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ARTICLE INFO ABSTRACT
Keywords: Background: Genome-scale CRISPR-Cas9 knockout screening may provide new insights into the mechanism un-
Nan’Phaf}fﬂ'géal carcinoma derlying clinical radioresistance in nasopharyngeal carcinoma (NPC), which is remain largely unknown. Our
Radiosensitivity objective was to screen the functional genes associated with radiosensitivity and radioresistance in NPC, laying a
Radiaoresistance . . . .

foundation for further research on its functional mechanismand.
CRISPR-cas9

Methods: CRISPR-Cas9 library lentivirus screening in radiation-treated NPC cells was combined with second-
generation sequence technology to identify functional genes, which were further validated in radioresistant
NPC cells and patient tissues.

Results: Eleven radiosensitive and radioresistant genes were screened. Among these genes, the expression of
FBLN5, FAM3C, MUS81, and DNAJC17 were significantly lower and TOMM20, CDKN2AIP, SNX22, and SP1
were higher in the radioresistant NPC cells (C666-1R, 5-8FR) (p < 0.05). CALD1 was highly expressed in C666-
1R. Furthermore, we found knockout of FBLN5, FAM3C, MUS81 and DNAJC17 promoted the proliferation of
NPC cells, while CDKN2AIP and SP1 had the opposed results (p < 0.05). This result was verified in NPC patient
tissues. Meanwhile, KEGG analysis showed that the Fanconi anemia pathway and the TGF-f signaling pathway
possibly contributed to radiosensitivity or radioresistance in NPC.

Conclusions: Nine genes involved in the radiosensitivity or radioresistance of NPC: four genes for radiosensitivity
(FBLN5, FAM3C, MUS81, and DNAJC17), two genes for radioresistance (CDKN2AIP, SP1), two potential radi-
oresistant genes (TOMM20, SNX22), and a potential radiosensitive gene (CALD1). Genome-scale CRISPR-Cas9
knockout screening for radiosensitive and radioresistant genes in NPC may provide new insights into the
mechanisms underlying clinical radioresistance to improve the efficacy of radiotherapy for NPC.

Functional gene

Introduction distribution and complex etiology, with higher incidence in Southern
China, Southeast Asian countries, Northern and Northeastern Africa,

Nasopharyngeal carcinoma (NPC) is a malignant tumor that occurs Alaska of the United States, and Western Canada [3]. Due to the
on the top and lateral wall of nasopharyngeal cavity [1]. The tumor anatomical limitations and high radiosensitivity, radiotherapy is the
originates from the epithelial cells covering the nasopharyngeal surface primary treatment for NPC [4]. Despite the improvement of technology

[2]. NPC is a geographically relevant tumor with a particular global of radiotherapy and the updating of equipment, the prognosis of locally
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advanced NPC is still poor, with a 5-year overall survival rate of 60%
[5-8]. The resistance of cancer cells to radiation is one of the main
reasons for treatment failure. Therefore, increasing the sensitivity of
tumor cells to radiotherapy is the key to improve the efficacy of radio-
therapy for NPC. How to screen and identify functional genes for
radiosensitivity and radioresistance in NPC in an efficient, accurate and
high-throughput manner, to deeply understand the radiosensitivity and
radioresistance of NPC and their mechanisms, and to improve the
sensitivity of tumor cells to radiotherapy are the current problems that
need to be addressed.

CRISPR is an acquired immune mechanism used by bacteria to resist
the invasion of foreign genetic material. It has the advantages of simple
design, strong specificity, high efficiency, and the ability to produce
multiple types of editing results at target sites [9]. The CRISPR-Cas9
gene-editing system consists of the Cas9 protein (or other homologous
proteins) with an endonuclide function and a single guide RNA (sgRNA).
Inactivated caspase-dead mutants of Cas9 (dCas9) fuse or recruit tran-
scription factors and act on transcription start sites (TSS) to regulate
gene transcription. When sgRNA targets individual genes, CRISPR can
be considered as an efficient gene-editing tool [10]. When sgRNA targets
whole genome sequences, CRISPR is upgraded as a genome-wide
screening tool [11,12]. Gene editing in mammalian cells using
CRISPR-Cas9 was first reported in 2012 [13]. CRISPR-Cas9, as an effi-
cient and convenient new generation gene-editing technology, has been
successfully applied in transgenic yeast [14], fruit fly [15], mouse [16],
and other model organisms [17]. In recent years, CRISPR-Cas9 tech-
nology has made great progress. Through the design of an sgRNA hy-
bridization libraries, CRISPR cleavage targets can cover the whole
genome with higher specificity. Thus, CRISPR-Cas9 can be used for
functional deletion screening by inducing gene mutation and functional
acquisition screening by activating transcription [18]. By repressing
gene expression at the DNA level, we can study phenotypes that require
gene knockout to appear.

Radiation resistance of NPC is a major issue that seriously affects the
prognosis of patients. Traditional studies based on specific gene function
analysis have reported many pathways or mechanisms related to the
radiosensitivity of NPC, these include ATM/ATR pathway, mTORC1
pathway, Erk pathway, PI3K-Akt pathway and some miRNA molecules,
etc [19-22]. There is not systematic mechanism of radiosensitivity and
radioresistance in NPC at present. The omics-based screening analysis
technology can systematically and extensively explore the functional
genes and pathways related to radiosensitivity and radioresistance, and
provide a more comprehensive understanding of the mechanisms of
radiosensitization and radiation resistance. The Cas9 library is an
important tool for high-throughput screening based on gene function.
However, there are few published reports regarding the use of
CRISPR-Cas9 library to screen radiosensitivity and sexual resistance
genes in NPC. In this study, genome-wide CRISPR-Cas9-sgRNA library
virus was used to screen for radiosensitive and radioresistant functional
genes in NPC. It provides a basis for systematically exploring the
mechanism of radiosensitivity and radioresistance in NPC.

Materials and methods

CRISPR-Cas9 library Lentivirus screening of key functional genes in NPC
combined with second-generation sequencing technology to identify specific
sgRNA

genome-wide CRISPR-Cas9 gene knockout screening was performed
to identify genes associated with radiosensitivity and radioresistance in
the NPC cell line. We transfected C666-1 cells with a genome-scale
CRISPR knocked out (GeCKO V2.0 Pooled Library of Shanghai Gikco
Company, LTD.) v2.0 Pooled Library. The library contained 19,050
encoding genes and 1,864 microRNA genes. The GeCKO plasmid library
constructed by Zhang feng laboratory of Broad institute [23,24] was
used in our experiment, and the sgDNA library contained 6 different
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sgRNAs for each coding gene and 4 different sgRNAs for each miRNA.
The coverage and uniformity of the library sgRNA were checked, and QC
testing for lentivirus was carried out comprehensively in accordance
with the requirements of the FDA and the Chinese Pharmacopeia for
viral vaccines and other preparations. The GeCKO system single vector
virus sgRNA, Cas9, and puromycin(puro) were used to selectively
markers into the cells, and C666-1 cell were infected by Cas9 library
virus and cultured. The cells were divided into three groups for radio-
resistance screening after successfully infection. One group of samples
was used as the control, and early library infection was the starting
control for genetic change trend analysis. The other two groups were
exposed to doses of 0 Gy/1f and 2 Gy/1f respectively, and cell samples
were collected 7 and 14 days after irradiation. PCR amplification was
performed using genomic DNA of living cells in the sgRNA coding re-
gion, followed by high-throughput sequencing analysis [23].

SgRNAs corresponding to genes that regulate radiosensitivity can be
selectively enriched or lost. To eliminate as much as possible random
changes or false positive or false negative changes caused by corre-
sponding genes affecting cell proliferation, two-time point samples were
set up in the experiment, and the samples in the early stage of library
infection were retained for trend correction. Genes with the same trend
at both time points were more likely to be associated with radiosensi-
tivity. Our CRISPR screening experiments was performed in three bio-
logical replicates.

The radiation dose for the NPC cell line

The NPC cell line C666-1was irradiated with x-rays, and given 0, 1, 2,
or 4Gy/1f, respectively. The cell growth curve of NPC cells after irra-
diation was determined by the colony formation and proliferation assay
CCK8, and the irradiation dose at which the cell growth inhibition rate
reached 40% was selected as the optimal irradiation dose.

The screening dose and time of puromycin

The NPC cells c666-1 were treated with puromycin at different
concentrations of 1ug/mL, 2ug/ml, 3ug/ml, 4ug/ml and 5ug/ml for O-
48h. The concentration and duration of puromycin were selected
under the condition that the cell mortality rate >90%.

Bioinformatics analysis

The original sequencing data were extracted, filtered, and treated
with low quality to obtain clean data. Then the expression abundance of
the corresponding sequence was obtained after quality control and
compared with the sgRNA sequence of the GeCKO library gene. All
sgRNAs were then enriched for analysis. Candidate genes were obtained
by sequencing of sgRNA enrichment in cell samples collected 7 and 14
days after irradiation. The effective genes showed a certain degree of
enrichment in the cell samples collected 7 days after irradiation and a
higher degree of enrichment in the cell samples collected 14 days after
irradiation, thus obtaining a list of genes related to radiation sensitivity
and radiation resistance of NPC cells after irradiation. Through gene
ontology (GO) and Kyoto Encyclopedia of Genes and Genomes(KEGG)
pathway analyses, genes with high enrichment that were closely related
to radiosensitivity and radioresistance were selected.

Establishment of radioresistant NPC cells

NPC cell lines c666-1 and 5-8F were purchased from the Cell Center
of Central South University, Changsha, China. In order to establish cells
with significant resistance to radiation(abbreviated C666-1R and 5-
8FR), C666-1 and 5-8F cells were irradiated at progressively higher
doses. All subsequent experiments used exponentially growing cells. The
radiation dose was increased to 4, 6, 8, and 10Gy. Each dose was irra-
diated twice, with a total dose of 60Gy.The remaining cells were
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cultured and subcultured more than five times. The C666-1 and 5-8F
cells that were identified as radioresistant cell were named C666-1R
(resistant cells C666-1) and 5-8FR (resistant cells 5-8F). The resistance
of ability of resistant cells was verified by colony formation. Subsequent
experiments were conducted using C666-1R and 5-8FR within 5-10
generations after the termination of the final round of radiation
exposure.

A single gene knockout stable cell line with low expression was constructed

Cas9 technology was used to knockout key genes to construct stable
cell lines of C666-1 and CNE1 with low expression of candidate genes.
The same technology was used to establish the control cell lines. The
sgRNA sequences and diversity of candidate genes are listed in Table S1.
Firstly, cell suspensions with a density of 3-5*10% /ml were inoculated
in a six-well plate (Corning, USA) for 16-24h. After the cell confluence
was 20-30%, the corresponding virus venom and infection enhancement
solution were added according to the cell multiplicities of infection
(MOI) and virus titer, and cultured for 12-16h. The conventional culture
solution was then replaced and cultured. The efficiency of the infection
was observed by fluorescence microscopy after approximately 72h.
After the infection, puromycin was used for screening. The corre-
sponding total RNA and proteins were extracted to verify the differential
expression in proteins of candidate genes.

Cell proliferation assay

In order to verify the function of the candidate genes identified from
GeCKO screening, we use the CCK8 assay to detect the proliferative
ability of the stable cells with single gene knockout after radiotherapy.
Cells at the logarithmic growth stage were digested with 0.125% trypsin
(containing 0.02% EDTA) and then inoculated into 96-well plates with
1000 cells per well in triplicate. After the cells were attached to the wall,
the optimal irradiation dose was applied. After 0,12, 24, 36, 48, 60, and
72 h of irradiation, 10ul of the CCK8 reagent was added to each well and
incubated at 37°C for 2 h, and the absorbance (OD value) of the plate
was measured at a wavelength of 450nm. Each data was repeated at
least three times.

Clone formation experiment

The cells were inoculated in a 60 mm culture dish (Corning). After
attached to the wells, the cells were irradiated at different doses (0, 2, 4,
6, 8, and 10Gy) and then cultured for 14 days. Thereafter, the culture
medium was discarded, and the cells were washed twice with PBS and
fixed with methanol for 15 min. The fixative solution was discarded and
stained with crystal violet reagent (concentration 0.1%). The number of
colonies greater than 50 cells was counted under the microscope.

Real-time RT-PCR

Total RNA was extracted using TRIzol. mRNAs were retroactively
transcribed according to the protocol recommended by the Mona
detection kit (GeneCopoeia INC. S MD, USA). The mRNA was quanti-
tatively detected using Nano Drop (Thermo Fisher Scientific, Madision,
USA). The synthetic mRNA primers were designed by Takara Bio
(Takara Bio, San Francisco, CA), and the primers of elven known mRNAs
were purchased from GeneCopoeia (Guangzhou, China). The primer
details are listed in Table S2. Real-time qRT-PCR was performed on a
CFX96 TouchTM System (Bio-Rad, Hercules, CA, USA). The internal
control was ACTIN. The 2 ~ 2 # €T method was used to calculate the
relative expression. Each data was repeated at least three times.

Western Blot (WB)

Cells were collected and total protein was extracted with Radio
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Immunoprecipitation Assay (RIPA) and Phenyl methane sulfonyl fluo-
ride (PMSF). A bicinchoninic acid (BCA) protein quantification kit
(Beyotime, China, Shanghai) was used to determine the protein con-
centration. The protein was mixed with the loading buffer and dena-
tured by heating at 100°C, and then subjected to SDS-PAGE. The protein
was then transferred to a PVDF membrane (Millipore, Billerica, MA,
USA). The membrane was cut according to molecular weight, sealed
with 5% skim milk, and incubated with primary and secondary anti-
bodies. Relative protein levels were quantified using actin as a reference.
Grayscale analysis was performed using ImageJ software (Amersham
Biosciences), and independent samples t-test was used for statistical
evaluation(p < 0.05 was considered significant). Each experiment was
repeated at least three times.

Patients and samples

Tissue samples were obtained from 15 radiotherapy resistant NPC
patients and 15 radiotherapy sensitive NPC patients at the First Affili-
ated Hospital of Guangxi Medical University. Radioresistant patients
were defined as those who were evaluated as stable disease (SD) or
progressive disease (PD) at three months after radiotherapy and recur-
rence within 6 months, while radiosensitive patients as those who were
complete remission (CR) or partial remission (PR) at three months after
radiotherapy. Samples were collected before the patients were treated
with radiotherapy. All the tissue specimens were fixed in 4% formalin
and embedded in paraffin.

Immunohistochemistry (IHC) for radiosensitive and radioresistant genes
expression quantitation

Briefly, tissue sections were incubated with a polyclonal antibody
overnight at 4°C after antigen retrieval, followed by incubation with a
biotinylated secondary antibody and an avidin-biotin peroxidase com-
plex (ZSGB-Bio, Beijing, China). Then DAB chromogenic substrate so-
lution (ZSGB-Bio, Beijing, China) was added to the slides to form an
immunoreaction. Harris hematoxylin was used for counterstaining. [HC
results were interpreted by two independent pathologists who were
blinded to the clinicopathological information.

Statistical analysis

Data are expressed as the mean + standard deviation. All experi-
ments were repeated at least three times. Independent sample t-test and
repeated measure ANOVA were the statistical analyses specified for each
experiment. P < 0.05 was considered statistically significant.

Results

Key functional genes of NPC screened by the Genome-scale CRISPR-Cas9
and second-generation sequencing technology

The quality inspection results showed that the coverage and uni-
formity of the library sgRNA were good. The quality inspection test
indicated that all indicators met the GMP standard and could be used for
subsequent experiments (Fig. S1.A-B, Table S3-6). In this experiment,
when MOI=3, Function MOI=0.42, the virus titer was the best. There-
fore, MOI=3 was selected as the virus infection dose in this study
(Function MOI=0OD(Puromycin+)/OD(Puromycin-)) (Fig. S2.A-B). The
colony formation and CCK8 experiment in C666-1 cell line showed that
the cells were exposed to doses of 2Gy/1f then the cell growth inhibition
rate reached 40%, so 2Gy/1f of irradiation was the optimal irradiation
dose for C666-1 cells (Fig. 1A-B, Fig. S3). After treatment with puro-
mycin at a concentration of 3ug/ml for 48h, the cell-killing efficiency
was close to 100%. Therefore, 3ug/ml was selected as the working
concentration of puromyecin in this study (Fig. 1C). We infected the NPC
cell line C666-1 using the condition CRISPR/Cas9-sgRNA library virus
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Fig. 1. CRISPR-Cas9 library lentivirus screening in radiation-treated nasopharyngeal carcinoma cells combined with second-generation sequencing technology to
identify specific sgRNA. (A) CCK8 assays in C666-1 cells for 13 consecutive days after single irradiation with different doses (0, 1, 2, and 4Gy) were used for
determing radiation dose. (B) Colony formation of different doses in C666-1. (B) CCK8 assays were used to determine the time and concentration of puromycin. (D)
SgRNA enrichment box diagram. (E) Cluster analysis diagram of differential genes and (F) Circor analysis diagram, including the top 5 upregulated genes: FBLNS5,
FAM3C, MUS81, DNAJC17, and CALD1, and top 6 downregulated genes: TOMM20, CDKN2AIP, SNX22, PSIP1, SP1, and TLN1. (G) GO function analysis cluster
diagram after 14 days of irradiation. (H) SgRNA frequency from irradiated Day14 of 11 key functional genes (FBLN5, FAM3C, MUS81, DNAJC17, CALD1; TOMM20,

CDKN2AIP, SNX22, PSIP1, SP1, TLN1).

and provided 2Gy/1f of irradiation. The nuclear genomes of the irradi-
ated and unirradiated groups were extracted on the 7th and 14th day
after irradiation respectively, and the second-generation sequencing was
performed [23].

CRISPR-Cas9-sgRNA library virus filtering the results of the analysis
indicate that the effective gene will be showed a certain degree of
enrichment in collected cells after 7 days after irradiation, and showed
higher abundance after 14 days (Fig. 1D). Combining bioinformatics
with cluster analysis of differential genes, 210 genes closely related to
radiosensitivity and radioresistance in NPC were identified, among
which 79 genes were upregulated and 131 genes were downregulated
(Fig. 1E, F). The 210 genes selected were analyzed by GO analysis to
understand their roles in biological processes, molecular functions, and
cellular components (Fig. 1G). For further study, we selected genes with
high enrichment that were closely related to radiosensitivity and radi-
oresistance, including top 5 upregulated genes: FBLN5, FAM3C, MUS81,
DNAJC17 and CALD1, and top 6 downregulated genes: TOMM20,
CDKN2AIP, SNX22, PSIP1, SP1, and TLN1(Fig. 1H). The key genes in-
formation from the results of high-throughput sequencing analysis are
shown in Table S7.

Construction of the radiotherapy resistant and the CRISPR-Cas9-mediated
gene knockout cell lines

Real-time RT-PCR and WB were used to verify the successful con-
struction of NPC cell lines with a single key gene (FBLN5, FAM3C,
MUS81, DNAJC17, CALD1, TOMM20, CDKN2AIP, SNX22, PSIP1, SP1,
TLN1) knockout. The mRNA expression of candidate genes in stable cell
line C666-1 (Fig. 2A) and CNE1(Fig. S7) with a single key gene knockout
were significantly lower than control group (p < 0.05). Western blotting
results showed that the protein expression level of the C666-1 (Fig. 2B-
C) and CNE1 (Fig. S6) cells with a single key gene knockout were
significantly lower than control group (p < 0.05,). The fluorescence
microscopy images of C666-1 and CNE1 cells with a single gene
knockout, and the level of Green Fluorescent Proteins (GFP) is over 80%
(Figs. S4, S5). Meanwhile C666-1R and 5-8FR cells grew slower than
control groups (Figs. 4A-B, S9), with reduced colony formation ability,
indicating that C666-1R and 5-8FR had stronger resistance to radiation.

Nine genes related to the radiosensitivity or radioresistance of NPC

Compared with the control cells, the radioresistant ability of the cells
decreased after radioresistant gene knockout, more cells died and the
proliferation ability of the cells was decreased. In contrast, the cell
proliferation increased when the radiosensitive gene was knocked out.
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Fig. 2. CRISPR-Cas9-mediated knockdown effeciency of 11 key functional genes in C666-1 cell. (A) RT-qPCR results of individual gene knockouts in C666-1 cells
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The results of the CCK8 experiment and colony formation showed that
the growth of C666-1 and CNE1 cells with low expression of FBLN5,
FAM3C, MUS81, or DNAJC17 were significantly promoted (p < 0.05,
Figs. 3A-C, S8) compared to the control group. The growth of C666-1
cells with low expression of TOMM20, CDKN2AIP or SP1 in NPC was
significantly lower than that in the control group (p < 0.05, Fig. 3A-B,
D). While the growth of C666-1 cells with low expression of CALD1,
SNX22, PSIP1or TLN1 in NPC were no statistical difference (Fig. 3A-B,
E). Compared to the control group, the growth of CNE1 cells with low
expression of CDKN2AIP or SP1 were significantly inhibited (p < 0.05,
Fig. S8). TOMM20 can promote the growth of C666-1 cells, but has no
significant effect on CNE1, which may be related to different cell types.
In conclusion, knockout of FBLN5, FAM3C, MUS81 and DNAJC17 could
significantly promote the cell proliferation and increase the radiosen-
sitivity of C666-1 and CNE1 cells, indicating that these genes may be
radiosensitive genes. Knockout of CDKN2AIP and SP1 can significantly
inhibit the proliferation and increase the radioresistance of C666-1 and
CNE1 cells, indicating that these genes may be radioresistant genes. In
addition, more activated radioresistant genes accumulate in radio-
resistant NPC cells compared with parental cells. RT-qPCR was used to
determine the expression levels of eleven genes in C666-1R and 5-8FR
cells to confirm their radioresistance or radiosensitive functions. The

mRNA expression level of five genes (FBLN5, FAM3C, MUSS81,
DNAJC17, and CALD1) in C666-1R was significantly lower (p < 0.05),
and the mRNA expression level of four genes (TOMM20, CDKN2AIP,
SNX22, and SP1) in C666-1R was significantly higher (p < 0.05, Fig. 4C)
compared to C666-1 cells. In 5-8FR, we found that the expression levels
of FBLN5, FAM3C, MUS81 and DNAJC17 were significantly lower than
those in 5-8F cells. Meanwhile, the expression levels of TOMM20,
CDKN2AIP, SNX22, and SP1 were significantly higher than those in 5-8F
cells (p < 0.05, Fig. S10). CALD1 was highly expressed in C666-1R, but
no significant difference in 5-8FR, which may be related to different cell
types. The results of the radioresistant cells indicated that, FBLN5,
FAM3C, MUS81 and DNAJC17 were associated with radiosensitivity,
while TOMM20, CDKN2AIP, SNX22 and SP1 were relative to radio-
resistance. In addition, our result suggested that CALD1 was a potential
gene for radiosensitivity in C666-1R and 5-8FR.

The genes be considered as radioresistant or radiosensitive genes
only if the results of the single knockout cell line and the radioresistant
cell line are consistent. Besides, if only one result is significant, the
candidate genes would be considered as potential genes . We found nine
genes involved in the radiosensitivity or radioresistance of NPC: four
genes for radiosensitivity (FBLN5, FAM3C, MUS81, and DNAJC17), two
genes for radioresistance (CDKN2AIP, SP1), two potential radioresistant
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genes (TOMM20, SNX22), and a potential radiosensitive gene (CALD1).

Based on the RT-qPCR results of C666-1R and 5-8FR and cell pro-
liferation and clonal formation abilities of stable cell lines after single
gene knockout, we concluded that there were four genes of radiosensi-
tivity, FBLN5, FAM3C, MUS81, and DNAJC17, and two genes of radio-
resistance, CDKN2AIP and SP1. And CALD1 is a potential
radiosensitivity gene, TOMM20 and SNX22 are potential radioresistance
genes, while PSIP1 and TLNI are still uncertain.

In addition, IHC was performed to confirm the expression of candi-
date genes in NPC patients with radiosensitivity and radioresistance.
The results revealed that SP1 and CDKN2AIP were overexpressed in
radioresistant tumors, while the expression of FAM3C, FBLN5, MUS81,
and DNAJC17 were higher in radiosensitive tumors (p < 0.05) (Fig. 6A,
B). The results of the IHC showed that FAM3C, FBLN5, MUS81, and
DNAJC17 were associated with radiosensitivity, while SP1 and
CDKN2AIP were associated with radioresistance. Overall, these results
are consistent with the results obtained using radioresistant cells and the
single gene knockout stable cell lines.

GO and KEGG pathway analysis

The analysis of GO and KEGG pathways would provide insight into
the discovery of potential radiosensitive or radioresistant signaling

pathway in NPC. GO biological process annotation revealed that the
identified target genes may be enriched in the regulation of phenotypic
switching by transcription from RNA polymerase II promoter, positive
regulation of hydrogen sulfide biosynthetic process, and tRNA import
into mitochondria. For the cellular component, the identified target
genes were closely related to the elastic fiber, Holliday junction resol-
vase complex, and granular component. For the molecule functions, the
three most enriched items were 3'-flap endonuclease activity, protein C-
terminus binding, and mitochondrion-targeting sequence binding
(Fig. 5A-D, Table S8). KEGG enrichment analysis showed that the po-
tential signaling pathway contributed to radiosensitivity or radio-
resistance in NPC, including the Fanconi anemia pathway and the TGF-
beta signaling pathway (Fig. 5E, Table S9). Fig. 6C is a schematic dia-
gram of genome-wide CRISPR-Cas9 screening principle and the poten-
tial signaling pathway contributed to radiosensitivity or radioresistance
in NPC.

Discussion

Screening of radiosensitive and radioresistant genes in NPC in order
to increase the sensitivity of tumor cells to radiotherapy is the basis of
improving the prognosis of patients with NPC. It is believed that there
are 10%-50% of the cells are hypoxic cells in solid tumors, which are
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radioresistant to an extent of 2.5-3.0 times compared to aerobic cells.
They cannot be effectively killed and are the source of tumor recurrence
and metastasis after treatment [25]. Based on gene editing technology,
high-throughput functional gene screening is an important tool for
analyzing gene function and exploring biological processes [26].
Compared to genome editing tools such as zinc finger nucleases (ZFNs)
and Transcription activator-like effector nucleases (TALENS), the bind-
ing target of Cas9 is a gene site-specific editing technology, determined
by sgRNA sequence rather than protein structure. In addition,
CRISPR-Cas9 relies on the advantages such as having a simple design,
strong specificity, high efficiency, and the ability to produce multiple
types of editing results at the target site. The researchers used
CRISPR-Cas9 genome-wide screening to obtain the target gene in mouse
acute myeloid leukemia (AML) cell lines, combined with existing data-
base analysis to narrow the gene range, and carried out a second
screening in mice to obtain the gene DCPS with higher correlation with
AML cell survival ability. Cap hydrolase gene at the 3 "end of mRNA
(DCPS) maintains AML cell survival by influencing pre-mRNA matura-
tion [27]. Researchers obtained a non-metastatic tumor cell line with
stable expression of Cas9-EGFP from non-small-cell lung cancer (NSCLC)
mice in 2015. It can induce tumorigenesis in immunodeficient mice.
Cas9-EGFP cells infected with the sgRNA library were injected into mice,
and the migrated tumor cells were localized according to the fluorescent
protein. Shi J et al.performed high-throughput sequencing and bioin-
formatics analysis of transplanted tumor cells, and found 624 genes
closely related to tumor metastasis [28]. This series of studies revealed
that CRISPR-Cas9 genome-wide screening technology may play an
important role in the life sciences.

In this study, CRISPR-Cas9 genome-wide library lentivirus was used
to screen genes associated with radiosensitivity and radioresistance in
NPC. Second-generation sequencing technology identifies specific
sgRNA, and combines bioinformatics analysis to screen out radiosensi-
tive and radioresistant function genes. By constructing the radiotherapy
resistant cells, single-gene knockout stable cell line and NPC patients
with radiosensitivity and radioresistance, we identified that FBLN5,
FAM3C, MUS81, and DNAJC17 may be genes for radiosensitivity,
CDKN2AIP and SP1 may be genes for radioresistance. However, the
effects of PSIP1, and TLN1 on radiosensitivity and radioresistance have
not been determined. We initially screened for radiosensitive and radi-
oresistant functional genes in NPC, which laid the foundation for new
studies to explain the mechanisms of radiosensitivity in NPC, and makes
some contribution to the discovery of new therapeutic targets and new
drugs to increase the radiosensitivity of NPC. Of course, there are still
some shortcomings in our study, and more experiments are needed to
explore the molecular mechanisms of candidate genes in NPC.

MUS81 is a component of the MUS81-EME1 structure-specific
endonuclease, a structure-specific nuclease that involved in ICL repair
[29,30] via cutting on the 3’side of X-shaped structures [31]. MUS81,
first identified by interacting with Rad54 in budding yeast [32], has
been identified as an important component of the HR-mediated dou-
ble-chain fracture repair pathway in mammalian cells. MUS81 has been
implicated in the formation of DNA double-strand breaks (DSBs) at
interstrand cross-link (ICL) -stalled replication forks [33]. A study done
by John showed that a critical role for the proper biallelic expression of
the mammalian Mus81 in the maintenance of genomic integrity and
tumor suppression [34]. In addition, MUS81 is involved in the response
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to ultraviolet irradiation and methylation-induced DNA damage in
cereviscera [34]. It is considered as a potential therapeutic target for
multiple cancer, such as breast cancer, Gastric Cancer, Thyroid Cancer
[35-37]. In this study, MUS81 was preliminarily believed to have the
effect of radiotherapy sensitization in NPC cells. KEGG enrichment
analysis results suggest that MUS81 may play a role through the Fanconi
anemia pathway. The Fanconi anemia pathway is a critical component
of the DNA damage response, regulating the repair of interstrand
cross-links [38,39]. Several reports have suggested that FA proteins play
important roles in the genome stability throughout the cell cycle,
especially in M phase [40,41].

SP1 is a transcription factor binding to the promoter elements rich in
GC/GT, to regulate the promoter activity of multiple genes involved in
the cell cycle, differentiation, and tumorigenesis [42]. SP1 is considered
as a candidate tumor suppressor gene, which has been shown to regulate
RAS domain protein 1, vascular endothelial growth factor, and matrix
metallopeptidase 9 in NPC, leading to a positive prognosis [43,44]. SP1
is overexpressed in many cancers, including rectal cancer [45], hepa-
tocellular carcinoma [46], lung cancer [47] and so on. SP1 and C-MYC
synergistically bind the BMI1 gene promoter to participate in the
pathogenesis of NPC [48]. Our previous report and Jun Wang et al
indicated that SP1 has a crucial role in increasing the radioresistance of
NPC cells. Inhibition of Spl could increase the radiosensitivity of NPC
cells [21,49]. The results of the present study are consistent with these
reports. Therefore, SP1 may play an important role in the radiotherapy
resistance of NPC and is a potential therapeutic target.

Hwang et al. reported that the high expression of FBLN5 in NPC cells
led to high expression of FLJ10540 and the activity of AKT, thereby
inducing the migration and invasion of NPC cells, which may be related
to the progression and poor prognosis of NPC [50]. FAM3C can promote
the occurrence and development of oral squamous cell carcinoma and

breast cancer. For example, FAM3C high expression is associated with
poor prognosis of oral squamous carcinoma [51], FAM3C YY1 - HSF1
pathway are pivotal for the proliferation and migration in breast cancer
MDA-MB-231 cells [52]. CDKN2AIP (also known as CARF or FLJ20036)
has been shown to be an emerging regulator of tumor inhibition [53]. It
is a new p53 regulatory protein that is upregulated during replication,
carcinogenesis, and stress-induced aging. It induces senescence (over-
expression) and apoptosis (downregulation) in a dose-dependent
manner [54]. Cheung et al. demonstrated that CDKN2AIP plays an
important role in genome preservation and tumor inhibition, CDKN2AIP
silencing induces apoptosis in human cancer cells, and CDKN2AIP siRNA
is a new and effective cancer therapy drug. At present, there is few re-
ports of CLAD1 and DNAJC17 in the development of NPC. FBLNS5,
FAM3C, DNAJC17 and CDKN2AIP were considered for the first time as
genes related to radiaosensitivity or radioresistance of NPC in this study.

Conclusions

Nine genes involved in the radiosensitivity or radioresistance of NPC:
four genes for radiosensitivity (FBLN5, FAM3C, MUS81, and DNAJC17),
two genes for radioresistance (CDKN2AIP, SP1), two potential radio-
resistant genes (TOMM20, SNX22), and a potential radiosensitive gene
(CALD1). Genome-scale CRISPR-Cas9 knockout screening for radiosen-
sitive and radioresistant genes in NPC may provide new insights into the
mechanisms underlying clinical radioresistance to improve the efficacy
of radiotherapy for NPC.

Ethics approval and consent to participate

The study was approved by the Research Ethics Committee of
Guangxi Medical University (Nanning, China, approval number:KY-E-
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