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LINP1 facilitates DNA damage repair through non-homologous end joining (NHEJ)
pathway and subsequently decreases the sensitivity of cervical cancer cells to
ionizing radiation
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ABSTRACT
LncRNA in non-homologous end joining (NHEJ) pathway 1 (LINP1) is an lncRNA which promotes
therapeutic resistance in triple-negative breast cancer (TNBC). However, the expression and function of
LINP1 in cervical cancer is not yet well-understood. In this study, we evaluated the expression levels of
LINP1 in tumor tissues and cell lines of cervical cancer. We found that LINP1 associates with NHEJ proteins
(Ku80 and DNA-PKcs). LINP1 translocates from cytosol to nucleus in response to irradiation. In addition,
LINP1 knockdown significantly increases the levels of cleaved caspase3 and PARP, leading to enhanced
cell apoptosis after ionizing radiation (IR). LINP1-knockdown cells showed delayed repairs of DNA double-
strand breaks (DSBs) after IR. Finally, LINP1 knockdown increases radiosensitivity of Hela S3 cells. These
results suggest that LINP1 facilitates DSBs repair through NHEJ pathway and may thus serve as a
prognostic marker and a potential target for the therapy of cervical cancer.
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Introduction

Although human papillomavirus (HPV) vaccines are available
and effective screening methods have been established to reduce
the incidence and mortality, cervical cancer (CC) remains the sec-
ond most common cancer and third leading cause of death from
cancer among females in developing countries [1]. Treatment of
cervical cancer may vary within some combination of surgery,
chemotherapy, radiotherapy and targeted therapy, depending
mainly on the individual stages defined by F�ederation Internatio-
nale de Gyn�ecologie et d’Obst�etrique (FIGO). According to
National Comprehensive Cancer Network (NCCN) 2016, radio-
therapy can be performed in all stages of patients including: as a
treatment for early stage patients when surgery is out of option;
combined with chemotherapy or as an adjuvant therapy after
hysterectomy in larger early-stage and advanced-stage tumors;
as palliative therapy to relieve symptoms caused by
the cancer and improve quality of life in late-stage patients. How-
ever, some patients respond less well to radiation therapy and
have higher incidences of relapse and treatment failure [2-4].
Therefore, questions remain to be answered about which factors
are accounted for the radioresistance and poor outcomes of CC.

Long non-coding RNAs (lncRNAs) are defined as tran-
scripts that are longer than 200 nucleotides with extremely lim-
ited protein coding capability [5,6]. Recent studies
demonstrated that lncRNAs regulate gene expression and pro-
tein functions by recruiting epigenetic modification complexes
to a chromosome or a particular gene region [7,8], acting as
scaffolds to facilitate specific protein components into its

position to form unique functional complexes [9,10]. Several
studies have demonstrated the aberrant expression of lncRNAs
in human cancer [11,12]. For example, ROR serves as a decoy
that blocks the recruitment of G9A methyltransferase, abolishes
histone H3K9 modification of the TESC promoter and induces
tumorigenesis and metastasis [13]. LncRNA Malat1 (metasta-
sis-associated lung adenocarcinoma transcript 1) up-regulation
has been identified in a broad spectrum of tumor types [14-16],
and its level may be even higher in the metastatic lesions com-
pared with the primary tumor [17]. In a mouse model of breast
cancer, Malat1 loss using antisense Oligonucleotides (ASOs)
induced a dramatic differentiation of the primary tumor and a
significant reduction in lung metastasis [17]. Notably, Zhang
et al. recently discovered an lncRNA termed lncRNA in non-
homologous end joining (NHEJ) pathway 1 (LINP1) in TNBC
[18,19]. LINP1 functions as a scaffold interacting with Ku80
and DNA-PKcs, key proteins in NHEJ pathway [20], thereby
promoting NHEJ-mediated DNA repair activity [18,21]. Con-
sidering the importance of LINP1 in DNA damage repair pro-
gression and the possibility it may help to classify
radioresistant tumors and serve as a treatment target, we inves-
tigated its expression and functions in cervical cancers.

Materials and methods

Patients and samples

Tissue samples were collected from patients who underwent
primary tumor resection from January 2017 to June 2017 in the
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Sir Run Run Shaw Hospital, School of Medicine, Zhejiang Uni-
versity. No patients received preoperative chemotherapy or
radiotherapy. Diagnostic tests were performed to exclude other
uterine diseases. All of the patients have given informed con-
sent to this study. Moreover, all procedures performed in stud-
ies involving human participants have been approved by the
Research Ethics Committee of Sir Run Run Shaw Hospital, Col-
lege of Medicine, Zhejiang University and conform to the pro-
visions of the Declaration of Helsinki (as revised in Fortaleza,
Brazil, October 2013).

Cell lines and transduction

The human cervical cancer cell lines were obtained from ATCC
free of mycoplasma. Hela S3, SiHa and Hela cells were cultured
in RPMI-1640 medium supplemented with 10% fetal bovine
serum (FBS) and C-33A cells in MEM-EBSS with 10% FBS.
These cells were maintained in standard growth conditions
with 5% CO2 at 37�C.

SiRNAs were synthesized by Shanghai GenePharma Co.,
Ltd. and transfections were performed with Lipofectamine
3000 reagent (Invitrogen, cat no. L3000015) according to the
manufacturer’s instructions. The lentivirus constructs express-
ing LINP1 shRNA and the negative control shRNA
were purchased from Shanghai Genechem Co., Ltd. The siRNA
and shRNA oligonucleotide sequences are listed in Table S1.
For plasmid construction, the purified full length LINP1 was
cloned into a pcDNA3.1 (+) vector, which was transformed
into E. coli DH5a and confirmed by PCR, double endonuclease
digestion and DNA sequencing. The plasmid was then trans-
fected into SiHa cells with Lipofectamine 3000 reagent.

RNA extraction and qRT–PCR

Total RNA was extracted with TRIzol Reagent (Invitrogen, cat
no. 15596-026) according to the manufacturer’s instructions.
Nuclear RNA isolation was performed by removing cytoplasm
fraction post incubation with cytoplasmic extract (CE) buffer
and followed by adding TRIzol Reagent to the nuclei enrich-
ment pellet. cDNA was synthesized using the PrimeScript® RT
reagent kit (TaKaRa, cat no. RR047A). Subsequently, PCR anal-
ysis was performed using SYBR® Premix DimerEraser kit
(TaKaRa, cat no. RR091A) in a Science Light CycleTM480 Sys-
tem (Applied Roche). The expression of GAPDH served as the
endogenous control. DCt was calculated by subtracting the Ct
of GAPDH RNA from the Ct of LINP1 RNA, respectively. Rel-
ative LINP1 expression was quantified using the 2¡DDCt method
after normalization for the expression of the control. The pri-
mers used for qPCR are listed in Table S1.

RNA immunoprecipitation (RIP)

RIP was conducted as previously described [22]. Cells were har-
vested using a scraper, washed twice with PBS and resuspended
in 1 ml ice-cold RIP buffer (150 mM KCl, 25 mM Tris (pH
7.4), 5 mM EDTA, 0.5% NP-40) containing RNase and prote-
ase inhibitors. The cells were then sheared using a Dounce
homogenizer on ice and the supernatant was collected by cen-
trifugation at 15,000g for 15 minutes at 4℃. This extraction

was incubated with either anti-Ku80 (Thermo, cat no. MA5-
12933), anti-DNA-PKcs (Thermo, cat no. MA5-13404) anti-
body, or control IgG (Beyotime, cat no. A7016) at 4℃ over-
night, and subsequently incubated with Protein A/G–Agarose
beads (Santa Cruz Biotechnology, cat no. sc-2003) at room
temperature for 2 hours. After washing with ice-cold RIP buffer
three times, the RNA-protein complex bound with beads was
boiled in sample buffer for western blotting or resuspended in
TRIzol reagent for RNA isolation and subjected to qRT-PCR.
Primers are listed in Table S1.

RNA-pulldown

RNA-pulldown was performed as previously described with
some modifications [22]. Briefly, biotin-labeled LINP1 specific
probes were mixed with prewashed streptavidin agarose beads
(Invitrogen, cat no. 65801D) for 15 minutes at room tempera-
ture, and then these beads were added to the cell extraction and
incubated overnight at 4℃. Precipitates were washed with RIP
buffer three times, boiled in SDS buffer and subjected to west-
ern blotting. Sequences of biotin-labeled LINP1 probes and
qPCR primers are listed in Table S1.

Protein isolation and western blotting assay

Total protein was extracted using RIPA lysis buffer (Beyotime,
cat no. P0013C) containing 1% PMSF. Protein samples were
separated via SDS PAGE and then transferred to polyvinyl
difluoride membranes. After blocking with 5% bovine serum
albumin, the membranes were incubated overnight at 4�C with
primary antibody against PARP (1:1000 dilution, Epitomics,
cat no. 1078-S), casepase3 (1:1000 dilution, Epitomics, cat no.
1087-1) and b-Tubulin (1:1000 dilution, Abcam, ab6046), and
followed by incubation with peroxidase conjugated secondary
antibodies (anti-rabbit IgG, (H+L) (Thermo, cat no. 31460) or
anti-mouse IgG, (H+L) (Thermo, cat no. 31430)). The immu-
noreactive bands were then visualised with enhanced chemilu-
minescence (ECL) (Thermo, cat no. 32209).

Flow cytometry analysis of cell apoptosis

Twenty-four hours after 6 Gy irradiation treatment, cells were
harvested and washed twice with ice-cold PBS. Flow cytometry
analysis for apoptosis was performed using Annexin V-APC/7-
AAD apoptosis kit (MultiSciences, cat no. AP105-100) accord-
ing to the manufacturer’s protocol. Data were then analyzed
using FlowJo vX 0.7 software.

Immunofluorescence staining

Cells were seeded on coverslips and treated with 6 Gy IR fol-
lowing cell adhesion. After 24 hours, the cells were fixed using
4% paraformaldehyde for 10 minutes, subsequently permeabi-
lized with 0.5% Triton solution for 15 minutes at room temper-
ature, and then incubated with anti-g-H2AX antibody (Ser139)
(1:500 dilution, Epitomics, cat no. 2212-1) overnight at 4�C.
After washing with PBST three times, the cells were then incu-
bated with secondary antibody for 1 h at 37�C. Cell nuclei were
counterstained with 4’6-diamino-2-phenylindole (DAPI)

440 X. WANG ET AL.



(Beyotime, cat no. C1006) and visualized with an Axiovert
200M inverted microscope (Zeiss).

Fluorescence in situ hybridization

Formalin-fixed paraffin-embedded sections were mounted onto
poly-L-lysine-coated slides and baked at 70�C overnight. RNA
in situ hybridization was performed using biotin-labled probes.
After deparaffinization and rehydration, the tissues were
digested in pepsin. Slides were then incubated with biotinylated
probes at 42�C overnight and further incubated with Streptavi-
din/FITC conjugates (Solarbio, cat no. SF068) at 37�C for
2 hours. The cell nuclei were counterstained with DAPI (Beyo-
time, cat no. C1006). Finally, the slides were viewed using an
Axiovert 200M inverted microscope (Zeiss).

Cervical cancer cells were cultured on coverslips and treated
with 6 Gy irradiation. Cells were fixed with 4% paraformalde-
hyde 30 minutes after IR, then treated with 0.1 M triethanol-
amine containing 0.25% aceticanhydride and subsequently
permeabilized with 0.2 M HCl for 10 minutes at room tempera-
ture. After pre-hybridization, the slides were incubated with
hybridization buffer containing denatured biotin-labeled
probes at 60�C in a humidity incubator overnight. After strin-
gent washes (0.1X, 2XSSC), slides were blocked with 5% BSA
for 1 hour at room temperature followed by incubation with
Streptavidin/FITC conjugates at 37�C for 2 hours. DAPI was
used as a nuclear counterstain and the cells were finally visual-
ized using an Axiovert 200M inverted microscope (Zeiss).
Sequences of biotin-labeled LINP1 probes are listed in Table S1.

Irradiation and Colony-forming assay

Irradiation was performed using 6 MV X-rays from a linear
accelerator at a dose rate of 2 Gy/min(PRIMUS-M, Siemens).
Exponential phase cells were seeded in six-well plates and irra-
diated with single doses ranging from 0 to 6 Gy. After 10–
14 days, cells were washed with cold PBS, fixed with 75% meth-
anol and stained with 0.5% crystal violet. The colonies consist-
ing of more than 50 cells were counted and a multitarget/
single-hit model (SF = 1–[1–e–D/D0]N) was used to plot the
surviving fraction curve. The radiosensitivity parameters were
calculated using SPSS software based on the formula previously
described [23].

Statistical analysis

SPSS 22.0 software was used for the data analysis. Data were shown
as mean§ SD, and P< 0.05 indicated statistically significant.

Results

Expression levels of LINP1 in cervical cancer tissues and
cell lines

To evaluate the LINP1 levels in CC, we extracted total RNA
from tissues of patients and cell lines and then performed qRT-
PCR assays. All of the tumor tissues from five CC patients
showed higher levels of LINP1 compared to adjacent tissues,
while significant difference in three of them was observed

(Figure 1(a)). These data were confirmed by performing RNA
fluorescence in situ hybridization (RNA-FISH) to visualize
LINP1 in tissue samples (Figure 1(b)). However, LINP1 was
undetectable in all the CC cell lines (SiHa, Hela and C-33A),
except Hela S3 cells (Figure 1(c)). Therefore, Hela S3 cells were
used to define the function of LINP1 in cervical cancers in the
following studies.

LINP1 associates with NHEJ pathway proteins Ku80 and
DNA-PKcs in cervical cancer

To identify the function of LINP1 in CC, we performed RNA-
immunoprecipitation (RIP) assays with Ku80- or DNA-PKcs-
specific antibodies (Figure 2(a–c)). Compared with the IgG-bound
complexes, a significantly higher fold enrichment of LINP1 RNA
was detected in the RNA-protein complexes immunoprecipitated
with Ku80- (Figure 2(b)) and DNA-PKcs-specific (Figure 2(c))
antibodies. To further confirm the interaction between endogenous
LINP1 and these two proteins, RNA-pulldown assays with specific
biotin-labled oligonucleotide probes were performed and western
blotting was then used to detect the Ku80 and DNA-PKcs in the
protein complexes pulled down by LINP1 probes (Figure 2(d, e)).
While neither Ku80 nor DNA-PKcs was detected in proteins asso-
ciated with beads alone, we observed strong signals of Ku80 and
DNA-PKcs in complexes pulled down with LINP1 specific probes
(Figure 2(e)). These data confirmed that LINP1 is associated with
NHEJ pathway proteins Ku80 and DNA-PKcs in CC cell lines.

Changes in LINP1 subcellular localization and expression
levels after IR treatment

To further characterize and quantify LINP1 expression in cells,
we tracked its subcellular localization before and after IR treat-
ment using RNA-FISH technology. The results showed that
LINP1 distributed mainly in the cytoplasm of normal cells,
and translocated to the nucleus in response to IR treatment
(Figure 3(a)). We next measured the dynamic levels of nuclear
LINP1 in different time points after irradiation. The expression
level of LINP1 in the nucleus increased after irradiation, peaked
in 40 minutes, and then decreased gradually (Figure 3(b)). In
addition, LINP1 expression in the whole cells was increased
24 hours after IR and was significantly suppressed by EGFR
inhibitor icotinib hydrochloride pretreatment (Figure 3(c)).
Collectively, these results confirm the idea that LINP1 plays an
important role in DSBs repair as it translocated to the nucleus
within 30 minutes after irradiation and was upregulated at a
later time. Furthermore, LINP1 expression may be regulated by
EGFR pathway in CC cells.

Knockdown of LINP1 increased IR-induced cell apoptosis
and delayed repair of DNA double-strand breaks in
cervical cancer cells after radiation

To study the impact of LINP1 on radiotherapy efficiency, we
knocked down LINP1 using small interfering RNA (siRNA) in
Hela S3 cells (Figure 4(a)) and generated cells stably expressing
control or LINP1 shRNA by performing short hairpin RNA
(shRNA) lentiviral transduction (Figure 4(b)). Compared with
cells transduced with control siRNA, the expression levels of
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Figure 2. LINP1 associates with NHEJ pathway proteins Ku80 and DNA-PKcs in Hela S3 cells a. Immunoprecipitation efficiency of Ku80 and DNA-PKcs specific antibodies
detected by western blots. b and c. Results from RNA-IP. QRT-PCR assays showing the relative level of LINP1 in the complex immunoprecipitated by Ku80- and DNA-PKcs-
specific antibodies. d. QRT-PCR assays showing the enrichment of LINP1 with specific biotinylated oligos. e. Western blots showing the Ku80 and DNA-PKcs protein levels
in the complexes pulled down by LINP1.

Figure 1. Expression of LINP1 in cervical cancer tissues and cell lines a. QRT-PCR assays showing levels of LINP1 in tumor tissues and adjacent tissues from CC patients. b.
Visualization of LINP1 in CC tissues using RNA-FISH analysis. c. QRT-PCR assays showing LINP1 expression levels in different CC cell lines. The expression of GAPDH served
as the endogenous control.

442 X. WANG ET AL.



activated caspase3 and inactivated PARP, two markers of apo-
ptosis, were significantly increased in LINP1-knockdown cells
(Figure 4(c)). The influence of LINP1 knockdown on cell apo-
ptosis was then measured via flow cytometry (Figure 4(d, e)).
In control cells, the apoptotic rate was 3.67§0.15% before IR
and increased only 0.96% after a 6 Gy irradiation. Significant
differences were observed in the LINP1 knockdown groups as
the apoptotic rates were 5.51§0.35% and 3.99§0.35% at the
baseline level and increased to 10.2§0.51% and 7.54§0.02%
respectively 24 hours post radiation (P < 0.05). These results
indicate that LINP1 knockdown significantly increases IR-
induced apoptosis in Hela S3 cells.

We next analyzed the effects of LINP1 knockdown on the
DNA damage initiation and resolution in cells treated with IR
using g-H2AX foci formation assays. Cells with 5 or more
g-H2AX foci were counted as unrepaired cells or g-H2AX
foci positive cells. LINP1 knockdown significantly increased
the number of g-H2AX foci positive cells 24 hours post IR
(Figure 4(f, g)), suggesting that LINP1 promoted the DNA
damage repairs and reduced radiotherapy efficiency. To fur-
ther confirm the impact of LINP1 on apoptosis and repair of

DSBs, we performed over-expression experiments in the SiHa
cells. Twenty four hours following irradiation, the apoptotic
rates were 17.01§0.31% in cells expressing control vector and
12.97§0.91% in LINP1-overexpressing cells (Figure 4(h)),
which indicated that LINP1 overexpression suppressed IR-
induced apoptosis in SiHa cells. Moreover, the number of
g-H2AX foci positive cells was significantly decreased by
LINP1 overexpression (Figure 4(i, j)). In summary, our find-
ings demonstrated that LINP1 could determine the fate of CC
cells exposure to radiation by suppressing cell apoptosis and
facilitating DNA damage repair.

Knockdown of LINP1 enhances radiation sensitivity
of cervical cancer cells

The effects of LINP1 knockdown on radiosensitivity of CC cells
were measured by clonogenic survival assay (Figure 5). LINP1-
specific shRNAs or control shRNAs were introduced into Hela
S3 cells. These cells were then treated with different doses of IR
and cell survival was assessed two weeks after the IR treatments.
The results showed that the survival of LINP1-knockdown cells

Figure 3. Changes in LINP1 subcellular localization and expression levels after IR treatment a. RNA-FISH was performed using LINP1 specific biotinylated oligos to monitor
the subcellular localization patterns of LINP1 in Hela S3 cells 30 minutes after irradiated with 6 Gy X-rays. b. Levels of LINP1 in the nuclear fraction measured by qRT-PCR at
different time points after 6 Gy IR treatment. c. Expression of LINP1 in the whole cells 24 hours after different treatment. IH, icotinib hydrochloride; IR, ionizing radiation.
Error bars, s.d. �P < 0.05 by two-tailed Student’s t test; n = 3 technical replicates.
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was significantly decreased compared to cells expressing con-
trol shRNAs. We next calculated the parameters of a multitar-
get/single-hit model based on clonogenic survival assay
(Table 1). Their D0 values were 1.88 and 1.98 versus 2.71 and

the sensitizing enhancement ratio (SER) were calculated as 1.44
and 1.37 respectively. Therefore, these data suggested that
LINP1 knockdown can enhance radiation sensitivity of cervical
cancer cells.

Figure 4. Knockdown of LINP1 increased IR-induced cell apoptosis and delayed repair of DNA double-strand breaks in cervical cancer cells treated with radiation a and b.
QRT-PCR assays showing LINP1 silencing efficiency using siRNA or shRNA. c. Expression of caspase3, cleaved caspase3, PARP and cleaved PARP detected by western blot-
ting in Hela S3 cells expressing LINP1 or control siRNAs 24 hours after treated with or without 6 Gy irradiation. d. Apoptosis was detected by flow cytometry in Hela S3
cells expressing control or LINP1-specific shRNAs 24 hours after treated with 6 Gy IR. e. The apoptotic rate was calculated as the percentage of Annexin V-APC-positive
cells. f. Immunofluorescence stain visualizing IR-induced g-H2AX foci in LINP1 silencing and control Hela S3 cells 24 hours after treatment. g. Quantification of the number
of g-H2AX foci positive cells expressing LINP1 or control siRNAs 24 hours after irradiation. h. The apoptotic rate of SiHa cells expressing control vector or LINP1 24 hours
after treated with or without 6 Gy irradiation. i. Immunofluorescence stain detecting a-H2AX foci in LINP1-overexpressing and control SiHa cells 24 hours after 6 Gy IR
treatment. j. Quantification of the number of g-H2AX foci positive cells expressing control vector or LINP1 24 hours after exposure to irradiation. Cells with 5 or more
g-H2AX foci were counted as unrepaired cells or g-H2AX foci positive cells. Si-C, cells expressing Ctrl-siRNA; Si-1, cells expressing LINP1-siRNA1; Si-2, cells expressing
LINP1-siRNA2. PcDNA3.1 (+) plasmid transfected SiHa cell lines were used as controls; LINP1 indicates LINP1-overexpressing SiHa cells. Error bars, s.d. �P < 0.05 by two-
tailed Student’s t test; n = 3 independent cell cultures.
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Discussion

Cervical cancer is one of the leading female malignancies
worldwide [1,24]. For patients with locally advanced cancers, a
combination of chemotherapy and radiotherapy is the standard
of care [25,26]. Although certain prognostic factors such as
patient age, tumor grade, pelvic node status have been used
to predict survival [27,28], identification of new manageable
factors mediating radioresistance and revelation of the underly-
ing mechanism remain unsolved problems.

Recent studies have reported that lncRNAs are associated
with tumor initiation, progression, and treatment resistance in
certain malignancies, including cervical cancer [29,30]. For

instance, decreased LET expression inhibits carcinogenesis of
cervical cancer [31]. TUG1 acts as an endogenous sponge bind-
ing to miR-138-5p, thereby accelerating cervical cancer malig-
nant progression by activating SIRT1-Wnt/b-catenin signaling
pathway [32]. HOTAIR promotes tumor migration and inva-
sion by upregulating VEGF and MMP-9 expression in cervical
cancer [33] and mediates redioresistance via inhibiting p21
[34]. NHEJ is the most dominant pathway of DSBs repair in
mammalian cells [35], which is initiated by binding of Ku het-
erodimers (Ku70 and Ku80) and DNA-PKcs to form a DNA-
PK holoenzymes that greatly enhances kinase activity [36,37].
LncRNA in non-homologous end joining (NHEJ) pathway 1
(LINP1), a 917-bp lncRNA that maps to chromosome 10:
6,737,382-6,739,026, was recently identified as an integral com-
ponent of the synaptic complex of NHEJ that stabilizes the
structure of Ku80–DNA-PKcs interaction in TNBC cells [18].
To define the role of LINP1 in cervical cancers, we first verified
that both cervical cancer tissues and cell lines expresses high
levels of LINP1. Next, we found that LINP1 is associated with
Ku80 and DNA-PKcs, which is consistent with previous study
[18]. Furthermore, using RNA-FISH analysis and nuclear RNA

Figure 5. Knockdown of LINP1 enhanced radiation sensitivity of cervical cancer cells a. Survival of control or LINP1-knockdown Hela S3 cells in response to IR treatments.
Cells expressing control or LINP1 specific shRNAs were treated with different doses of IR, and the survival after treatment was measured with colony formation assays. b.
Survival curve of Hela S3 cells expressing control or LINP1 specific shRNAs. Error bars, s.d.; n = 3 independent cell cultures.

Table 1. The main parameters of a multitarget model based on colony formation
assays.

N D0 Dq SF2 SER

Ctrl-shRNA 1.951 2.71 1.81 0.72
LINP1-shRNA1 2.484 1.88 1.71 0.65 1.44
LINP1-shRNA2 2.088 1.98 1.45 0.61 1.37

N, extrapolation number; D0, mean lethal dose; Dq, quasi-threshold dose; SF2,
surviving fraction at 2 Gy; SER, sensitivity enhancement ratio.
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extraction technique followed by qRT-PCR, we observed that
LINP1 translocated to the cell nucleus after exposure to irradia-
tion. These data suggested that LINP1 is mainly in the cyto-
plasm and could translocate to the nucleus in the presence of
DNA damage. Intriguingly, icotinib hydrochloride, an EGFR
inhibitor, not only significantly suppressed LINP1 expression,
but also completely abolished IR-induced upregulation of
LINP1. LINP1 knockdown enhances activation of the apoptosis
pathway induced by radiation. We further confirmed these
results using flow cytometry by demonstrating significant dif-
ferences in apoptotic rates between the LINP1 knockdown and
the control cells. g-H2AX foci formation assays showed that
decreased expression levels of LINP1 delayed DSBs repair.
In addition, LINP1 overexpression decreased cell apoptosis and
promoted g-H2AX foci resolution. Finally, the negative impact
of LINP1 on the radiosensitivity of CC cell lines was defined
via clonogenic survival assay. These data suggested that LINP1
plays a similar role in CC as it does in breast cancer and further
studies to evaluate its expression and functions in different can-
cer types are warranted.

In summary, our study indicated that lncRNA LINP1 is
involved in radiation resistance of CC by enhancing DNA dam-
age repair efficiency through NHEJ pathway. Although further
investigations are required to define the relationship between
LINP1 expression levels and tumor response to radiotherapy in
CC patients, our study suggests that LINP1 may serve as an
important prognostic marker and a novel therapeutic target for
cervical cancers.
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