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FANCD?2 knockdown with shRNA interference enhances the ionizing radiation
sensitivity of nasopharyngeal carcinoma CNE-2 cells
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Fanconi anemia complementation group D2 (FANCD?2) has been associated with the sensitivity of tumor cells to DNA
crosslinking damaging agents in certain solid tumors. However, its role in nasopharyngeal carcinoma (NPC) is still unclear.
In the present study, the role of FANCD2 in the response of NPC CNE-2 cells to radiation was investigated. A CNE-2 cell
model with stable FANCD?2 silencing was constructed by lentiviral transfection. Fluorescence quantitative PCR and western
blotting were used to evaluate FANCD2 expression in CNE-2 cells. The biological impact of FANCD?2 silencing on the
response of CNE-2 cells to radiation was investigated in vitro and in vivo. The microarray technology, western blotting, and
immunohistochemistry were used to analyze the proteins involved in related pathways after irradiation to investigate the
underlying mechanism. Lentivirus-mediated shRNA interference stably silenced the FANCD2 gene in CNE-2 cells. In vitro,
in the FANCD2-silenced group, cell proliferation was significantly inhibited, apoptosis was increased, and the cell cycle was
arrested at the G2/M phase after irradiation. In vivo, FANCD?2 silencing slowed tumor growth, as the volume and weight
of the xenograft tumors were significantly decreased. Both in vitro and in vivo, the differentially expressed genes NUPRI,
FLI1, and FGF21 were downregulated in the FANCD2-silenced group. Our results show that FANCD?2 silencing affected
the sensitivity of CNE-2 cells to ionizing radiation by regulating cell proliferation, apoptosis, and cell cycle distribution. The
mechanism might be associated with changes in NUPR1, FLI1, and FGF21 protein expression due to the FANCD2 silencing.

This study provides a promising target for NPC radiotherapy.
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Nasopharyngeal carcinoma (NPC) is a malignant tumor
that frequently occurs in the nasopharyngeal mucosal
epithelium; its incidence is not high worldwide, with an
overall incidence lower than 1/10,000 [1, 2]. In 2012, in
total, there were 86,700 new NPC patients and 50,800 deaths
worldwide, of which 71% occurred in Asia [3]. China is
among the regions with the highest incidence of NPC, which
exhibits regional distribution characteristics; Guangdong,
Guangxi, and Fujian are areas with high incidences of NPC.
In 2015, there were 60,600 new cases of NPC in China and
34,100 new deaths, and the number of new cases among
males was approximately 2.5 times that among females [4].
There is no unified standard for the pathological categoriza-
tion of NPC [5]. According to the World Health Organiza-
tion (WHO) standards, NPC can be divided into keratinizing
and nonkeratinizing squamous cell carcinoma or differenti-
ated nonkeratinizing carcinoma and nondifferentiated carci-
noma. Radiation therapy is the preferred treatment method.
However, currently, effective treatment for cases insensitive

to radiation therapy or those who relapse after irradiation is
lacking. Therefore, exploring a new treatment method that
can increase sensitivity to NPC radiotherapy has become a
research objective.

Fanconi anemia (FA) is a rare autosomal recessive
genetic disease and its main characteristics are progres-
sive bone marrow failure (BMF), endocrine dysfunction,
tumor susceptibility, and premature dysfunction of multiple
organs. Currently, it is believed that the pathogenesis of FA
is associated with DNA damage repair disorders, inflam-
matory stress, mitochondrial dysfunction, and epigen-
etic changes [6]. Studies have shown that FA patients are
sensitive to ionizing radiation and DNA crosslinkers such
as mitomycin C and cisplatin [7], whose mechanism is
to mainly inhibit the repair of DNA strand-crosslinking
damage caused by the inactivation of the FA pathway [8]. To
date, 22 genes involved in the FA pathway have been discov-
ered, and most encode proteins involved in DNA damage
repair, especially the repair of DNA crosslink damage,



FANCD2 AS A PROMISING TARGET FOR NPC RADIOTHERAPY

41

apoptosis, cell cycle regulation, gene transcription, and the
maintenance of genome stability. Mutations and deletions
in these different genes are also considered the molecular
basis of FA development [9-11]. It has been reported that
in patients with head and neck squamous cell carcinoma
(HNSCC), the mutation rate in the FA pathway is close to
40% [12]. The risk of HNSCC and gynecological squamous
cell carcinoma in adolescents and adults with FA is increased
500-fold. However, the specific mechanism remains to be
elucidated [13]. The monoubiquitination or deubiquitina-
tion of FANCD?2, which is a key protein in the FA pathway,
can lead to FA pathway inactivation, which in turn increases
the sensitivity of cells to DNA crosslinking damage [14-16].
Experimental studies involving mice have found that
FANCD?2 regulates the transcription of stress genes in a
DNA-independent manner while enhancing the ability of
cells to resist DNA damage [17]. FANCD2-deficient mice
exhibit persistent endogenous DNA damage in hematopoi-
etic stem cells and progressive BMF [18]. The upregulation
of FANCD?2 expression could increase the survival rate of
BRCAT and BRCA2 gene-deficient tumor cells by recruiting
alternative DNA damage proteins, changing the cell cycle,
and maintaining replication fork stability [19, 20]. Studies
have shown that FANCD2 expression is high in metastatic
melanoma [21], colorectal cancer [22], and human glioblas-
toma [23], and further studies have shown that tumor cells
with high FANCD2 expression exhibit proliferation and
survival characteristics. However, to date, no studies have
investigated FANCD2 and NPC radiotherapy. The aim of this
study was to investigate the effect of FANCD?2 silencing by
short-hairpin RNA (shRNA) interference on the sensitivity
of the NPC cell line CNE-2 to radiotherapy and explore the
related mechanism to provide new targets and ideas for NPC
radiotherapy.

Materials and methods

Cell lines and cell culture. The NPC cell line CNE-2 was a
generous gift from the Department of Otolaryngology-Head
and Neck Surgery, Nanfang Hospital, Southern Medical
University, China. This study included an experimental
group (CNE-2sh: CNE-2 cells with FANCD2 expression
silencing using an effective shRNA-FANCD?2 interference
sequence), a negative control group (CNE-2NC: CNE-2 cells
transfected with an ineffective interfering sequence), and a
blank control group (CNE-2: wild-type CNE-2 cells without
any treatment). The CNE-2 cells were cultured in Roswell
Park Memorial Institute 1640 medium (RPMI-1640; Gibco,
USA) supplemented with 10% fetal bovine serum (FBS;
Biological Industries, Israel), 100 U/ml penicillin, and 100
pg/ml streptomycin. The cells were maintained in a saturated
humidified incubator at a constant-temperature of 37°C at
5% CO,. Puromycin (InvivoGen, San Diego, CA, USA) was
added to the experimental group and negative control group
as a screening reagent at a final concentration of 2 pg/ml.

Construction of the FANCD2 shRNA lentiviral vector
and cell transfection. The design of the FANCD2 shRNA
interference sequence, the construction of the PLKO.I
vector, and the packaging of the lentivirus particles were
completed by Shanghai Zhong Qiao Xin Zhou Biotechnology
Co., Ltd., China. The FANCD2 shRNA interference sequence
was CCGGCGTCTATTAGATTGGAGGATTCTCGAGA-
ATCCTCCAATCTAATAGACGTTTTTG. The NPC cell
line CNE-2 was infected with recombinant lentiviruses and
FANCD?2 stably silenced cell lines were obtained by contin-
uous selection using puromycin (2 pg/ml).

The relative expression level of FANCD2 was verified
by fluorescence quantitative PCR. Total RNA was extracted
from three groups of cells according to the instructions of
the RNA extraction kit (Tiangen Biotech Co., China). Then,
reverse transcription was performed to synthesize cDNA
according to the kit instructions (Takara Bio Co., China).
FANCD? gene amplification, to obtain the desired products
and data, was performed according to the instructions of the
fluorescence quantitative PCR reagent kit (Takara Bio Co.,
China) as follows: pre-denaturation at 95°C for 30 seconds,
followed by 40 cycles of 95°C for 5 seconds and 60 °C for 30
seconds. The relative expression levels of FANCD2 mRNA
in the three groups of cells were calculated. The primer
sequences were as follows: FANCD2 qF: GGAGTCCAT-
GTCTGCTAAAGAG and FANCD2 qR: CAATGTGCTT-
TAACCGAGTGAG.

Radiation exposure. Cell and animal irradiation were
performed using a Siemens linear accelerator (SIEMENS
AG, Germany). Irradiation was conducted at room tempera-
ture, and the radiation dose rate was 200 cGy/min.

Colony formation assay. A preset concentration of cells
in the logarithmic growth phase were seeded in 6-cm dishes,
and after 24 h of incubation, the cells were irradiated (0, 2,
4, 6, 8, and 10 Gy). The cells were continuously cultured
for 14 days after irradiation, and the colonies were fixed in
4% paraformaldehyde, stained with crystal violet, rinsed,
and dried. The number of colonies containing >50 cells was
counted under an inverted microscope. The colony forma-
tion rate was calculated (clone formation rate = number of
clones/number of cells seeded x 100%). GraphPad Prism 8
was used for the multi-target single hit model fitting and cell
survival curves were plotted.

Cell proliferation analysis. 3-(4,5-dimethylthiazol-
yl)-2,5-diphenyltetrazolium bromide (MTT; Solarbio Life
Science, Beijing, China) was used to evaluate the impact
of FANCD?2 silencing on the proliferation of CNE-2 cells
after irradiation. Cells in the logarithmic growth phase were
seeded into 96-well plates at 2000 cells per well. Radiation of
0 or 6 Gy was administered after cell adhesion. The optical
density (OD) values at 450 nm of the cells in each group
were measured 24, 48, 72, and 96 h after irradiation, and cell
proliferation curves were plotted.

Cell apoptosis assay. Cells in the logarithmic growth
phase in each group were inoculated into 6-well plates at a
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concentration of 1x10° cells/ml. Radiation of 0 or 6 Gy was
administered after cell adhesion. Apoptosis was evaluated
at 72 h after irradiation using the Annexin-V-PE/7AAD
apoptosis detection kit according to the manufacturer’s
instructions (BD Biosciences, USA). Annexin-V staining and
7AAD staining were evaluated as follows: annexin-V positive
(+) and 7AAD negative (-) represented early apoptotic cells
(right lower quadrant), while annexin-V (+) and 7AAD (+)
represented late apoptotic and necrotic cells (upper right
quadrant). The data were analyzed using flow cytometry data
analysis.

Cell cycle assay. Cells in the logarithmic growth phase
were diluted to a preset concentration as needed and inocu-
lated into 6 cm dishes. Radiation of 0 or 6 Gy was admin-
istered after cell adhesion. The cells were analyzed by flow
cytometry 48 h after irradiation. The detection methods and
procedures were performed according to the manufacturer’s
instructions of the cell cycle reagent kit (BD Biosciences,
USA). The data were statistically processed to obtain the cell
cycle phase distribution ratio of the experimental cells.

Animal experiments. BALB/c-nu nude mice (female)
aged 3-4 weeks and weighing 10-13 g were purchased from
Chengdu DaShuo Biological Technology Co., Ltd., China.
The mice were housed in a specific pathogen-free (SPF)
experimental animal room at the Department of Oncology,
Affiliated Hospital of Southwest Medical University. All
animal studies followed the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. The
nude mice were randomly divided into three groups with
four mice per group. The animals were fed for 1 week, after
which cells in the exponential growth phase were prepared
in PBS to obtain a 1x107/ml cell suspension and inocu-
lated (using a 1 ml syringe) into the lateral skin on the left
posterior thigh of the nude mice. Each nude mouse was
subcutaneously injected with a 200 pl cell suspension. The
xenograft formation rate and tumor formation time per
group of nude mice were observed. Once visible xenografts
formed, the maximal diameter a) and perpendicular short
axis diameter b) were measured every 3 days, and the tumor
volume (V=1/6 xaxb?) was calculated. On day 22 after the
cell inoculation, xenograft irradiation was performed once
per day (2 Gy each session). Irradiation continued for 5 days.
On the 18th day after the completion of irradiation, all nude
mice were sacrificed by cervical dislocation. The nude mice
were imaged, the tumor was completely removed, and the
xenograft tumor was weighed and imaged. Each xenograft
tumor was aliquoted into two portions for subsequent exper-
iments. The animal experiments were performed according
to the methods described in previous experiments [24].

DNA microarray technology for the screening of differ-
entially expressed genes. An Agilent SurePrint G3 Human
GE 8x60K Microarray Kit was used to detect the gene
expression differences between the CNE-2sh experimental
group and the CNE-2 control group. This experiment was
completed by Capital Bio Corporation, Beijing, China. The in

vitro amplification and fluorescence labeling were performed
using total RNA from cells in each group. After the expres-
sion values of all samples were obtained, the data were
pre-processed and clustered. A fold ratio difference >2 and
a p-value <0.05 were used as the screening criteria to deter-
mine the number of differentially expressed genes. Then,
Gene Ontology (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway, and disease enrichment analyses
were performed to analyze the differentially expressed genes.
Finally, the differentially expressed genes were introduced
into the gene database of the National Center for Biotech-
nology Information (NCBI) and the PubMed database
individually to explore their major functions. After excluding
genes that were not related to tumors or had a low-fold differ-
ential expression, the candidate genes located downstream of
FANCD?2 were selected for PCR and western blot validation.

Western blot analysis. A western blot analysis was
performed to detect the effect of FANCD?2 gene silencing and
the protein expression levels of NUPR1, FLI1, and FGF21 in
cells and xenograft tumors. The total protein was extracted
from the cells and xenograft tumors. The protein samples
were adjusted to the same concentration, separated by 12%
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), and transferred to a nitrocellulose membrane.
The following primary antibodies were used: mouse anti-
human monoclonal FANCD?2 (sc-20022, 1:300); rabbit anti-
human monoclonal FGF21 (sc-81946, 1:1000); rabbit anti-
human monoclonal FLI1 (sc-365294, 1:1000); and rabbit
anti-human polyclonal p8/NUPRI (sc-23283, 1:1000) from
Santa Cruz Biotechnology, CA, USA. The samples were
incubated with the primary antibodies overnight at 4°C, and
the membrane was washed with Tris-buffered saline with
Tween-20 (TBST). Then, the following secondary antibodies
were added: sheep anti-rabbit secondary antibody (sc-2773,
1:2000) and horseradish peroxidase (HRP)-labelled goat
anti-mouse secondary antibody (sc-516102, 1:2000) (Santa
Cruz Biotechnology). The samples were incubated at room
temperature for 2 h. The membrane was washed with TBST,
BeyoECL luminescence solution was added, and the reaction
was stopped by adding double-distilled water once the bands
appeared in the dark.

Immunohistochemistry. Immunohistochemistry was
used to detect the protein expression of NUPR1, FLI1, and
FGF21 in the nude mouse xenograft tissues after irradiation.
Conventional paraffin-embedded tumor tissues were serially
sliced to a thickness of 4 pm. The sections were conventionally
deparaffinized, hydrated, and placed in an ethylenediamine-
tetraacetic acid (EDTA) solution (pH9.0) and microwaved
for antigen retrieval. The sections were immersed in 3% H,O,
for 10 min, rinsed three times with PBS, and incubated with
primary antibodies at 37°C for 1 h. The primary antibodies
included an anti-p8 antibody (sc-23283, 1:200), anti-human
FGF21 antibody (sc-81946, 1:250), and anti-FLI1 antibody
(sc-365294, 1:700) (Santa Cruz Biotechnology). Then, the
sections were incubated with a secondary antibody at room
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temperature for 30 min. Diaminobenzidine (DAB) solution
was added for color development; the sections were counter-
stained with hematoxylin, dehydrated and cleared with
xylene, and mounted. The expression and localization of
each protein in the xenograft tissues were observed under a
microscope.

Statistical analysis. The experimental data are presented
as the mean+SD, and a one-way ANOVA was used for the
data comparisons. SPSS 20.0 and GraphPad Prism 8 software
were used to analyze the experimental results and plot the
curves. A p-value <0.05 was considered significant.

Results

Lentiviral-mediated shRNA interference significantly
silenced FANCD2 expression in CNE-2 cells. The gene
silencing effect was verified by fluorescence quantitative PCR
and western blot analyses. The images were observed under a
fluorescence microscope and conventional microscope after
transfection (Figure 1A), and the fluorescence quantitative
PCR results showed that the expression level of FANCD2
mRNA in the CNE-2sh group was significantly lower than
that in the CNE-2 and CNE-2NC groups (p<0.01; Figure 1B).
The western blot analysis results showed that the expression
level of FANCD?2 protein in the CNE-2sh group was signifi-

FANCD2

GAPDH

cantly lower than that in the CNE-2 and CNE-2NC groups
and that the silencing efliciency reached 92.20% (p<0.01;
Figures 1C, 1D).

The silencing of FANCD2 expression significantly
inhibited the colony formation of CNE-2 cells. The colony
formation results showed that the survival fraction in the
three groups of cells did not significantly differ before irradia-
tion (p>0.05), but as the radiation dose increased, the survival
fraction in the three groups decreased. The colony formation
rate in the CNE-2sh group was significantly lower than that in
the control group (p<0.05; Figure 2). The cell survival curves
were obtained by multi-target single hit model fitting of the
colony formation rate. The results showed that the silencing
of FANCD?2 expression reduced the survival fraction of the
CNE-2sh cells after irradiation.

FANCD?2 silencing significantly inhibited the prolifera-
tion of CNE-2 cells. The MTT results showed that the prolif-
eration levels in the CNE-2sh group were lower than those in
the CNE-2 and CNE-2NC groups at 72 and 96 h after culture
(p<0.05; Figure 3A). Moreover, the proliferation inhibition
effect was enhanced over time after irradiation; the prolif-
eration rate in the CNE-2sh group was significantly lower
than that in the control groups after irradiation at the two
time-points of 72 and 96 h (p<0.01; Figure 3B). Therefore,
FANCD?2 silencing significantly inhibited the proliferation of
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Figure 1. FANCD?2 expression in three groups of CNE-2 cells. A) The images were observed under a fluorescence microscope and a conventional mi-
croscope after transfection. B) Histogram of FANCD2 mRNA fluorescence quantitative PCR detection results in three groups of cells. C) Western blot
analysis showing the FANCD?2 protein expression level in the three groups of CNE-2 cells. D) Histogram of FANCD2 relative expression in the three

groups of cells. **p<0.01
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NPC CNE-2 cells, and the proliferation inhibition effect was
time-dependent. In addition, cell proliferation inhibition was
enhanced after irradiation.

FANCD?2 silencing significantly increased apoptosis in
CNE-2 cells and induced cell cycle arrest at the G2/M phase
after irradiation. A dose of 6 Gy of radiation was admin-
istered to the three groups of cells, and flow cytometry was
used to evaluate apoptosis 72 h after irradiation. The results
showed that the CNE-2sh group had a higher apoptosis
rate than the CNE-2NC group and CNE-2 group (p<0.05;
Figure 4A). Flow cytometry was used to evaluate the cell
cycle distribution 48 h after irradiation. The results showed
that the proportion of cells in the G0/G1 phase and S phase
in the CNE-2sh group was significantly lower than that in the
cells in the CNE-2 and CNE-2NC groups, while the propor-
tion of cells in the G2/M phase was significantly higher than
that in the cells in the CNE-2 group and CNE-2NC group
(p<0.05; Figure 4B). These results indicate that FANCD2
silencing significantly increased CNE-2 cell apoptosis after
irradiation and induced cell cycle arrest at the G2/M phase.

FANCD?2 silencing significantly inhibited the growth
of CNE-2 cells in vivo. In each group, xenograft tumors
formed and were visible by the naked eye within 5-7 days,
and the tumor formation rate was 100%. The average
tumor formation time was 6 days, and the tumor forma-
tion time did not significantly differ among the three
groups of cells (Figure 5A). Before irradiation, on day 22
after inoculation, the tumor volume in the CNE-2sh group
was 453.29+27.31 mm’, which was significantly lower than
that in the CNE-2NC group (710.35£33.23 mm?®) and the
CNE-2 group (737.78+23.12 mm°) (p<0.01; Figure 5B). After
irradiation, the volume of the xenograft tumors in the mice
in the CNE-2sh experimental group no longer increased,
and the final volume was 216.35+27.75 mm?, which was
significantly lower than that of the tumors in the mice in
the CNE-2 group (619.68+37.89 mm?*) and CNE-2NC group
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Figure 2. FANCD?2 silencing significantly reduced the survival fraction
of CNE-2 cells after irradiation. The cell survival fraction in the three
groups of cells after 14 days of radiation with 0, 2, 4, 6, and 8 Gy. *p<0.05

(577.56£27.48 mm?; p<0.01; Figures 5B, 5C). In addition, the
final weight of the xenograft tumors in the nude mice in the
CNE-2sh experimental group after irradiation (0.33+0.07 g)
was significantly lower than that in the mice in the CNE-2
group (1.20+0.28 g) and the CNE-2NC group (1.10+0.19g;
p<0.01; Figure 5D). These results suggest that FANCD2
silencing inhibits CNE-2 cell growth in vivo and enhances
their sensitivity to radiation therapy.

Screening for differentially expressed genes. An Agilent
whole human genome microarray was used to detect
different gene mRNA expression levels between the CNE-2sh
group and CNE-2 group. The results showed that 313 genes
were differentially expressed between the two groups of cells,
including 193 genes that were upregulated and 120 genes
that were downregulated in the CNE-2sh cells (Figure 6,
Supplementary Table S1). GO and KEGG (Tables 1, 2)
pathway analyses of the differentially expressed mRNAs were
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Figure 3. Cell proliferation analysis using an MTT assay. A) At a radiation dose of 0 Gy, the OD values in the experimental group at 72 h and 96 h after
conventional culture were significantly lower than those in the control group. B) The inhibition effect was more significant in the cells after receiving
6 Gy radiation therapy. FANCD?2 silencing significantly inhibited the proliferation of CNE-2 cells, and the proliferation inhibition effect was time and
dose-dependent. *p<0.05, **p<0.01
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performed. The differentially expressed genes involved in
molecular functions were sorted according to the fold differ-
ences, and FGF21, FLI1, and NUPRI were selected as the top
three differentially expressed genes for the subsequent exper-
iments. DNA microarray showed the original signal value of
NUPRI, FLI1, and FGF21 in the cells of the experimental
group was significantly lower than that in the control groups
(p<0.05; Table 3). PCR validation showed that the relative
mRNA expression of NUPRI, FLII, and FGF21 in the cells
in the experimental group was significantly lower than that
in the control groups (p<0.05; Table 4).

FANCD?2 silencing downregulated the FGF21, FLI1,
and NUPRI protein expression levels in CNE-2 cells. The
western blot analysis showed that the FGF21, FLII, and
NUPRI protein expression levels in the CNE-2sh group were
downregulated compared to those in the control CNE-2

* Genes with up-regulated expression

* Genes without differential expression

Fold change

* Genes with down-regulated expression

0 2 4 6
-log10 (P-value)

Figure 6. Volcano plot of the differences in gene expression between CNE-
2 and CNE-2sh cells. Each rectangle in the figure represents the relative
expression level of each gene in different samples. The high-expression
genes are marked in red, and the low-expression genes are marked in
blue.

Table 1. GO enrichment analysis of the differentially expressed genes based on DAVID 6.8 (p<0.05).

GO Analysis Enrichment Terms p-value Benjamini
BP Analysis GO:0007165~signal transduction 0.001 0.699
GO:0010951~negative regulation of endopeptidase activity 0.002 0.619
G0:0007267~cell-cell signalling 0.005 0.865
GO:0048546~digestive tract morphogenesis 0.008 0.890
GO:0032956~regulation of actin cytoskeleton organization 0.013 0.947
GO:0009615~response to virus 0.029 0.995
GO:0030574~collagen catabolic process 0.030 0.992
GO:0070328~triglyceride homeostasis 0.030 0.986
GO:0060326~cell chemotaxis 0.031 0.979
GO0:0015721~bile acid and bile salt transport 0.032 0.974
GO:0016477~cell migration 0.035 0.973
GO:0070374~positive regulation of ERK1 and ERK2 cascade 0.037 0.971
GO:0070098~chemokine-mediated signalling pathway 0.039 0.965
GO:2000660~negative regulation of interleukin-1-mediated signalling pathway 0.041 0.965
GO:0022617~extracellular matrix disassembly 0.046 0.969
CC Analysis GO:0005615~extracellular space 0.000 0.009
GO:0005576~extracellular region 0.002 0.189
GO:0005578~proteinaceous extracellular matrix 0.002 0.160
GO:0030175~filopodium 0.007 0.317
GO:0031410~cytoplasmic vesicle 0.014 0.445
GO:0005737~cytoplasm 0.016 0.448
GO:0016328~lateral plasma membrane 0.019 0.447
GO:0090498~extrinsic component of Golgi membrane 0.032 0.580
GO:0070062~extracellular exosome 0.034 0.559
GO:0009925~basal plasma membrane 0.041 0.591
MF Analysis GO:0004867~serine-type endopeptidase inhibitor activity 0.004 0.703
GO:0004896~cytokine receptor activity 0.006 0.655
GO:0008009~chemokine activity 0.015 0.811
GO0:0005201~extracellular matrix structural constituent 0.034 0.943
GO:0042169~SH2 domain binding 0.037 0.920

Abbreviations: BP-biological process; CC-cellular component; MF-molecular function
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group (p<0.05). After irradiation, FGF21, FLI1, and NUPR1
protein expressions were examined again in the cells in the
experimental and control groups, and the results showed
the same trend; the difference was significant (p<0.05;
Figures 7A, 7B). In addition, the western blot and immuno-
histochemistry analyses of the CNE-2 xenograft tumors after
irradiation in the nude mice showed that FGF21, FLI1, and
NUPRI protein expression in the CNE-2sh xenografts after
irradiation was significantly downregulated compared to that
in the CNE-2 control group (p<0.05; Figures 7C, 7D, 8, and
9). These results are consistent with those of the in vitro cell
experiments.

Discussion

Studies have shown that a functional dysfunction of
FANCD?2, which is a key protein in the FA pathway, can lead to
the inactivation of the FA pathway, which, in turn, increases
the sensitivity of cells to DNA cross-linking damage. Li et al.
showed that FANCEF silencing increased the sensitivity of the
anticancer drug mitoxantrone by inhibiting the monoubiqui-
tination of FANCD?2 and that the mechanism of its enhanced
sensitivity is related to the inhibition of the in vitro prolifera-
tion of the breast cancer cell lines MCF-7 and T-47D [25].
The silencing of FANCD2, FANCF, and FANCL by siRNA
technology significantly reversed the cisplatin resistance of
A549/DDP lung cancer cells and increased their sensitivity
to cisplatin treatment by directly inhibiting the FA/BRCA
DNA repair pathway, increasing cisplatin-induced DNA

Table 2. KEGG pathway enrichment analysis of the differentially ex-
pressed genes based on DAVID 6.8 (p < 0.05).

Enrichment Analysis of KEGG Pathways

p value Benjamini

hsa05146: Amoebiasis <0.001 0.017
hsa04060: Cytokine-cytokine receptor interaction ~ 0.004 0.253
hsa04620: Toll-like receptor signaling pathway 0.005 0.228
hsa05202: Transcriptional misregulation in cancer ~ 0.030 0.703
hsa04062: Chemokine signaling pathway 0.045 0.766

damage in lung cancer cells, inhibiting tumor cell prolif-
eration, and promoting apoptosis [26]. Our study results
showed that after FANCD?2 silencing by shRNA interference,
the proliferation activity of CNE-2sh cells in the experi-
mental group was significantly inhibited in vivo and in vitro,
and the apoptosis rate increased. These findings indicate that
FANCD? silencing by lentiviral-mediated shRNA interfer-
ence inhibited the proliferation of NPC CNE-2 cells and that
the radiosensitivity effect of silencing FANCD?2 is related to
cell proliferation.

Cell cycle regulation plays an important role in tumor
cell proliferation, apoptosis, and ionizing radiation sensiti-
zation. Pawlik et al. demonstrated that in the DNA damage
repair process, cells are arrested in the G2/M phase, and cells
in the G2/M phase are more susceptible to the cytotoxic
effects of ionizing radiation [27]. The induction of cell cycle
arrest at the G2/M phase in tumor cells may be an effective
strategy for enhancing the ionizing radiation effect against
tumors [28]. Numerous recent studies have shown that
increasing radiation-induced G2/M phase arrest in tumor
cells can significantly increase the sensitivity of HNSCC,
cervical cancer, and prostate cancer cells to ionizing radia-
tion [29-32]. In the present study, the cell cycle detection
results after irradiation showed that the proportion of cells
in the G2/M phase in the CNE-2sh group was significantly
higher than that in the control group cells, indicating that
FANCD?2 silencing significantly increased radiation-induced
G2/M phase cell cycle arrest in the CNE-2 cells and enhanced
their ionizing radiation sensitivity. Interestingly, in ionizing
radiation sensitivity experiments involving bone marrow
stromal cells and IL-3-dependent hematopoietic stem cells
of FANCD2-deficient mice, Berhane et al. found that the
growth life of bone marrow stromal cells was shortened
and showed strong radiation sensitivity and DNA damage
involvement. However, there was no obvious radiation-
induced G2/M arrest [33]. These results indicate that many
factors affect the radiation sensitivity of tumor cells and that
different tumor cells may exhibit different responses after
irradiation; however, the specific mechanism still requires

Table 3. The relative expression (original signal value) of three differential tumor-associated genes in CNE-2 and CNE-2sh cells detected by a DNA

microarray (mean * SD).

Gene symbol CNE-2 (wide type) CNE-2sh (FANCD2") T-value p-value
NUPR1 13,907.89 + 3520.28 3933.00 + 509.67 4.857 0.037*
FLI1 278.60 + 35.72 117.751 £9.07 7.558 0.002*
FGF21 663.73 + 78.37 143.32 +18.53 11.193 0.005*

*Statistically significant (p<0.05)

Table 4. The relative mRNA expression (2**“dvalue) of NUPRI, FLI1 and FGF21 mRNA in each group of cells detected by RT-qPCR (mean+SD).

Gene symbol CNE-2 (wide type) CNE-2sh (FANCD27) T-value p value
NUPR1 1.000 + 0.000 0.148 + 0.005 322.026 <0.001*
FLI1 1.000 £ 0.000 0.434 £0.017 57.568 <0.001*
FGF21 1.000 £ 0.000 0.236 £ 0.016 84.715 <0.001*

*Statistically significant (p<0.05)
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Figure 7. FANCD?2 silencing decreases NUPR1, FLI1, and FGF21 protein expression in CNE-2 cells after irradiation in vitro and in vivo. A, B) Detection
of FGF21, FLI1, and NUPRI1 protein expression in CNE-2sh cells and CNE-2 cells using western blotting before and after irradiation; C, D) Detection
of FGF21, FLI1, and NUPRI protein expression in CNE-2sh xenografts and CNE-2NC xenografts using western blotting. CNE-2+R and CNE-2sh+R
represent the radiation exposure group. *p<0.05, **p<0.01
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Figure 8. Inmunohistochemistry analysis of FGF21, FLI1, and NUPRI protein expression in nude mouse xenografts after irradiation. NUPR1 and
FLI1 expression were mainly evident in the nucleus and in the cytoplasm. FGF21 expression was mainly located in the cytoplasm (magnification, 400x).
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Figure 9. Image-Pro Plus 6 software was used to analyze the relative ab-
sorbance values of FGF21, FLI1, and NUPRI protein in tumors after ir-
radiation. The average absorbance values of FGF21, FLI1, and NUPR1
in the CNE-2sh group were significantly lower than those in the control
group CNE-2. *p<0.05, **p<0.01

further study. Apoptosis refers to the programmed death of
living cells, is regulated by gene expression, and is morpho-
logically different from necrosis. Apoptosis is also an impor-
tant indicator used to measure the radiation sensitivity of
tumor cells. Levine et al. reported that the number of sponta-
neously apoptotic cells in tumor tissue before irradiation is a
powerful predictor of the radiation response [34]. Numerous
recent studies have shown that apoptosis is an important
factor affecting the ionizing radiation sensitivity of NPC
cells [35, 36]. The flow cytometry analysis in our research
demonstrated that FANCD?2 silencing increased CNE-2
cell apoptosis after irradiation. These results indicate that
silencing FANCD2 gene expression significantly increased
radiation-induced apoptosis in CNE-2 cells and enhanced
the ionizing radiation sensitivity.

NUPRI was originally identified as p8, which is a gene
that is preferentially upregulated during the acute inflamma-
tory phase of the cellular stress response in a rat pancreatitis
model [37]. Previous studies have confirmed that NUPRI can
significantly promote tumor cell growth. Ree et al. demon-
strated that NUPRI is involved in early breast cancer growth
and mediates distant breast cancer metastasis [38]. Recent
studies have reported that mitochondrial dysfunction in
NUPRI1-deficient pancreatic cancer cells leads to increased
glycolysis, reduced ATP production, and impaired cellular
stress response, thereby promoting programmed cell death
[39]. Zeng et al. [40] found that knocking out NUPRI inhibits
the growth of U266 and RPMI8226 multiple myeloma cell
lines via the activation of PTEN and caspase-dependent
apoptosis. This study found that FANCD?2 silencing downreg-
ulated NUPRI expression, inhibited cell proliferation, and
promoted apoptosis, however, its specific mechanism needs to
be further studied. FLII is a member of the ET'S transcription
factor family and is usually expressed in hematopoietic cells,
including most immune-active cells [41], heart cells, lung

cells, and ovarian cells [42, 43]. However, limited attention
has been paid to the role of FLII in epithelial tumors [44]. The
FLII gene encodes a transcription factor containing a DNA
binding domain, and this gene can be translocated with the
Ewing sarcoma (EWS) gene located on chromosome 22 by T
(115 22) (q24; q12) to form a fusion gene EWS-FLI1. Franzetti
et al. showed that EWS-FLI1 regulates cell proliferation and
migration through a MAPK-independent pathway. High
levels of EWS-FLII promote ES proliferation, while low levels
of EWS-FLI1 drive tumor cell migration [45]. Similarly, in a
study investigating the relationship among the glucocorticoid
receptor (GR), Ewing’s sarcoma and juvenile bone malig-
nant tumors, Srivastava et al. found that GR combined with
specific regions of FLI1 can enhance GR transcription activity,
thereby promoting tumor proliferation and migration [46].
In addition, studies have shown that the FGF family plays an
important role in tumorigenesis and progression. The upreg-
ulated expression of various typical FGFs (including FGFI,
FGF2, and FGF 6-9) derived from tumor cells or stromal
cells can induce the occurrence and progression of various
tumors and cancers [47, 48]. Kang et al. showed that FGF21
was highly expressed in papillary thyroid carcinoma patients’
serum and that its expression level was positively correlated
with the tumor stage, vascular lymphatic invasion, and recur-
rence. The underlying mechanism proposed was that FGF21
promotes tumor growth and invasion through the regulation
of the signal axis of the FGFR pathway [49]. Studies in China
reported that the transient silencing of FGF21 increased the
sorafenib-induced inhibition of hepatocellular carcinoma cell
proliferation [50]. However, animal experiments have shown
that FGF21 is highly expressed in mouse pancreatic acinar
cells and that the activation of the proto-oncogene KRAS
can significantly reduce FGF21 expression. The injection
of recombinant FGF21 can significantly reduce pancreatic
inflammation and tumorigenesis, and its specific mechanism
is that FGF21 can decrease the ability of RAS to bind guano-
sine triphosphate. Therefore, it is speculated that FGF21 can
be used for the prevention and treatment of pancreatic cancer
[51]. The above results indicate that NUPRI, FGF21, and FLI1
promote tumor growth in certain tumors. Interestingly, in
this study, the expression levels of NUPRI, FGF21, and FLII
were all downregulated after FANCD2 silencing. Cell prolif-
eration was inhibited both in vitro and in vivo, apoptosis was
increased, and the cell cycle was arrested at the G2/M phase
after irradiation, which is consistent with the findings in most
studies showing that NUPRI, FGF21, and FLII play roles in
promoting tumor growth.

In conclusion, the results of this study indicate that
FANCD? silencing can significantly enhance the ionizing
radiation sensitivity of NPC CNE-2 cells. We demonstrate
that the mechanism underlying the increased radiosensi-
tivity may be related to the regulation of the expression of
the proteins NUPR1, FGF21, and FLI1. Our investigation
suggests that FANCD?2 is a promising target for NPC radia-
tion therapy.
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