysis. All statistical tests were two-
sided. Associations were considered statistically significant at
P-values <0.05. All statistical analyses were performed using
SPSS version 26.0 (SPSS IBM, Chicago, USA). The raw data
obtained in this study have been uploaded onto the Research
Data Deposit (RDD) with the RDD number RDDB2020000932.
RESULTS

LCN2 Was Identified as a
Radioresistance-Related Gene in NPC
Wemanually found a GEO data set (GSE48501), using which, we
conducted a comparative analysis of mRNA expression in NPC
cell lines CNE2 and CNE2R. The online analysis tool GEO2R
showed the upregulation of LCN2 in CNE2R compared to that of
CNE2 (Figure 1A). A GEO profile was found at GDS3125/
212531_at (nih.gov) and demonstrated the responses of
radiosensitive and radioresistant tumors to ionizing radiation
Frontiers in Oncology | www.frontiersin.org 4
(time course). Briefly, squamous cell carcinoma-derived
xenografts were generated and allowed to grow to a volume of
150–200 mm3. At that time, tumors were either treated with a 3-
Gy dose of irradiation or left untreated and then collected for
RNA purification 5 or 24 h later. The overall expression level of
LCN2 was higher in the radioresistant squamous cell carcinomas
(SCCs) than in the radiosensitive SCCs, in both the irradiated
and untreated groups (P < 0.0001). In the radiosensitive SCCs,
LCN2 expression was significantly upregulated at the 24-h time
point after irradiation when compared with that in the untreated
group (P = 0.0441) (Figure 1B and Supplementary Table 1).

Validation of LCN2 Expression in
NPC Cell Lines
To verify the expression of LCN2 identified in the microarray
data, western blotting and RT-qPCR were performed to detect
the protein and mRNA levels of LCN2, respectively, in five NPC
cell lines (CNE1, CNE2, HNE1, HNOE1, and SUNE1) and one
radioresistant NPC cell line (CNE2R). Consistent with the results
of the microarray analysis, the highest expression of LCN2 was
found in CNE2R cells. Furthermore, LCN2 was also highly
expressed in CNE1 and HNE1 cells (Figures 1C, D). CNE1 is
a highly differentiated NPC-derived squamous cell carcinoma
A

C

D

B

FIGURE 1 | LCN2 was identified as a radioresistance-related gene in nasopharyngeal carcinoma (NPC). (A) A heatmap of the overlapping differential expressed
genes (DEGs) between the radiosensitive cell line CNE2 and the radioresistant cell line CNE2R in GSE48501. (B) The responses of radiosensitive and radioresistant
squamous cell carcinomas (SCCs) to ionizing radiation (time course). LCN2 expression was upregulated in both radioresistant and radiosensitive SCCs after
irradiation. (C, D) Validation of LCN2 expression in NPC cell lines. LCN2 protein (C) and mRNA (D) levels were examined by western blotting and quantitative real-
time PCR (RT-qPCR), respectively. GAPDH was used as an internal control. *P < 0.05.
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cell line, while HNE1 is an Epstein–Barr virus (EBV)-positive cell
line derived from a poorly differentiated squamous carcinoma.
According to the law of Bergonié and Tribondeau, highly
differentiated tumor cells usually display medium to low
sensitivity to radiation (20, 21). In NPC, EBV infection is one
of the most important factors contributing to radioresistance (22,
23). Consequently, these results indicate that LCN2 expression is
upregulated in radioresistant NPC cells.

LCN2 Regulates the Radiosensitivity
of NPC Cells
To determine whether LCN2 levels contribute to NPC
radiosensitivity, we generated stable LCN2-knockdown CNE2R
and HNE1 cell lines as well as a CNE2 cell line stably
overexpressing LCN2. Stable transfections were confirmed by
western blotting (Figures 2A, B). The colony survival assay is the
gold standard method for assessing the radiosensitivity of tumor
cells (24). Here, we performed a soft agar colony assay to
Frontiers in Oncology | www.frontiersin.org 5
investigate the effect of LCN2 on cell proliferation after
irradiation. We found that, following irradiation at the dose of
2, 4, or 6 Gy, colony-formation rates were markedly reduced in
LCN2-depleted CNE2R cells compared with that of control cells
(Figures 2C, E). Conversely, LCN2-overexpressing cells formed
more colonies than control cells (Figures 2D, F).

Double-strand breaks (DSBs) constitute the major type of
DNA damage caused by irradiation (25), while the DSB repair
capacity is closely associated with radiosensitivity (26).
Therefore, we conducted a gH2AX [a biomarker of DSBs (27)]
assay to examine the phosphorylation status of H2AX in these
cells at 0, 0.5, and 24 h post-irradiation. At 24 h after receiving a
2-Gy dose of radiation, the DNA damage repair ability of cells
with LCN2 knockdownwas significantly attenuated (Figures 3A, B),
whereas the opposite effect was observed in CNE2 cells stably
overexpressing LCN2 (Figures 3C, D). These results indicated
that LCN2 may regulate NPC radiosensitivity by influencing the
DNA damage repair process.
A

C D

E F

B

FIGURE 2 | LCN2 regulates the radiosensitivity of nasopharyngeal carcinoma (NPC) cells. (A, B) Validation of LCN2 expression in various NPC cell lines.
Knockdown or ectopic expression of LCN2 in HNE1, CNE2R, or CNE2 cells was validated by western blotting. (C, E) A soft agar colony formation assay was used
to assess the radiosensitivity of NPC cells. The colony formation rates were markedly reduced in CNE2R cells with LCN2 knockdown compared with that of control
cells following irradiation at the dose of 2, 4, or 6 Gy. *P < 0.05. (D, F) CNE2 cells overexpressing LCN2 formed more colonies than control cells at the irradiation
doses of 2, 4, and 6 Gy. *P < 0.05.
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LCN2 Is a Potential Biomarker for
Predicting NPC Radioresistance
A total of 14 patients were defined as having radioresistant NPC
according to the definition mentioned in the section Patients and
Tissue Specimens. Immunohistochemical analysis showed that
LCN2 expression was significantly higher in radioresistant NPC
tissues than in radiosensitive NPC tissues (P = 0.034) (Figure 4A).
The response to radiotherapy is related to the intrinsic
characteristics of NPC, including tumor size and infiltration
status. Therefore, we compared the potential of using LCN2
expression with that of using T stage, N stage, or UICC stage to
discriminate between patients with radioresistant NPC and those
with radiosensitive NPC using receiver operating characteristic
(ROC) curves. The area under the curve (AUC) values for LCN2
expression, T stage, N stage, and UICC stage were 0.808, 0.634,
0.600, and 0.588, respectively. The sensitivity and specificity of
LCN2, T stage, N stage, and UICC stage were 78.6 and 70.9, 64.3%
and 55.8, 78.6 and 41.9%, and 71.4 and 40.7%, respectively (Figure
4B). These results indicated that the LCN2 expression level was the
best predictor of NPC radioresistance among the four indicators.

The Association Between LCN2
Expression and Survival Outcomes in NPC
Next, we assessed whether there was a correlation between LCN2
expression and the clinical parameters of 100 NPC patients.
Sections of normal nasopharynx mucosa and NPC tissues
Frontiers in Oncology | www.frontiersin.org 6
stained for LCN2 are shown in Figures 5A–C. The expression
of LCN2 was not significantly associated with age, sex, T stage, N
stage, UICC stage, or whether or not patients had received
induction chemotherapy (Table 1). High expression of LCN2
was associated with poor LRFS (P = 0.042) and RFS (P = 0.014),
but not with NRFS (P = 0.212), DMFS (P = 0.239), PFS (P =
0.918), or OS (P = 0.737) (Figures 5D–I). Further multivariate
analyses identified LCN2 as an independent and unfavorable
prognostic indicator for RFS in NPC patients (P = 0.022) (Table 2).
We also found that LCN2 expression was an independent
prognostic factor for LRFS, but with borderline significance (P =
0.055). Radioresistance is known to facilitate tumor recurrence to
some extent. Consequently, these results indicated that LCN2
overexpression is clinically relevant for NPC recurrence.

The Correlation Between the Expression
of LCN2 and HIF-1A
Given that radioresistance is closely related to the hypoxic
microenvironment of tumors (28, 29), we speculated that there
may be a correlation between the expression of LCN2 and that of
hypoxia-related genes. We found that the protein level of HIF-
1A, a hypoxia-related factor, was reduced in both HNE1 and
CNE2R cells with LCN2 knockdown, while it was increased in
CNE2 cells stably overexpressing LCN2 (Figure 6A). We also
performed a correlation analysis between LCN2 and HIF-1A
expression in 23 NPC tissues using a microarray. The results
A C

DB

FIGURE 3 | LCN2 regulates the radiosensitivity of nasopharyngeal carcinoma (NPC) cells. (A, B) The DNA double-strand break repair capacity was impaired in
HNE1 and CNE2R cells with LCN2 knockdown, as evidenced by the greater number of gH2AX-positive LCN2-depleted cells when compared with that of control
cells. *P < 0.05. (C, D) The DNA double-strand break repair capacity was enhanced in LCN2-overexpressing CNE2 cells based on the percentage of gH2AX-positive
cells. *P < 0.05.
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demonstrated that the expression of LCN2 in NPC tissues was
positively correlated with that of HIF-1A (Pearson correlation
coefficient (r) = 0.5294, P = 0.0094) (Figure 6B). These results
suggested that LCN2 may regulate NPC radioresistance through
interacting with HIF1A.
DISCUSSION

Although several genes, including those associated with cell-cycle
control, DNA damage repair, and apoptosis are known to influence
the effects of ionizing radiation-induced cell damage, our knowledge
of radiation-induced resistance in tumors at the molecular level
remains limited. Microarrays have been applied to identify genes
involved in the radioresistance of various tumors (30–35). Chang
et al. analyzed the gene expression profiles of radioresistant NPC cell
lines using a cDNA array and identified at least two genes,GP96 and
GDF15, that were involved in the development of radioresistance in
NPC (35). In this study, we further identified LCN2 as a
radioresistance-related gene in NPC cells using the GEO data set
GSE48501 and the online analysis tool GEO2R. Additional
functional studies and survival analysis confirmed the key role of
LCN2 in the acquisition of a radioresistant phenotype and the
recurrence of NPC.

Several studies have reported that the aberrant expression of
LCN2 can confer resistance to radiotherapy and chemotherapy in
several types of cancer (5–13). Additionally, although increased
LCN2 expression was shown to correlate with the apoptosis induced
by several reagents in human lung cancer cells, this LCN2
upregulation represented a survival rather than a proapoptotic
response (36). Meanwhile, LCN2 was also upregulated in HepG2
cells following irradiation or H2O2 treatment (37). The results of
these studies suggest that LCN2 protects tumor cells against
Frontiers in Oncology | www.frontiersin.org 7
extracellular stimuli-induced damage, thereby facilitating their
survival. Irradiation-induced cell death results from irreparable
DNA DSBs, while radiosensitivity is tightly linked to the ability of
cells to repair DNA damage after irradiation (38, 39). DSB repair
usually begins within 30–60 min of irradiation and peaks after 24 h.
gH2AX is a marker for DSB recognition and repair, and the DSB
repair efficacy is characterized by the presence of gH2AX foci (40–
44). In this study, we found that knocking down LCN2 markedly
impaired the DNA DSB repair capability of the NPC cell lines
CNE2R and HNE1 and reduced their proliferative ability, which
enhanced the sensitivity of these cells to irradiation. Conversely, the
overexpression of LCN2 increased the radioresistance of NPC cells.
These results suggest that LCN2 may induce radioresistance via
regulating the DNADSB repair capability of NPC cells. Cancer cells
can activate several pathways to repair DSBs and maintain their
proliferation status, thereby promoting tumor radioresistance
and recurrence.

Radioresistance frequently underlies tumor recurrence. In line
with this phenomenon, our results showed that patients with high
LCN2 expression levels had shorter RFS and LRFS. However, studies
investigating LCN2 in different head and neck cancers have reported
inconsistent results. LCN2 expression was reported to be
downregulated in oral cancer, and was further reduced in oral
cancer with metastasis (5, 12, 45). In these studies, patients with
high levels of LCN2 had better survival outcomes, making LCN2 a
good prognostic factor in oral cancer. Themechanism through which
LCN2 exerts its anti-tumor effects in oral cancer may be related to a
reduction in autophagy mediated through mTOR signaling pathway
activation (12). In contrast, LCN2was reported to be highly expressed
in thyroid carcinoma (46, 47) and the silencing of LCN2 attenuated
cancer cell survival under conditions of serum deprivation. The
discrepancies among these results are partially due to the high
heterogeneity among head and neck cancers. One study
A B

FIGURE 4 | LCN2 is a potential biomarker for predicting nasopharyngeal carcinoma (NPC) radioresistance. (A) LCN2 expression was significantly higher in
radioresistant NPC tissues than in radiosensitive NPC tissues (P = 0.034). (B) Receiver operating characteristic (ROC) curves for the predictive value of using LCN2
expression, T stage, N stage, and UICC stage to discriminate between radioresistant NPC and radiosensitive NPC. The LCN2 level displayed the largest area under
the curve (AUC) among the four parameters.
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demonstrated that survival outcomes for NPC patients with
metastasis are generally poor as the biology of NPC differs from
that of classic head and neck squamous cell carcinoma (48). NPC
tends to be more sensitive to ionizing radiation than other head and
neck cancers. Therefore, once NPC becomes resistant to
radiotherapy, the treatment outcomes can be poor.

Solid tumors usually have inefficient vasculatures and high
energy requirements, resulting in oxygen deprivation (hypoxia) in
the tumor microenvironment. Cancer cells can be radioresistant
under hypoxic conditions (49, 50). Sørensen et al. reported that,
although head and neck cancer cells with HPV infection exhibited
markedly greater radiosensitivity than HPV-negative cells, both
cell types displayed the same radioresistance potential under
hypoxic conditions (51). HIF-1A, which mediates adaptive
responses to hypoxia, has been implicated in the induction of
biological radioresistance in cancer cells under oxygen
deprivation. Most tumor hypoxia adaptations are orchestrated
by HIF-1A (52–54). We found that the protein level of HIF-1A
was reduced in both HNE1 and CNE2R cells with LCN2
knockdown, but was increased in CNE2 cells stably
overexpressing LCN2. Furthermore, we also identified a positive
correlation between LCN2 and HIF-1A expression in 23 NPC
A C

D E F

G H I

B

FIGURE 5 | The association between LCN2 expression and survival outcomes in nasopharyngeal carcinoma (NPC) patients. (A–C) Representative micrographs
(×400) of normal nasopharynx mucosa (A), NPC tissues with low LCN2 expression (B), and NPC tissues with high LCN2 expression (C) are shown. (D–I) Kaplan–
Meier analysis of the 5-year relapse-free survival (RFS), local relapse-free survival (LRFS), regional relapse-free survival (RRFS), distant metastasis-free survival
(DMFS), progression-free survival (PFS), and overall survival (OS) between high and low LCN2 expression groups. The RFS and LRFS of patients with high LCN2
expression were significantly lower than those of patients with low LCN2 expression. There were no significant differences in RRFS, DMFS, PFS, or OS between the
low and high LCN2 expression groups.
TABLE 1 | The associations between LCN2 expression and clinicopathological
parameters.

Variable Total population LCN2 expression level P-value

Low High

Sex 0.738
Female 34 21 13
Male 66 43 23
Age (y) 0.129
<50 51 29 22
≥50 49 35 14
T stage 0.089
T1–3 38 15 53
T4 26 21 47
N stage
N0–1 26 13 39 0.657
N2–3 38 23 61
UICC stage
I–III 28 11 39 0.194
IV 36 25 61
Induction CT
No 23 9 32 0.260
Yes 41 27 68
CT, chemotherapy.
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tissues. Similarly, Yang and et al. demonstrated that LCN2
significantly enhanced VEGF-induced angiogenesis in human
breast cancer and that this effect was mediated through HIF-1A
via extracellular signal-regulated kinase (Erk) (55). LCN2
expression was also reported to be increased in tumor cells
cultured under hypoxic conditions and paralleled the levels of
HIF-1A in mouse melanoma cells (56). As HIF-1A is firmly
associated with the radioresistance of cancer cells, we think that
Frontiers in Oncology | www.frontiersin.org 9
LCN2 might interact with HIF-1A to facilitate the development of
a radioresistant phenotype in NPC. Further studies are warranted
to elucidate the mechanism underlying how LCN2 and HIF-1A
regulate NPC radioresistance.

This study had several limitations. First, the patient population
was relatively small, and these results need to be further verified in a
larger cohort. Additionally, no in vivo experiments were performed.
Finally, we did not further explore the mechanism through which
LCN2 exerts its effect on the radioresistance of NPC.

In summary, we demonstrated that LCN2 was positively
correlated with the radioresistance of NPC cells. LCN2 was highly
expressed in patients with radioresistant NPC. Survival analysis
revealed that high LCN2 expression was related to poor RFS and
LRFS. Additionally, we identified a positive correlation between
LCN2 and HIF-1A expression, which suggested that LCN2 may
induce NPC radioresistance through regulating pathways associated
with adaptation to hypoxia in the tumor microenvironment. The
underlying molecular mechanisms remain to be further elucidated.
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TABLE 2 | Multivariate analysis using a Cox proportional hazards model for the RFS and LRFS of NPC patients.

Endpoint Variables HR 95% CI P-value

RFS Sex (female vs. male) 0.990 [0.172–5.697] 0.991
Age (<50 vs. ≥50) 2.212 [0.401–12.215] 0.362
T stage (T1–3 vs. T4) 0.401 [0.068–2.376] 0.314
N stage (N0–1 vs. N2–3) 0.595 [0.097–3.644] 0.575
Induction CT (no vs. yes) 0.823 [0.133–5.085] 0.834
LCN2 expression (low vs. high) 13.925 [1.360–142.548] 0.026

LRFS Sex (female vs. male)
Age (<50 vs. ≥50)
T stage (T1–3 vs. T4)
N stage (N0–1 vs. N2–3)
Induction CT (no vs. yes)
LCN2 expression (low vs. high)

0.515
4.484
0.151
1.179
1.870
12.999

[0.070–3.816]
[0.574–35.048]
[0.015–1.484]
[0.152–9.150]
[0.152–22.952]
[0.950–177.791]

0.516
0.153
0.105
0.875
0.625
0.055
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RFS, relapse-free survival; LRFS, local relapse-free survival; HR, hazard ratio; CI, confidence interval; CT, chemotherapy.
The bold values highlight meaningful p-values with statistical significance or borderline significance.
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FIGURE 6 | The correlation between the expression of LCN2 and that of
hypoxia-inducible factor 1-alpha (HIF-1A). (A) The protein level of the hypoxia-
related factor HIF-1A was reduced in both HNE1 and CNE2R cells with LCN2
knockdown, but was increased in CNE2 cells stably overexpressing LCN2.
(B) A significant correlation was detected between LCN2 and HIF-1A
expression in 23 NPC tissues using a microarray (Pearson correlation
coefficient (r) = 0.5294, P = 0.0094).
605777

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhang et al. The Role of LCN2 in NPC
FUNDING

This project was supported financially by grants from the
Natural Science Foundation of China (81802915, 81660452,
and 81660453).
Frontiers in Oncology | www.frontiersin.org 10
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2020.
605777/full#supplementary-material
REFERENCES

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. CA Cancer J Clin (2018) 68(6):394–424.
doi: 10.3322/caac.21492

2. Wei KR, Zheng RS, Zhang SW, Liang ZH, Li ZM, Chen WQ. Nasopharyngeal
carcinoma incidence and mortality in China, 2013. Chin J Cancer (2017) 36
(1):90. doi: 10.1186/s40880-017-0257-9

3. Feng XP, Yi H, Li MY, Li XH, Yi B, Zhang PF, et al. Identification of biomarkers
for predicting nasopharyngeal carcinoma response to radiotherapy by proteomics.
Cancer Res (2010) 70(9):3450–62. doi: 10.1158/0008-5472.CAN-09-4099

4. Goetz DH, Holmes MA, Borregaard N, BluhmME, Raymond KN, Strong RK.
The neutrophil lipocalin NGAL is a bacteriostatic agent that interferes with
siderophore-mediated iron acquisition. Mol Cell (2002) 10(5):1033–43.
doi: 10.1016/s1097-2765(02)00708-6

5. Hiromoto T, Noguchi K, Yamamura M, Zushi Y, Segawa E, Takaoka K, et al.
Up-regulation of neutrophil gelatinase-associated lipocalin in oral squamous
cell carcinoma: relation to cell differentiation. Oncol Rep (2011) 26(6):1415–
21. doi: 10.3892/or.2011.1429

6. Zheng LT, Lee S, Yin GN, Mori K, Suk K. Down-regulation of lipocalin 2
contributes to chemoresistance in glioblastoma cells. J Neurochem (2009) 111
(5):1238–51. doi: 10.1111/j.1471-4159.2009.06410.x

7. Candido S, Abrams SL, Steelman LS, Lertpiriyapong K, Fitzgerald TL, Martelli
AM, et al. Roles of NGAL and MMP-9 in the tumor microenvironment and
sensitivity to targeted therapy. Biochim Biophys Acta (2016) 1863(3):438–48.
doi: 10.1016/j.bbamcr.2015.08.010

8. Cheng G, Sun X, Wang J, Xiao G, Wang X, Fan X, et al. HIC1 silencing in triple-
negative breast cancer drives progression through misregulation of LCN2. Cancer
Res (2014) 74(3):862–72. doi: 10.1158/0008-5472.CAN-13-2420

9. Du ZP, Wu BL, Xie YM, Zhang YL, Liao LD, Zhou F, et al. Lipocalin 2
promotes the migration and invasion of esophageal squamous cell carcinoma
cells through a novel positive feedback loop. Biochim Biophys Acta (2015)
1853(10 Pt A):2240–50. doi: 10.1016/j.bbamcr.2015.07.007

10. Yu DS, Wu CL, Ping SY, Huang YL, Shen KH. NGAL can alternately mediate
sunitinib resistance in renal cell carcinoma. J Urol (2014) 192(2):559–66.
doi: 10.1016/j.juro.2013.12.049

11. Miyamoto T, Kashima H, Yamada Y, Kobara H, Asaka R, Ando H, et al.
Lipocalin 2 Enhances Migration and Resistance against Cisplatin in
Endometrial Carcinoma Cells. PloS One (2016) 11(5):e0155220.
doi: 10.1371/journal.pone.0155220

12. Monisha J, Roy NK, Padmavathi G, Banik K, Bordoloi D, Khwairakpam AD,
et al. NGAL is Downregulated in Oral Squamous Cell Carcinoma and Leads to
Increased Survival, Proliferation, Migration and Chemoresistance. Cancers
(Basel) (2018) 10(7):228. doi: 10.3390/cancers10070228

13. Shiiba M, Saito K, Fushimi K, Ishigami T, Shinozuka K, Nakashima D, et al.
Lipocalin-2 is associated with radioresistance in oral cancer and lung cancer
cells. Int J Oncol (2013) 42(4):1197–204. doi: 10.3892/ijo.2013.1815

14. Li XH, Qu JQ, Yi H, Zhang PF, Yi HM, Wan XX, et al. Integrated analysis of
differential miRNA and mRNA expression profiles in human radioresistant
and radiosensitive nasopharyngeal carcinoma cells. PloS One (2014) 9(1):
e87767. doi: 10.1371/journal.pone.0087767

15. Mou T, Zhu D, Wei X, Li T, Zheng D, Pu J, et al. Identification and interaction
analysis of key genes and microRNAs in hepatocellular carcinoma by
bioinformatics analysis. World J Surg Oncol (2017) 15(1):63. doi: 10.1186/
s12957-017-1127-2

16. To EW, Chan KC, Leung SF, Chan LY, To KF, Chan AT, et al. Rapid clearance
of plasma Epstein-Barr virus DNA after surgical treatment of nasopharyngeal
carcinoma. Clin Cancer Res (2003) 9(9):3254–9.
17. Zhu Y, Ramos da Silva S, He M, Liang Q, Lu C, Feng P, et al. An Oncogenic
Virus Promotes Cell Survival and Cellular Transformation by Suppressing
Glycolysis. PloS Pathog (2016) 12(5):e1005648. doi: 10.1371/journal.ppat.
1005648

18. Jones T, Ye F, Bedolla R, Huang Y, Meng J, Qian L, et al. Direct and efficient
cellular transformation of primary rat mesenchymal precursor cells by KSHV.
J Clin Invest (2012) 122(3):1076–81. doi: 10.1172/JCI58530

19. Konno R, Yamakawa H, Utsunomiya H, Ito K, Sato S, Yajima A. Expression of
survivin and Bcl-2 in the normal human endometrium. Mol Hum Reprod
(2000) 6(6):529–34. doi: 10.1093/molehr/6.6.529

20. Vogin G, Foray N. The law of Bergonie and Tribondeau: a nice formula for a
first approximation. Int J Radiat Biol (2013) 89(1):2–8. doi: 10.3109/
09553002.2012.717732

21. Haber AH, Rothstein BE. Radiosensitivity and rate of cell division: “law of
Bergonie and Tribondeau”. Science (1969) 163(3873):1338–9. doi: 10.1126/
science.163.3873.1338

22. Lu J, Tang M, Li H, Xu Z, Weng X, Li J, et al. EBV-LMP1 suppresses the DNA
damage response through DNA-PK/AMPK signaling to promote
radioresistance in nasopharyngeal carcinoma. Cancer Lett (2016) 380
(1):191–200. doi: 10.1016/j.canlet.2016.05.032

23. Zhou X, Zheng J, Tang Y, Lin Y, Wang L, Li Y, et al. EBV encoded miRNA
BART8-3p promotes radioresistance in nasopharyngeal carcinoma by
regulating ATM/ATR signaling pathway. Biosci Rep (2019) 39(9):13.
doi: 10.1042/BSR20190415

24. Yaromina A, Krause M, Thames H, Rosner A, Krause M, Hessel F, et al. Pre-
treatment number of clonogenic cells and their radiosensitivity are major
determinants of local tumour control after fractionated irradiation. Radiother
Oncol (2007) 83(3):304–10. doi: 10.1016/j.radonc.2007.04.020

25. Price BD, D’Andrea AD. Chromatin remodeling at DNA double-strand
breaks. Cell (2013) 152(6):1344–54. doi: 10.1016/j.cell.2013.02.011

26. Rajpurohit YS, Bihani SC, Waldor MK, Misra HS. Phosphorylation of
Deinococcus radiodurans RecA Regulates Its Activity and May Contribute
to Radioresistance. J Biol Chem (2016) 291(32):16672–85. doi: 10.1074/
jbc.M116.736389

27. Bonner WM, Redon CE, Dickey JS, Nakamura AJ, Sedelnikova OA, Solier S,
et al. GammaH2AX and cancer. Nat Rev Cancer (2008) 8(12):957–67.
doi: 10.1038/nrc2523

28. Manoochehri Khoshinani H, Afshar S, Najafi R. Hypoxia: A Double-Edged
Sword in Cancer Therapy. Cancer Invest (2016) 34(10):536–45. doi: 10.1080/
07357907.2016.1245317

29. Horsman MR, Overgaard J. The impact of hypoxia and its modification of the
outcome of radiotherapy. J Radiat Res (2016) 57 Suppl 1:i90–8. doi: 10.1093/
jrr/rrw007

30. Wong YF, Sahota DS, Cheung TH, Lo KW, Yim SF, Chung TK, et al. Gene
expression pattern associated with radiotherapy sensitivity in cervical cancer.
Cancer J (2006) 12(3):189–93. doi: 10.1097/00130404-200605000-00006

31. Ogawa K, Utsunomiya T, Mimori K, Tanaka F, Haraguchi N, Inoue H, et al.
Differential gene expression profiles of radioresistant pancreatic cancer cell
lines established by fractionated irradiation. Int J Oncol (2006) 28(3):705–13.

32. Higo M, Uzawa K, Kouzu Y, Bukawa H, Nimura Y, Seki N, et al. Identification
of candidate radioresistant genes in human squamous cell carcinoma cells
through gene expression analysis using DNA microarrays. Oncol Rep (2005)
14(5):1293–8.

33. Guo WF, Lin RX, Huang J, Zhou Z, Yang J, Guo GZ, et al. Identification of
differentially expressed genes contributing to radioresistance in lung cancer
cells using microarray analysis. Radiat Res (2005) 164(1):27–35. doi: 10.1667/
rr3401

34. Fukuda K, Sakakura C, Miyagawa K, Kuriu Y, Kin S, Nakase Y, et al.
Differential gene expression profiles of radioresistant oesophageal cancer
February 2021 | Volume 10 | Article 605777

https://www.frontiersin.org/articles/10.3389/fonc.2020.605777/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2020.605777/full#supplementary-material
https://doi.org/10.3322/caac.21492
https://doi.org/10.1186/s40880-017-0257-9
https://doi.org/10.1158/0008-5472.CAN-09-4099
https://doi.org/10.1016/s1097-2765(02)00708-6
https://doi.org/10.3892/or.2011.1429
https://doi.org/10.1111/j.1471-4159.2009.06410.x
https://doi.org/10.1016/j.bbamcr.2015.08.010
https://doi.org/10.1158/0008-5472.CAN-13-2420
https://doi.org/10.1016/j.bbamcr.2015.07.007
https://doi.org/10.1016/j.juro.2013.12.049
https://doi.org/10.1371/journal.pone.0155220
https://doi.org/10.3390/cancers10070228
https://doi.org/10.3892/ijo.2013.1815
https://doi.org/10.1371/journal.pone.0087767
https://doi.org/10.1186/s12957-017-1127-2
https://doi.org/10.1186/s12957-017-1127-2
https://doi.org/10.1371/journal.ppat.1005648
https://doi.org/10.1371/journal.ppat.1005648
https://doi.org/10.1172/JCI58530
https://doi.org/10.1093/molehr/6.6.529
https://doi.org/10.3109/09553002.2012.717732
https://doi.org/10.3109/09553002.2012.717732
https://doi.org/10.1126/science.163.3873.1338
https://doi.org/10.1126/science.163.3873.1338
https://doi.org/10.1016/j.canlet.2016.05.032
https://doi.org/10.1042/BSR20190415
https://doi.org/10.1016/j.radonc.2007.04.020
https://doi.org/10.1016/j.cell.2013.02.011
https://doi.org/10.1074/jbc.M116.736389
https://doi.org/10.1074/jbc.M116.736389
https://doi.org/10.1038/nrc2523
https://doi.org/10.1080/07357907.2016.1245317
https://doi.org/10.1080/07357907.2016.1245317
https://doi.org/10.1093/jrr/rrw007
https://doi.org/10.1093/jrr/rrw007
https://doi.org/10.1097/00130404-200605000-00006
https://doi.org/10.1667/rr3401
https://doi.org/10.1667/rr3401
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhang et al. The Role of LCN2 in NPC
cell lines established by continuous fractionated irradiation. Br J Cancer
(2004) 91(8):1543–50. doi: 10.1038/sj.bjc.6602187

35. Chang JT, Chan SH, Lin CY, Lin TY, Wang HM, Liao CT, et al. Differentially
expressed genes in radioresistant nasopharyngeal cancer cells: gp96 and GDF15.
Mol Cancer Ther (2007) 6(8):2271–9. doi: 10.1158/1535-7163.MCT-06-0801

36. Tong Z, Wu X, Ovcharenko D, Zhu J, Chen CS, Kehrer JP. Neutrophil
gelatinase-associated lipocalin as a survival factor. Biochem J (2005) 391(Pt
2):441–8. doi: 10.1042/BJ20051020

37. Roudkenar MH, Kuwahara Y, Baba T, Roushandeh AM, Ebishima S, Abe S,
et al. Oxidative stress induced lipocalin 2 gene expression: addressing its
expression under the harmful conditions. J Radiat Res (2007) 48(1):39–44.
doi: 10.1269/jrr.06057

38. Christophorou MA, Ringshausen I, Finch AJ, Swigart LB, Evan GII. The
pathological response to DNA damage does not contribute to p53-mediated
tumour suppression. Nature (2006) 443(7108):214–7. doi: 10.1038/
nature05077

39. Jackson SP, Bartek J. The DNA-damage response in human biology and
disease. Nature (2009) 461(7267):1071–8. doi: 10.1038/nature08467

40. Reynolds P, Anderson JA, Harper JV, Hill MA, Botchway SW, Parker AW,
et al. The dynamics of Ku70/80 and DNA-PKcs at DSBs induced by ionizing
radiation is dependent on the complexity of damage. Nucleic Acids Res (2012)
40(21):10821–31. doi: 10.1093/nar/gks879

41. Jakob B, Splinter J, Conrad S, Voss KO, Zink D, Durante M, et al. DNA
double-strand breaks in heterochromatin elicit fast repair protein recruitment,
histone H2AX phosphorylation and relocation to euchromatin. Nucleic Acids
Res (2011) 39(15):6489–99. doi: 10.1093/nar/gkr230

42. Lieber MR. The mechanism of double-strand DNA break repair by the
nonhomologous DNA end-joining pathway. Annu Rev Biochem (2010)
79:181–211. doi: 10.1146/annurev.biochem.052308.093131

43. Schmid TE, Dollinger G, Beisker W, Hable V, Greubel C, Auer S, et al.
Differences in the kinetics of gamma-H2AX fluorescence decay after exposure
to low and high LET radiation. Int J Radiat Biol (2010) 86(8):682–91.
doi: 10.3109/09553001003734543

44. Rao VA, Agama K, Holbeck S, Pommier Y. Batracylin (NSC 320846), a dual
inhibitor of DNA topoisomerases I and II induces histone gamma-H2AX as a
biomarker of DNA damage. Cancer Res (2007) 67(20):9971–9. doi: 10.1158/
0008-5472.CAN-07-0804

45. Lin CW, Yang WE, Lee WJ, Hua KT, Hsieh FK, Hsiao M, et al. Lipocalin 2
prevents oral cancer metastasis through carbonic anhydrase IX inhibition and
is associated with favourable prognosis. Carcinogenesis (2016) 37(7):712–22.
doi: 10.1093/carcin/bgw050

46. Iannetti A, Pacifico F, Acquaviva R, Lavorgna A, Crescenzi E, Vascotto C, et al.
The neutrophil gelatinase-associated lipocalin (NGAL), a NF-kappaB-
Frontiers in Oncology | www.frontiersin.org 11
regulated gene, is a survival factor for thyroid neoplastic cells. Proc Natl
Acad Sci USA (2008) 105(37):14058–63. doi: 10.1073/pnas.0710846105

47. Volpe V, Raia Z, Sanguigno L, Somma D, Mastrovito P, Moscato F, et al.
NGAL controls the metastatic potential of anaplastic thyroid carcinoma cells.
J Clin Endocrinol Metab (2013) 98(1):228–35. doi: 10.1210/jc.2012-2528

48. Loong HH, Ma BB, Chan AT. Update on the management and therapeutic
monitoring of advanced nasopharyngeal cancer. Hematol Oncol Clin North
Am (2008) 22(6):1267–78. doi: 10.1016/j.hoc.2008.08.012

49. Brown JM, Wilson WR. Exploiting tumour hypoxia in cancer treatment. Nat
Rev Cancer (2004) 4(6):437–47. doi: 10.1038/nrc1367

50. Kizaka-Kondoh S, Inoue M, Harada H, Hiraoka M. Tumor hypoxia: a target
for selective cancer therapy. Cancer Sci (2003) 94(12):1021–8. doi: 10.1111/
j.1349-7006.2003.tb01395.x

51. Sorensen BS, Busk M, Olthof N, Speel EJ, Horsman MR, Alsner J, et al.
Radiosensitivity and effect of hypoxia in HPV positive head and neck cancer
cells. Radiother Oncol (2013) 108(3):500–5. doi: 10.1016/j.radonc.2013.06.011

52. Harada H, Inoue M, Itasaka S, Hirota K, Morinibu A, Shinomiya K, et al.
Cancer cells that survive radiation therapy acquire HIF-1 activity and
translocate towards tumour blood vessels. Nat Commun (2012) 3:783.
doi: 10.1038/ncomms1786

53. Harada H, Kizaka-Kondoh S, Li G, Itasaka S, Shibuya K, Inoue M, et al.
Significance of HIF-1-active cells in angiogenesis and radioresistance.
Oncogene (2007) 26(54):7508–16. doi: 10.1038/sj.onc.1210556

54. Harada H. Hypoxia-inducible factor 1-mediated characteristic features of
cancer cells for tumor radioresistance. J Radiat Res (2016) 57 Suppl 1:i99–i105.
doi: 10.1093/jrr/rrw012

55. Yang J, McNeish B, Butterfield C, Moses MA. Lipocalin 2 is a novel regulator
of angiogenesis in human breast cancer. FASEB J (2013) 27(1):45–50.
doi: 10.1096/fj.12-211730

56. Nakamura I, Hama S, Itakura S, Takasaki I, Nishi T, Tabuchi Y, et al.
Lipocalin2 as a plasma marker for tumors with hypoxic regions. Sci Rep
(2014) 4:7235. doi: 10.1038/srep07235

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Zhang, Wang, Zeng and Tu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
February 2021 | Volume 10 | Article 605777

https://doi.org/10.1038/sj.bjc.6602187
https://doi.org/10.1158/1535-7163.MCT-06-0801
https://doi.org/10.1042/BJ20051020
https://doi.org/10.1269/jrr.06057
https://doi.org/10.1038/nature05077
https://doi.org/10.1038/nature05077
https://doi.org/10.1038/nature08467
https://doi.org/10.1093/nar/gks879
https://doi.org/10.1093/nar/gkr230
https://doi.org/10.1146/annurev.biochem.052308.093131
https://doi.org/10.3109/09553001003734543
https://doi.org/10.1158/0008-5472.CAN-07-0804
https://doi.org/10.1158/0008-5472.CAN-07-0804
https://doi.org/10.1093/carcin/bgw050
https://doi.org/10.1073/pnas.0710846105
https://doi.org/10.1210/jc.2012-2528
https://doi.org/10.1016/j.hoc.2008.08.012
https://doi.org/10.1038/nrc1367
https://doi.org/10.1111/j.1349-7006.2003.tb01395.x
https://doi.org/10.1111/j.1349-7006.2003.tb01395.x
https://doi.org/10.1016/j.radonc.2013.06.011
https://doi.org/10.1038/ncomms1786
https://doi.org/10.1038/sj.onc.1210556
https://doi.org/10.1093/jrr/rrw012
https://doi.org/10.1096/fj.12-211730
https://doi.org/10.1038/srep07235
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	LCN2 Is a Potential Biomarker for Radioresistance and Recurrence in Nasopharyngeal Carcinoma
	Introduction
	Materials and Methods
	Cell Lines
	Microarray Data Analysis
	Patients and Tissue Specimens
	Western Blotting
	Quantitative Real-Time PCR
	Plasmids, RNA Interference, and Stable Transfection
	Soft Agar Colony Formation Assay
	&gamma;H2AX Assay
	Immunohistochemistry
	Statistical Analyses

	Results
	LCN2 Was Identified as a Radioresistance-Related Gene in NPC
	Validation of LCN2 Expression in NPC Cell Lines
	LCN2 Regulates the Radiosensitivity of NPC Cells
	LCN2 Is a Potential Biomarker for Predicting NPC Radioresistance
	The Association Between LCN2 Expression and Survival Outcomes in NPC
	The Correlation Between the Expression of LCN2 and HIF-1A

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


