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Abstract A percentage of colorectal cancer (CRC) pa-
tients display low sensitivity to radiotherapy, which
affects its therapeutic effect. Cancer cells DNA
double-strand breaks (DSBs) repair capacity is crucial
for radiosensitivity, but the roles of long noncoding
RNAs (IncRNAs) in this process are largely
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uncharacterized. This study aims to explore whether
Inc-RI regulates CRC cell growth and radiosensitivity
by regulating the nonhomologous end-joining (NHEJ)
repair pathway. CRC cells in which /nc-RI has been
silenced showed lower cell growth and higher apoptosis
rates due to increased DSBs and cell cycle arrest. We
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found that miR-4727-5p targets both /nc-RI and LIG4
mRNA and inhibit their expression. CRC cells showed
increased radiosensitivity when /nc-RI was silenced.
These results reveal novel roles for /nc-RI in both
DNA damage repair and radiosensitivity regulation in
CRC cells. Our study revealed that /nc-RI regulates
LIG4 expression through /nc-RI/miR-4727-5p/LIG4 ax-
is and regulates NHEJ repair efficiency to participate in
DNA damage repair. The level of /nc-RI was negatively
correlated with the radiosensitivity of CRC cells, indi-
cates that /nc-RI may be a potential target for CRC
therapy. We also present the first report of the function
of miR-4727-5p.

Keywords Lnc-RI - IncRNA - Non-homologous end-
joining (NHEJ) - LIG4 - miR-4727-5p

Introduction

Colorectal cancer (CRC) is a predominant cancer with
high incidence and mortality rates worldwide, especially
in developed countries. Although many therapeutic
methods for CRC have been developed in recent de-
cades, there has been no significant improvement in the
cure rate and long-term survival. Preoperative chemora-
diotherapy is the conventional treatment for locally ad-
vanced CRC, but one-third of CRC patients display
either low sensitivity or complete resistance to radio-
therapy (Kawai et al. 2017; Baker et al. 2012). Identifi-
cation of the molecular mechanisms that dictate radia-
tion responses is of great clinical significance to CRC
therapy.

The DNA damage response (DDR) is a precise sur-
veillance system evolved to detect DNA damage and
determine the fate of injured cells, and is one of the most
vital fields in cancer biology (Nurse 1995) and other
human diseases such as neurodegenerative diseases and
aging (Katyal et al. 2014; Lopez-Otin et al. 2013). DDR
is often targeted to treat cancers, and it plays a critical
role in chemo-/radiotherapy sensitivity regulation. It is
commonly recognized that cancer cells with higher
DNA repair activity possesses hyper resistance to radio-
chemotherapy (Goldstein and Kastan 2015). DNA dam-
ages occur when cells are subjected to genotoxic stress-
es. When exposed to ionizing radiation (IR), such as in
the case of radiotherapy treatment of cancers, dominant
lesions in vivo are the most catastrophic DNA double-
strand breaks (DSBs).
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Homologous recombination (HR) and non-
homologous end-joining (NHEJ) are two main repair
ways of DSBs. HR repair occurs during the S and G2
phases, and NHEJ plays a role throughout the cell cycle
but more prominently in G1 cells (Dianatpour and
Ghafouri-Fard 2017; Coutelier et al. 2018). Mammalian
cells use NHEJ more frequently than HR in DSBs repair.
NHE] is an unusual DSBs repair pathway that joins the
broken ends of DNA strands to prevent chromosome
damage and thus preserving the viability of eukaryotic
cells (Chang et al. 2017; Bartlett et al. 2016). Studies on
DNA damage repair proteins is the key to DSBs repair
related molecules. The core components in the NHEJ
repair pathway include DNA-PK (a serine/threonine
protein kinase) and its cofactors Ku70 and Ku80 holo-
enzymes, X-ray repair cross complementary protein 4
(XRCC4), and DNA Ligase4 (LIG4), which is essential
for final “end-joining” (Jiang et al. 2013; Conlin et al.
2017).

Long noncoding RNAs (IncRNAs) refers to RNAs
with length >200 nt and lack meaningful open reading
frames, accounting for about 4 to 9% of mammalian
genome (Li et al. 2017). LncRNAs are known to play a
critical role in a variety of biological processes, for
example transcriptional co-activation, chromatin modi-
fiers recruitment, miRNA sponges, splicing regulation,
stability of gene expression, which are closely related to
human disease occurrence, development, and preven-
tion (Jiang et al. 2018; Davidovich and Cech 2015;
Furi6-Tari et al. 2016; Ren et al. 2012; Zhao et al.
2018). It has been shown that some IncRNAs regulate
DDR, and the majority of them are involved in HR
repair, e.g., PCAT-1, DDSR1, and NORAD (Thapar
2018; Sharma et al. 2015; Munschauer et al. 2018),
while for NHEJ repair, LINP1, a scaffold linking Ku80
and DNA-PKcs, is the most studied IncRNA in breast
cancer (Zhang et al. 2016). However, the function of
most IncRNAs in DDR is largely uncharacterized. In
our previous studies, we found that /nc-RI is involved in
regulation of HR in DSBs to maintain genomic stability
(Shen et al. 2018). Whether /nc-RI could regulate the
NHEJ pathway to improve DSBs repair was not studied.
MicroRNAs (miRNAs) are endogenous non-coding
RNAs of 20-24 nucleotides, which can inhibit the ex-
pression of genes by targeting mRNA 3’UTR or
IncRNA sequences (Adlakha and Saini 2014; Chen
et al. 2019).

In this research, we show that Inc-RI silencing in-
hibits CRC cell growth through increased DSBs and G1/
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S arrest. Lnc-RI knockdown was found to suppress
NHE] efficiency and reduce LIG4 expression. We found
that in clinical CRC samples, lnc-RI expression is pos-
itively correlated with LIG4 expression. We have also
shown that /nc-RI competitively binds with miR-4727-
Sp to regulate LIG4 mRNA stability and /nc-RI silenc-
ing enhanced CRC cells radiosensitivity. This study is
the first report on /nc-RI in regulating NHEJ repair, a
key pathway in DSBs repair. In addition, we revealed
that /nc-RI regulates CRC radiosensitivity providing
new insights for CRC therapeutics.

Materials and methods
Cell culture and irradiation

We purchased CRC cell lines (HCT116 and HT29 cells)
from Chinese Academy of Sciences Cell Bank (China)
and cultured them in a 37 °C cell incubator containing
5% CO2 and saturated humidity. HCT116 and HT29
cells were cultured in RPMI-1640 medium (HyClone,
USA) and high-glucose DMEM medium (HyClone),
respectively. In 100-pg/ml streptomycin (HyClone)
and penicillin 100 units/ml, 10% fetal bovine serum
(FBS) (ExCell Bio, China) should be added to the
medium. The dose rate of ®°Co y-rays in CRC cells
lines was 62.3 ¢cGy/min at room temperature (25 °C).

Lentiviruses, primers, and miRNA mimics

Lentiviruses expressing sequences of shRNA-/nc-RI or
shRNA-NC (negative control) were packaged by
GenePharma (China). Primers were synthesized by
TsingKe Biological Technology (China) and miRNA
mimics were synthesized by GenePharma. Sequences
details are shown in Supplementary Information
Tables S1.

Lentivirus infection and the establishment of stable
knockdown cell lines

CRC cell lines were infected with 20 multiplicity of
infection (MOI) lentiviruses and 5 pg/ml of polybrene.
After infected with lentiviral for 72 h, added puromycin
(0.75 pg/ml) to the culture medium for 7 days to estab-
lish stable knockdown cell lines, the medium was then
replaced with a concentration of 0.25 pg/ml puromycin.

Transfection

Cells were transfected 24 h after inoculation. Lipofecta-
mine 2000 (Invitrogen, USA) and jetPRIME® Trans-
fection Reagent (Polyplus transfection, France) were
used for transfection of miRNA mimics and plasmids,
respectively.

Cell proliferation assay

Cell proliferation was detected by cell counting kit-8
(CCK-8) colorimetric (Dojindo, Japan). Cells were in-
oculated in 96-well plates and treated after 24 h. Cell
proliferation was determined at specific time points after
infection. Experiments were performed on a minimum
of four occasions. The 450-nm cell optical density (OD)
was used to assess cell viability and was measured using
a microplate reader (Sunrise, Switzerland).

Clonogenic cell survival assay

Cells were inoculated in 6-well plates with 3 x 10"5
cells per well and reseeded into 6-well plates with lower
density after infection or transfection. During cell cul-
ture, media was replaced every 3—5 days. After 2 weeks,
the clones were fixed with methanol and stained with
Giemsa. Microscopic colonies of more than 50 cells
were thought to be effective, and the curves of surviving
fractions using a multitarget/single-hit model (SF =
1-[1-e-D/D0] N) (Wang et al. 2018) counted the colo-
nies manually, and an image scanner was used to get the
original image.

Xenograft assay

Animal experiments were carried out according to the
ethical regulations permitted by the Animal Experi-
ments Ethics Committee of Beijing Institute of Radia-
tion Medicine. Female athymic nude mice aged 5—
6 weeks were randomly assigned (Vital River, China;
each group n=6); food and water were provided ad
libitum. Stable /nc-RI knockdown HCT116 cells (1 x
10"") were injected subcutaneously behind the thigh.
Tumor was measured with digital caliper every 4 days,
and the tumor volume was calculated using the follow-
ing formula: volume = (length) x (width) x (width) x (
71/6). After 30 days, subcutaneous tumors were removed
and weighed.
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Fig. 1 Loss of /nc-RI reduces CRC cell growth and viability. a
ShRNA-mediated suppression of /nc-RI expression. Cells were
infected with 20 MOI shRNA-/nc-RI or ssRNA-NC. After 72 h,
Inc-RI expression was detected by real-time PCR with GAPDH
used as a loading control. t-test, mean + SD, n=3. b Knockdown
of Inc-RI expression inhibited CRC cell proliferation. A total of
1000 cells were seeded in each well of a 96-well plate. After
infection with either ShRNA-/nc-RI or shRNA-NC, cell prolifera-
tion was measured with the CCK-8 assay at the indicated time
points. ¢ test, mean + SD, n=5. ¢ Lnc-RI knockdown affected the
rate of CRC cell clone formation. After infection with sShARNA-/nc-
RI and shRNA-NC, CRC cells were reseeded in 6-well plates and
colony-formation assays were performed after 2 weeks. ¢ test,
mean + SD, n=3. d Lnc-RI knockdown aggravated CRC cell
apoptosis. 72 h after infection with sShRNA-/nc-RI and shRNA-
NG, cells were collected and apoptosis detected by flow cytome-
try. ¢ test, mean + SD, n=3. e and f BALB/c nude mice were
subcutaneously injected with stable /nc-RI knockdown HCT116
cells and fed in an SFP grade environment. Tumor volume was
measured every 4 days from day 8 of inoculation. Mice were
sacrificed after 30 days and the tumors were excised. g Lnc-RI
knockdown slowed tumor growth. Tumor volume (n =6 tumors/
group) was measured with an electronic Vernier caliper after
injection. h Tumor was weighed after dissection, average tumor
mass at day 30 is shown. *P<0.05, **P<0.01, ***P<0.001,
#Hkk P<0.0001

Apoptosis analysis

Cells were harvested at 72 h after lentivirus infection.
Apoptosis assay was performed according to the
Annexin V-FITC apoptosis detection kits (Dojindo, Ja-
pan) instructions. Cells were analyzed by flow cytome-
try (BD FACS LSRII, USA), and at least, 10,000 cells
were tested in each sample. Only Annexin V was pos-
itive for early apoptotic cells, both PI and Annexin V
were positive for late apoptotic cells, while only PI was
positive for necrotic cells. The total number of apoptotic
cells is the sum of the number of early and late apoptotic
cells.

Cell cycle assay

Cells were treated 24 h after inoculation and harvested at
a specified time point and were added with 70% (v/v)
ethanol and place at —20 °C overnight to fix the cells.
After fixation, cells were washed twice with phosphate-
buffered saline (PBS), added 200 pl PBS containing
RNase (100 pg/ml) and PI (50 pg/ml), and incubated
for 30 min at 37 °C. Cell cycle was detected by flow
cytometry (ACEA Bio, USA). At least 10,000 events
per sample were recorded.

RNA extraction and real-time quantitative PCR
(RT-qPCR)

Trizol reagent (Sigma, USA) was used to extract total
RNA from cells, and ultraviolet spectrophotometer (GE
Healthcare GeneQuant 100, USA) was used to deter-
mine the concentration and purity of RNA. The
PrimeScriptRT reagent kit (TaKaRa, Japan) was used
for reverse transcription; 1-pg total RNA was reversely
transcribed into cDNA from each sample. RNA expres-
sion was detected by RT-qPCR, using the iTag™ Uni-
versal SYBR Green Supermix (Bio-Rad; USA). The
experiment was repeated three times, and GAPDH was
used as control gene to calculate the relative expression
(2-AACY).

Gene chip assay

The gene chip assay was completed with the assistance
of the company Premedical Laboratories Co., Ltd. The
PrimeView™ Human Gene Expression Array was used
in this study, which included preparation of chip and
sample, hybridization reaction, and signal detection.
Genes with a fold change of greater than 1.2 times are
considered to be differentially expressed genes.

Clinical sample acquisition

CRC clinical samples were obtained from the depart-
ment of Colorectal Surgery, Liaoning Cancer Hospital.
Forty-eight cases were used, 19 males and 29 females,
aged between 29 and 81 years. All patients were diag-
nosed with CRC, and the cancer and adjacent tissues
were obtained during surgery. The experiment was con-
ducted with the informed consent of patients and
reviewed by the ethics committee of Liaoning Cancer
Hospital.

Protein extraction and Immunoblotting

Samples were harvested and washed twice in precooled
PBS, added lysis buffer containing phosphatase and
protease inhibitors (Roche Applied Science, USA) to
lyse cells in an ice bath, and centrifuged at 4 °C. Protein
concentration was detected using BCA Assays
(Beyotime Biotechnology, China). SDS sample buffer
was added to the supernatant to denature the protein,
resolved by SDS-polyacrylamide gel electrophoresis,
and transferred to nitrocellulose membranes. Primary
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Fig.2 Absence of [nc-RI induces CRC cells DSBs and induces G1/S
phase arrest through the ATM- > p53- > p21- > Cyclin E-CDK2 path-
way. a Lnc-RI knockdown increased y-H2AX expression. CRC cells
were collected 72 h after infection with ShRNA-/nc-RI or shRNA-NC.
v-H2AX expression was detected by Western blot analysis. b Lnc-RI
knockdown triggers y-H2AX foci formation. CRC cells were seeded
onto coverslips in six-well plates and infected with shRNA-/nc-RI or
shRNA-NC for 72 h. y-H2AX foci were detected by indirect immu-
nofluorescence staining, 200 randomly selected cells in each group
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antibodies against (3-actin (60008—1-lg; Proteintech), y-
H2AX ser139 (05-636; Millipore), ATM (sc-23,921;
Santa Cruz), pATM S1981 (ab81292; Abcam), ATR
(13934S; Cell Signaling), CHK1 (sc-8408; Santa Cruz),
pCHKI1 Ser345 (2341S; Cell Signaling), CHK2 (sc-
5278; Santa Cruz), pCHK2 Thr68 (2197S; Cell Signal-
ing), p53 (sc-126; Santa Cruz), p21 (sc-6246; Santa
Cruz), CDK2 (ab32147; Abcam), pCDK2 (ab194868;
Abcam), cyclinE (sc-248; Santa Cruz), DNA-PKcs
(19983—1-AP; Proteintech), LIG4 (12695—1-AP;
Proteintech), KU70 (ab3114; Abcam), and KU80
(ab80592; Abcam). Membranes were labeled with the
appropriate secondary antibodies (KPL, USA) conjugat-
ed to horseradish peroxidase (HRP). The Image Quant
LAS 500 system (GE Healthcare, USA) was used for
visualization of protein bands.

Immunofluorescence assays

Cells were cultured on polylysine-treated coverslips. At
72-h post-infection, cells were added with 4% parafor-
maldehyde to fix cells, 0.3% Triton X-100-PBS buffer
to permeate the cells. Three percent bovine serum albu-
min (BSA) was used to block cells. And then incubated
cells with antibodies against y-H2AX (1:400) and
FITC-labeled anti-IgG antibodies (1:400; KPL), respec-
tively. DNA was stained using 4, 6-diamidino-2-
phenylindole (DAPI). Nikon Ti-Al capture system
was used to acquire images. Representative images are
shown. Each group randomly selected 200 cells and
manually counted the y-H2AX foci in the nucleus.

NHEI repair efficiency assay

Stable /nc-RI knockdown cell lines were transfected
with 0.5-ug linearized EJ5-GFP (digested with Hind
M), linearized NHEJ-GFP plasmids were involved in
NHE]J repair showed as GFP-positive (GFP+) cells.
Cells were harvested after 48 h and NHEJ repair effi-
ciency detection via fluorescence-activated cell sorting
(FACS).

Dual luciferase reporter assay

The sequences (1-151 bp) of LIG4 mRNA 3’-untrans-
lated region (3'UTR) and partial /nc-RI sequences
(1140-1364 bp) were inserted into pmirGLO vector,
which expresses renilla and firefly luciferase to generate
pmirGLO-LIG4/Inc-RI-3'UTR-wt constructs. The

sequence of binding site mutations was inserted into
pmirGLO vector, to generate pmirtGLO-LIG4/Inc-RI-
3'UTR-mu constructs. Plasmids were synthesized by
TsingKe Biological Technology. After 8 h of cell trans-
fection with 80 ng reporter or pmirGLO plasmid,
100 nM miR-4727-5p mimic or miR-NC were
transfected. The Iuciferase activity of the cells was de-
tected by Dual-Luciferase Reporter Assay System
(Promega, USA). Firefly luciferase activity was normal-
ized to renilla luciferase.

Statistical analysis

Data were presented as mean + standard deviation (all
experiments were repeated three times). Two-tailed Stu-
dent’s ¢ test was used for data comparison (*P < 0.05,
*#P<0.01, ***P < 0.001, or **** P<(.0001 was con-
sidered statistically significant). Error bars indicate
s.e.m.

Results

Lnc-RI silencing reduces the growth and viability
of CRC cells

As shown in Fig. 1a, the lentiviral vector expressing
shRNA-Inc-RI#1/2 effectively reduced Inc-RI ex-
pression in CRC cells. We performed CCK-8 assays
to assess cell proliferation from 0- to 5-day
postsilencing, and found that /nc-RI silencing re-
strained CRC cells proliferation (Fig. 1b). We further
verified Inc-RI effect on the growth of CRC cells
through clonogenic assays. As expected, following
infection with shRNA-/nc-RI, CRC cells colony-
forming ratio was significantly reduced (Fig. Ilc).
We next explored the role of /nc-RI in apoptosis. At
72 h postinfection, cells were tested by flow cyto-
metric analysis of Annexin V-conjugated FITC/PI
staining. The proportions of apoptotic cells were
significantly increased after /nc-RI silencing (Fig.
1d). To explore the effects of /nc-RI silencing
in vivo, we subcutaneously injected BALB/c Nude
mouse with /nc-RI stably silenced cell lines. Lnc-RI
silencing causes a significantly reduced rate of xe-
nograft tumor growth over 30 days (Fig. le—f). A
three-fold change in tumor volume was observed
between shRNA-NC and shRNA-/nc-RI tumors as
early as 12 days post-injection and reached 4-5-fold
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Fig. 3 Lnc-RI aftects NHEJ repair efficiency by regulating L/G4
expression. a Gene chip results showed that knocking down /nc-RI
affected the DNA damage repair pathway. Signal pathway analysis
of downregulated genes functional enrichment. b Lnc-RI
knockdown suppressed NHEJ pathway efficiency. Stable /nc-RI
knockdown HCT116 cells were transfected with 0.5 pg of
linearized NHEJ-GFP reporter plasmid. GFP-positive (GFP+)
cells represent the linearized NHEJ-GFP plasmids joined by the
NHEJ of DSBs repair. ¢ test, mean + SD, n=3. ¢ Lack of lnc-RI
affected the NHEJ pathway proteins for DSBs repair. CRC cells
were infected with ShARNA-/nc-RI or shRNA-NC, and the expres-
sion of pathway related proteins were detected by Western blot
analysis. d Knockdown of /nc-RI suppressed LIG4 expression.
HCT116 cells were infected with shRNA-/nc-RI or sSIRNA-NC
for 72 h. LIG4 mRNA and protein was detected by real-time PCR
(bottom) and Western blot (top), respectively. ¢ test, mean + SD,
n=3. e LIG4 overexpression can reverse the damage caused by
knocking down /nc-RI. HCT116 cells were infected with sShRNA-
Inc-RI or shARNA-NC, and transfected with the LIG4 overexpres-
sion plasmid for 48 h. y-H2AX expression was detected by
Western blot analysis. f Lnc-RI is positively relative to LIG4
expression in 48 clinical CRC samples. The expression of /nc-RI
and LIG4 was detected by real-time PCR. *P < 0.05, **P<0.01,
%P <0.001

after 30 days (Fig. 1g). The tumor weights in the
shRNA-Inc-RI group were lower than the shRNA-
NC group (Fig. 1h). These data suggested that /nc-RI
plays an important role in CRC cells growth and
apoptosis.

Lnc-RI silencing induces CRC cells DSBs and induces
G1/S phase arrest through the ATM- > p53->p21->
Cyclin E-CDK2 pathway

In CRC cells, we found that Inc-RI silencing in HCT116
and HT29 cells for 72 h increased y-H2AX protein
levels and foci formation which suggests the induction
of DSBs (Fig. 2a, b). DNA damage can trigger G1/S or
G2/M arrest as a protective response to allow cells time
to repair prior to cell division (Barshishat et al. 2018).
We found that upon /nc-RI silencing for 72 h, HCT116
and HT29 cells showed G1/S arrest (Fig. 2¢). One of the
dominant checkpoint responses to DSBs through the G1
phase is the ATM/ATR->p53->p21->Cyclin E-
CDK2 pathway, which targets the G1/S promoting cy-
clin E/CDK2 kinase (Nurse 1995). Upon assessment of
the known cell cycle markers, we found that /nc-RI
silencing led to increased levels of pATM, p53, and
p21 and decreased levels of pCDK2 compared with
the control group, and that the increase of pCHK2
protein levels can promote p53 activation (Fig. 2d).

According to published studies, a loss of CDK2 expres-
sion prevents G1 to S phase transition (Dai et al. 2013).
In previous studies, we found that /nc-RI silencing in
Hela cells resulted in G2/M as opposed to G1/S phase
arrest (Wang et al. 2016). We believe the cell cycle arrest
differences between different cells in which /nc-RI is
silenced may be due to p53 expression levels. Firstly, we
silenced /nc-RI and assessed cell cycle progression in
HCT116, a p53-deficient cell line. We saw no G1/S
arrest in the ShRNA-/nc-RE1 group, and lower levels
of G1/S arrest in the ShARNA-/nc-RE#2 group compared
with HCT116 control cells (Fig. Sla). Next, we inves-
tigated pS3 level in Hela and CRC cells, and found that
p53 level in CRC cells was higher than Hela cells (Fig.
S1b). Last, we confirmed that /nc-RI silencing in
HCT116 p53-deficient cells induced DNA damage but
did not activate p21 (Fig. Slc). Taken together, these
data suggest that the G1/S arrest caused by /nc-RI si-
lencing is associated with p53.

Lnc-RI regulates NHEJ repair efficiency by stabilizing
LIG4 expression

To explore the molecular mechanism of DSBs induced
by Inc-RI silencing, we used gene chip technology to
screen differentially expressed genes (DEGs) in
shRNA-NC and shRNA-/nc-RI groups, to provide a
basis for the selection of downstream target genes
(Fig. 3a and Fig. S2). Signal pathway enrichment anal-
ysis showed that pathways enriched in downregulated
DEGs were closely related to DNA damage repair. The
expression of RAD51, BRCA1, MREL11, and LIG4 are
all downregulated. We have proved that knockdown of
Inc-RI could inhibit DSBs HR repair by reducing
RADS1 expression in previous study (Shen et al.
2018). We then wanted to examine whether /nc-RI plays
a role in DSBs NHEJ repair. We detected NHEJ effi-
ciency in HCT116 cells through the EJ5-GFP reporter
system. The GFP-positive (GFP+) percentage repre-
sents NHEJ repair efficiency and detected by FACS.
As shown in Fig. 3b, NHEIJ repair efficiency was sig-
nificantly inhibited in stable /nc-RI knockdown cell
lines. Upon assessment of NHEJ repair pathways, we
found that L/G4 expression decreased following /nc-RI
silencing (Fig. 3c). In addition to these observations,
Inc-RI silencing significantly inhibited L/G4 mRNA
and protein level (Fig. 3d), and the exogenous expres-
sion of LIG4 protected against the DNA damage ob-
served following Inc-RI silencing (Fig. 3e). We also
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Fig. 4 Lnc-RI regulates LIG4 through competitive binding with
miR-4727-5p. a MiR-4727-5p mimics decreased lnc-RI and LIG4
mRNA and protein levels. HCT116 cells were treated with miR-4727-
Sp mimics for 48 h, and the relative expression of /nc-RI and LIG4
were detected by real-time PCR. ¢ test, mean + SD, n = 3. Western blot
analysis of L/G4 and y-H2AX proteins expression in HCT116 cells
following treatment with miR-4727-5p mimics for 24 and 48 h. b
Predicted miR-4727-5p target sites in /nc-RI and LIG4 mRNA 3'UTR.
Luciferase reporter vectors were constructed by cloning the wild-type
and mutated L/G4 mRNA 3'UTR/Inc-RI sequences targeted by miR-
4727-5p into pmirGLO plasmids. ¢ MiR-4727-5p directly targeted
Inc-RI and LIG4 mRNA 3'UTR. HCT116 cells were cotransfected
with the reporter vectors and miR-4727-5p mimics or NC. Luciferase
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activity was measured at 48 h after transfection. # test, mean + SD, n =
3. d MiR-4727-5p mimics inhibited cell proliferation. HCT116 cells
were seeded in 96-well plates (1000 cells of each well), after transfec-
tion with miR-4727-5p mimics, a CCK-8 assay was performed to
analyze cell proliferation at the indicated time points. # test, mean +
SD, n=5. e MiR-4727-5p mimics reduced the rate of cell clone
formation. After transfection with miR-4727-5p mimics, HCT116
cells were reseeded in 6-well plates and colony-formation assays were
conducted after 2 weeks. # test, mean + SD, n=3. f MiR-4727-5p
mimics induced cell cycle arrest. Cell cycle analysis was performed by
flow cytometry after HCT116 cells were transfected with miR-4727-
Sp for 24 and 48 h. ¢ test, mean + SD, n=3. *P<0.05, **P<0.01,
#kP < (0.001, ##*P < (.0001
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confirmed that /nc-RI expression is positively correlated
with LIG4 expression in 48 clinical CRC samples (Pear-
son R =0.534, P <0.0001) following RT-qPCR analysis
(Fig. 3f), Inc-RI expression was increased in 19 and
decreased in 29 cases, and L/G4 was highly expressed
in 15 and poorly expressed in 33 cases. These data
suggest that /nc-RI regulates the NHEJ repair pathway
by stabilizing LIG4 expression.

Lnc-RI via competitive binding with miR-4727-5p
to regulates LIG4

It is well-known that there are a range of IncRNAs can
be used as competitive endogenous RNAs (ceRNAs) to
stabilize target genes. We explored miRNAs that can
target both L/G4 mRNA 3'UTR and /nc-RI through
open database predictions (TargetScan, RegRNAZ2.0,
miRDB, microRNA.org-Targets and Expression, and
miRTarBase). Six miRNAs were screened, including
miR-6817-5p, miR-3662, miR-1587, miR-3620-5p,
miR-4727-5p, and miR-4769-3p. We assessed the
effects of miRNA mimics on L/G4 and y-H2AX levels,
and observed that miR-4727-5p mediated the most sig-
nificant inhibition of L/G4 expression, with a concom-
itant increase of y-H2AX (Fig. S3). As shown in Fig. 4
a, transfection with miR-4727-5p mimics reduced /nc-
RI and LIG4 mRNA expression, and significantly in-
creased y-H2AX expression. To confirm miR-4727-
Sp’s direct interactions with Inc-RI and LIG4, we con-
structed pmirGLO-/nc-RI-wt/mu, pmirGLO-LI/G4-3'
UTR-wt/mu reporter vectors (Fig. 4b). Either miR-
4727-5p mimics or miR-NC were cotransfected with
these reporter vectors. As can be seen in Fig. 4c, miR-
4727-5p inhibited pmirGLO-Inc-RI/LIG4-wt reporters
luciferase activity and had no effects on pmirGLO-/nc-
RI/LIG4-mu reporters. Therefore, miR-4727-5p can di-
rectly acts on /nc-RI and LIG4 mRNA 3'UTR to regulate
their expression. We then transfected miR-4727-5p
mimics into HCT116 cells and performed CCK-8 assays
to assess cell proliferation. Figure 4d shows that miR-
4727-5p significantly inhibited HCT116 cell prolifera-
tion. We further examined miR-4727-5p effects on col-
ony formation and the cell cycle status of HCT116 cells.
The colony number of miR-4727-5p was lower than
miR-NC group (Fig. 4e), and cell cycle arrest was
observed (Fig. 4f). These data suggest that the cytolog-
ical phenotype induced by the miR-4727-5p mimics
was consistent with that observed in response to Inc-RI
silencing.

Table 1 The main parameters of a multi-target model based on
colony formation assays

N DO Dq SER

HCT116-shRNA-NC 1.999 1408 0.976
HCT116-shRNA-Inc-RH#1 ~ 2.078  1.046  0.765 1.275
HCT116-shRNA-Inc-R#2 1980  1.168  0.798 1222

HT29-shRNA-NC 2300  1.488  1.239
HT29-shRNA-/nc-RH#1 2131 0953 0.721  1.718
HT29-shRNA-/nc-RIH2 1.892  1.218 0.777 1596

N, extrapolation number; D0, mean lethal dose; Dg, quasi-
threshold dose; SER, sensitivity

Lnc-RI is negatively correlated with CRC cell
radiosensitivity

DNA damage repair is closely related to cancer cell
radiosensitivity (Hatano et al. 2015; Thangavel et al.
2014). Lnc-RI silencing induced DSBs in CRC cells
(Fig. 2a, b), so we predicted that /nc-RI expression is
negatively correlated with CRC cell radiosensitivity. As
previously observed, HT29 cells display higher chemo-
and radiation resistance than HCT116 cells (Spagnoletti
et al. 2018; Urick et al. 2011), results that were con-
firmed in our study (Fig. 5a and Fig. S4). We found that
Inc-RI and LIG4 expression in HT29 cells were higher
than that in HCT116 cells (Fig. 5b). In addition, we
performed DSBs detection on CRC cells after 4 Gy
irradiation, including y-H2AX foci analysis and y-
H2AX protein expression. The results (Fig. 5c, d) indi-
cated that HT29 cells showed less damage than HCT116
cells after IR treatment. Finally, following /nc-RI silenc-
ing, we observed clonogenic ability at different radiation
doses 0, 1, 2, and 4 Gy in CRC cells and based on
clonogenic survival assays calculated the parameters of
a multitarget/single-hit model. The results (Fig. Se,
Table 1 and Fig. S5) indicated /nc-RI silencing increased
radiosensitivity in CRC cells, and that the radiation
sensitization was more pronounced in HT29 than
HCT116 cells, which confirmed its role in CRC cell
radiosensitivity.

Discussion
Emerging evidence reveals that IncRNAs play key roles
in various life processes and in the development of

human disease (Jiang et al. 2018; Davidovich and Cech
2015; Furio-Tari et al. 2016; Ren et al. 2012; Zhao et al.
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Fig. 5 Lnc-RI is negatively correlated with CRC cell radiosensi-
tivity. a HCT116 cells are more sensitive to IR than HT29 cells.
HCTI116 and HT29 cells were seeded into 6-well plates, and
colony-formation assays were performed after irradiation (0, 1,
2,4, 8Qy). t test, mean + SD, n=3. b LIG4 protein level in HT29
cells was significantly higher than that in HCT116 cells. The
expression of LIG4 protein was detected by Western blot analysis.
The expression levels of /nc-RI and LIG4 in HT29 cells were
higher than those in HCT116 cells. Relative expression of /nc-RI
and LI/G4 were detected by real-time PCR. # test, mean =+ SD, n = 3.
¢ Numbers of y-H2AX foci were higher in HCTT16 cells than
HT29 cells after the same IR dose. Cells were inoculated in
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coverslips in six-well plates and fixed at the specified time points
after 4Gy irradiation. y-H2AX foci were detected by indirect
immunofluorescence staining. d y-H2AX protein level increased
significantly after IR in HCT116 cells compared to HT29 cells.
Cells were harvested at the indicated time points after 4Gy irradi-
ation. y-H2AX protein was detected by Western blot analysis. e
Lnc-RI knockdown enhanced CRC cell radiosensitivity. After
infection with ShRNA-Inc-RI and shRNA-NC, CRC cells were
inoculated in 6-well plates and colony-formation assays were
performed after irradiation. ¢ test, mean + SD, n=3. *P<0.05,
P <0.01, #**P<0.001
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2018). Very few IncRNAs are reported to have NHEJ
functions with LINP1 being the most famous NHEJ-
related IncRNA, which is expected to be an important
target for breast cancer treatment (Zhang et al. 2016).
However, studies regarding IncRNA involvement in the
NHEJ pathway remain limited. In this study, we found
an essential IncRNA /nc-RI in NHEJ regulation. We
demonstrated that /nc-RI plays a novel role in NHEJ
pathway during DSBs repair, and is negatively correlat-
ed with radiosensitivity in CRC cells. We showed that
Inc-RI via the [nc-RI/miR-4727-5p/ LIG4 axis as a
ceRNA to regulate LIG4 expression, thereby affecting
the NHEJ repair efficiency and radiation sensitivity.
DSBs emerge from radiation, chemical induction,
reactive oxygen species, and harmful metabolites.
NHE]J is the predominant repair pathway that occurs
during cell cycle progression to restore the duplex struc-
tures caused by DSBs. NHEJ requires nucleases to
remove DNA lesions, polymerases to replace the dam-
aged DNA, and ligases to restore DNA integrity (Lieber
2010). The NHEJ repair pathway includes
KU70/KU80, DNA-PKcs, LIG4, XRCC4, XLF and
Artemis, and L/G4 is considered essential for final
“end-joining”. LIG4 dysfunction results in NHEJ defi-
ciency leading to developmental delay, radiosensitivity,

neurodegeneration, carcinogenesis, and immunodefi-
ciency (Lieber et al. 2003; O’Driscoll et al. 2004).

In this research, we confirmed that /nc-RI silencing
significantly inhibited CRC cell growth and promoted
apoptosis. These effects were mediated through in-
creased DSBs in silenced CRC cells leading to G1/S
phase arrest by activating the ATM->p53->p21->
Cyclin E-CDK2 pathway (Foster et al. 2012). Following
DNA repair, cells that repair correctly can enter the cell
cycle while those that fail to repair initiate apoptotic
mechanisms. Our data indicates that /nc-RI silencing
suppresses NHEJ repair efficiency. Intriguingly, we
found that LG4 expression, a key molecule in the NHEJ
repair pathway, decreased at both the mRNA and pro-
tein level. Among the 48 clinical samples, 36 showed
the same expression /nc-RI and LIG4 trends in cancer
tissue, compared with adjacent tissue, providing direct
evidence for our cell based results. LncRNAs are used
as bait for miRNAs to regulate target gene expression
(Chen et al. 2018; Zhu et al. 2017). We screened
miRNAs targeting both /nc-RI and LIG4 mRNA
3’UTR through public database predictions, and found
that miR-4727-5p mimics inhibited /nc-RI and LIG4
expression and enhanced y-H2AX expression. And this
is the first report to demonstrate the molecular
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mechanism of miR-4727-5p. Furthermore, the direct
interactions between miR-4727-5p and target sites in
the 1240-1262 bp region of /nc-RI and the 3’'UTR
3028-3050 bp region of LIG4 mRNA were confirmed
by dual luciferase reporter assays. This confirmed that
Inc-RI through competitive binding with miR-4727-5p
to regulate LIG4 expression. We speculate that LIG4
silencing was consistent with the effect of miR-4727-5p
mimics on cell survival, but this requires further study to
confirm and characterize.

LncRNAs are used as biomarkers or therapeutic tar-
gets, providing new insight for tumor diagnosis and
treatment (Giraldez et al. 2019; Sole et al. 2019;
Martens-Uzunova et al. 2014; Yu et al. 2015). It is
increasingly clear that DSBs repair capacity is a key
factor of radiosensitivity in tumor radiotherapy (Rube
et al. 2008; Tarish et al. 2015). Inhibiting the ability of
tumors to repair is an important direction for the devel-
opment of anticancer therapeutics (Pounami Samaddera
et al. 2016). We propose that /nc-RI has potential value
in the evaluation of chemo-/radiosensitivity of CRC
cells. As a caveat, the lack of clinical research regarding
Inc-RI limits its clinical application for the time being.

In summary, our results indicate that the /nc-RI close-
ly associated with DNA damage repair and radiosensi-
tivity in CRC cells. Lnc-RI via competitive binding of
miR-4727-5p regulates LIG4 expression to participate
in DNA damage repair, affecting cell cycle and radio-
sensitivity (Fig. 6). We show that /nc-RI represents an
important CRC therapeutic target whose knockdown
can inhibit the DNA damage repair ability of tumor
cells, promoting tumor cell death in combination with
antitumor drugs or/and radiation therapy.
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