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ATR-binding IncRNA ScaRNA2 promotes o

cancer resistance through facilitating efficient
DNA end resection during homologous
recombination repair
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Abstract

Background Our previous study first showed that ATR-binding long noncoding RNA (IncRNA) is necessary for ATR
function and promotes cancer resistance. However, the specific INcRNAs instrumental in ATR activation remain largely
unclear, which limits our comprehensive understanding of this critical biological process.

Methods RNA immunoprecipitation (RIP) followed by RNA sequencing was employed to identify ATR-binding
INncRNAs, which were further validated using RIP-gPCR assays. Immunofluorescence staining and Western blotting
were applied to detect the activation of DNA damage repair factors. After the effect of scaRNA2 on cellular sensitivity
to DNA-damaging reagents was determined, the effects of scaRNA2 on radiotherapy were investigated in patient-
derived organoids and xenograft preclinical models. The clinical relevance of scaRNA2 was also validated in tissues
isolated from rectal cancer patients.

Results ScaRNA2 was identified as the most enriched ATR-binding IncRNA and was found to be essential for homol-
ogous recombination (HR) mediated DNA damage repair. Furthermore, scaRNA2 knockdown abrogated the recruit-
ment of ATR and its substrates in response to DNA damage. Mechanistically, scaRNA2 was observed to be necessary
for Exo1-mediated DNA end resection and bridged the MRN complex to ATR activation. Knockdown of scaRNA2
effectively increased the sensitivity of cancer cells to multiple kinds of DNA damage-related chemoradiotherapy. Pre-
clinically, knockdown of scaRNA2 improved the effects of radiotherapy on patient-derived organoids and xenograft
models. Finally, an increase in scaRNA2 colocalized with ATR was also found in clinical patients who were resistant

to radiotherapy.
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Conclusions ScaRNA2 was identified as the most abundant INcRNA bound to ATR and was demonstrated to bridge
DNA end resection to ATR activation; thus, it could be applied as a potent target for combined cancer treatments

with chemoradiotherapy.

Keywords ScaRNA2, ATR, DNA end resection, Cancer resistance

Background

Alterations of genes in DNA damage repair pathways are
hallmarks of cancer. Moreover, inducing unfavourable
DNA damage or blocking DNA repair is currently one of
the most important strategies for cancer therapy, includ-
ing radiotherapy and chemotherapy. Unfortunately, the
abnormally stronger capacity to repair damaged DNA
leads to cancer treatment resistance and treatment fail-
ure. Uncovering the underlying mechanism of enhanced
DNA damage repair is of great importance for overcom-
ing cancer treatment resistance.

Ataxia telangiectasia-mutated and Rad3-related (ATR)
acts as a master kinase to phosphorylate a series of sub-
strates in homologous recombination repair and rep-
lication stress [1]. In mammalian cells, both HR and
non-homologous end joining (NHE]) repair are often
activated in response to DNA double-strand breaks
(DSBs), which are the most deleterious types of DNA
damage induced by radiotherapy and several chemo-
therapy agents [2]. In the initial stage of HR repair, DSBs
are recognized, and the broken DNA ends are resected
by the Mrell-Rad50-Nbsl (MRN) complex and CtIP,
together with BLM/DNA2 and Exol. This process gen-
erates single-stranded DNA (ssDNA), which is subse-
quently bound and safeguarded by replication protein
A2 (RPA2). RPA2-bound ssDNA recruits TOPBP1 and
ATRIP to lead to ATR autophosphorylation for the acti-
vation of HR repair [3, 4]. Several ATR-targeting chemi-
cals have been investigated in clinical trials to establish
potential anticancer strategies [5, 6]. Uncovering the
mechanism of ATR activation may provide novel oppor-
tunities and targets for improving cancer therapy.

Recently, RNA has emerged as a critical factor in the
field of DNA damage repair [7]. Strikingly, Francia S
et al. reported that RNase A treatment almost abrogated
the recruitment of 53BP1, ataxia telangiectasia mutated
kinase (ATM) and MDCI1 to DSB sites [8]. Further inves-
tigations demonstrated that DNA damage-induced long
noncoding RNA (dilncRNA) was necessary for the mobi-
lization of protein repair factors in response to DNA
damage [9]. LncRNAs such as LRIK, HITT, DSSR, and
linc00312 were also demonstrated to be critical factors in
the DNA damage response (DDR) by binding Ku70/80,
ATM, BRCA1, and DNA-dependent protein kinase cata-
lytic subunit (DNA-PKcs), respectively [10-13]. In par-
ticular, our recent report elucidated that IncRNA ANRIL

directly binds to ATR and stabilizes the ATR protein to
promote HR repair [14]. The members of ATR-binding
IncRNAs during DNA repair should be identified in
mammalian cells, especially in cancer cells, to potentially
manage ATR-involved cancer therapy.

In our ongoing research, we performed RNA immu-
noprecipitation sequencing (RIP-seq) and identified
Small Cajal Body-Specific RNA 2 (scaRNA2) as the
most enriched IncRNA. ScaRNA2 was first shown to be
related to the assembly of Cajal bodies. During this work,
scaRNA2 was reported to suppress DNA-PKcs function
[15]. To improve our understanding of the functions of
scaRNA?2 and explore potential clinical applications, we
specifically studied how scaRNA2 can regulate ATR and
its direct role in DNA end resection during HR repair in
colorectal cancer cells, which may also provide the nec-
essary theoretical support for targeted inhibition of HR
repair in various types of cancer cells after radiotherapy
in the clinic.

Methods

Cells and treatment

Colorectal cancer (CRC) cell lines (HCT116, HT29,
WIDR and T87), lung cancer cell lines (A549, H460,
H1299 and H1975), a human bronchial epithelial cell line
(BEAS-2B), human glioma cell lines (U251, U373 and
U87), human hepatoma cell lines (HuH7, 7721, HepG2)
and human embryonic kidney 293 cells (HEK 293T) were
all purchased from the Chinese Academy of Sciences Cell
Bank (Shanghai, China). The culture conditions used in
this study are shown in Supplementary Table S1. High
glucose Dulbecco’s modified Eagle’s medium (DMEM)
and RPMI-1640 medium were supplied by HyClone
(Thermo Fisher, USA). All culture media were supple-
mented with 10% fetal bovine serum (Gibco, Thermo
Fisher), 100 U/mL penicillin and 100 pg/mL phytomycin
(Gibco, Thermo Fisher). All cultures were maintained at
37 °C and 5% CO,. For induction of DNA damage, cells
were treated with camptothecin (CPT, 1 uM, Selleck)
for 1 h, etoposide (ETO, 100 pug/mL, Selleck) for 4 h, or
y-irradiation. ATM inhibitor (ATMi, KU-55933), ATR
inhibitor (ATRi, VE-821) and DNA-PK inhibitor (DNA-
PKi, NU7441) were purchased from Selleck. During
DNA damage induction by ionizing radiation (IR), CPT
or ETO, the corresponding inhibitors were maintained in
complete medium continuously unless indicated.
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Plasmids and sgRNA constructs

Plasmids containing full-length scaRNA2 (NR_003023)
and truncated fragments were directly synthesized by
OBIO Technology (Shanghai, China). The scaRNA2
overexpression sequence was cloned and inserted into
the lentiviral expression vector (GL132 pSlenti-EF1-
EGFP-F2A-Puro-WPRE2-CMV-MCS), and empty over-
expressed lentiviral vector was used as a negative control
(vector). CRISPR-mediated knockdown sequences target-
ing scaRNA2 were cloned and inserted into the lentiviral
vector H5070 (pCLenti-U6-spgRNA v2.0-CMV-Puro-
3xFlag-spCas9-WPRE). The control sgRNA lentiviral
vector cells (sg-ctrl) were used as a negative control. The
sequences of scaRNA2 guide RNAs are listed in Supple-
mentary Table S3. The DRR (pLCN DSB Repair Reporter,
Addgene, 98895) and DDR mCherry donor (pCAGGS
DRR mCherry Donor EFla BFP, Addgene, 98896) plas-
mids used in the DDR reporter assay were kind gifts from
Jan Karlseder (Addgene plasmids) [16].

RNA isolation and quantitative RT-PCR (RT-qPCR) assay
Total RNA was extracted from cultured cells using a
MagaBio plus RNA Purified Reagent Kit (Bioer Technol-
ogy, Hangzhou, China) and a GenePure Pro Automatic
Nucleic Acid Extraction and Purification Instrument
according to the manufacturer’s instructions. The quality
of the total RNA was evaluated using a NanoDrop One
spectrophotometer (Thermo Fisher, USA). ¢cDNA was
synthesized by using the PrimeScript RT Master Mix Kit
according to the manufacturer’s instructions (TaKaRa,
Japan). qRT-PCR was conducted using a TB Green Pre-
mix Ex TagTM PCR kit (TaKaRa, Japan) on a Quant
Studio 1 (Applied Biosystems, Thermo Fisher, USA)
Real-Time PCR system. Relative gene expression levels
were determined using the 2~ AACT method. GAPDH
was used as an internal control to calculate the relative
expression of IncRNAs. Each PCR amplification was per-
formed in triplicate. All primer sequences are listed in
Supplementary Table S2.

Lentiviral transfection and stable cell line construction

The lentivirus packaging plasmids PSPAX2 and PMD2G,
together with the corresponding target plasmids, were
cotransfected into 293 T cells with 1 pg/mL PEI rea-
gent. The viral supernatants were collected at 48 h and
72 h after transfection. For stably transfected cell lines
with overexpression or knockdown (KD) of scaRNA2,
HCT116 and HT29 cells were transduced with the
harvested viral supernatants in the presence of 5 ug/
mL polybrene (Yeasen Biotech, Shanghai, China) and
selected with 1.5 pg/mL puromycin (Beyotime Biotech,
Shanghai, China) for two weeks. The cells were then
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seeded at a density of 5000 cells/well into 96-well plates
to obtain cell clones with stable expression. The overex-
pression and knockdown efficiency of scaRNA2 in these
cells were examined using RT-qPCR assays.

Irradiation

For ionizing radiation treatment, y-irradiation was per-
formed using a ®°Co irradiator in the Radiation Center of
Naval Medical University in China. For cellular experi-
ments, cells were irradiated with doses ranging from 2
to 8 Gy at a dose rate of 1 Gy/min. For the animal study,
tumour regions of xenograft models were subjected to
local irradiation for a single dose of 15 Gy. The flow chart
for the local irradiation field and shielding is shown in
Figs. S14-and S15.

The 5’-RACE and 3’-RACE techniques

5-RACE and 3’-RACE experiments were performed
using a GeneRacer' Kit (Invitrogen, USA) with 1.0 ug
of purified total RNA isolated from HCT116 cells. All
RACE assays were carried out according to the manufac-
turer’s instructions. The primers used for 3’-RACE and
5-RACE are listed in Supplementary Table S5.

Fluorescence in situ hybridization (FISH) with the TSA
technique

The subcellular localization of scaRNA2 was determined
in HCT116 cells using an In Situ Hybridization Detec-
tion Kit (TSA technique) (Servicebio, Wuhan, China)
following the manufacturer’s instructions. FISH probes
against scaRNA2 were designed and synthesized using
digoxigenin-labelled antisense riboprobes (Servicebio,
Wuhan, China) (Table S3). Briefly, HCT116 cells were
seeded on 14x14 ® cover slips, fixed with 4% para-
formaldehyde in DEPC at room temperature for 15 min,
digested with proteinase K solution at 37 °C for 30 min,
and incubated with 3% H,O, at room temperature for
30 min. After incubation with prehybridization mix at
37 °C for 1 h, the cell slides were incubated with hybridi-
zation mix containing 1 uM scaRNA2 or U6 probes in a
humidified chamber and hybridized overnight at 37 °C.
The next day, the cell slides were immersed in 2xSSC
at 37 °C for 10 min, followed by two washes at 37 °C for
5 min with 1xXSSC. After 30 min of blocking with 0.1%
BSA, the cell slides were labelled with digoxin working
solution at 37 °C for 50 min, followed by four washes at
37 °C for 5 min with 1xXPBS. Afterwards, the cell slides
were incubated with FITC-TSA working solution for
5 min in the dark. Subsequently, cell nuclei were stained
with DAPI for 10 min in the dark. Fluorescence images
were obtained using a Zeiss LSM primary microscope.
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Isolation of nuclear and cytoplasmic RNA fractions

The nuclear and cytosolic fractions of cellular RNA were
isolated using the Cytoplasmic & Nuclear RNA Purifi-
cation Kit according to the manufacturer’s instructions
(Norgen Biotek, Canada). Briefly, HCT116 cells (2x 10°)
were lysed with 200 pL of ice-cold lysis buffer J for 5 min
on ice. The lysate was transferred to a microcentrifuge
tube with subsequent pelleting by spinning at 3500 g
for 10 min. The supernatant containing cytoplasmic RNA
was transferred to a new tube and vortexed with 200
uL of buffer SK for 10 s. The cell pellets containing the
nuclear RNA were resuspended in 400 pL of buffer SK
for 10 s. Then, 200 puL of 96% ethanol was added, and the
tubes were vortexed for 10 s. The sample mixtures were
transferred to spin-columns to separate nuclear RNA
using centrifugation (3500 g, 1 min). Next, all the col-
umns were washed twice with 400 uL of wash solution,
followed by centrifugation for 2 min to thoroughly dry
the column. The samples were eluted from the columns
using 50 pL of elution buffer to obtain the fractionated
RNA. The concentrations of cytoplasmic and nuclear
RNA were measured using a NanoDrop One spectro-
photometer (Thermo Fisher, USA). Relative expression
levels of U6, GAPDH and scaRNA2 were analysed using
RT-qPCR.

RNA immunoprecipitation and PCR (RIP-qPCR)

RIP was performed using a Magna RIP RNA-Binding
Protein Immunoprecipitation kit (Millipore, USA)
according to the manufacturer’s instructions. In brief,
2x10° HCT116 cells were harvested and lysed with RIP
lysis buffer containing protease inhibitor cocktail. The
cell supernatants were incubated with magnetic beads
conjugated with ATR antibody (CST, 13934s) or IgG
(Millipore, AP101) for 2 h at 4 °C. RNase-free DNase I
and proteinase K were consecutively used to remove
DNA and protein from the RIP complex. The resulting
RNA was subjected to qRT-PCR to detect the enrich-
ment of scaRNA2.

Colony formation assay

Cells with scaRNA2 knockdown or overexpression were
seeded in 6-well plates for 24 h, followed by treatment
with different doses of IR, CPT, ETO or olaparib. Cell
densities and drug treatment concentrations are listed
in Supplementary Table S6. After these treatments, the
cells were incubated with drug-containing medium for
10-14 days. Cells were dyed with crystal violet solution
(Beyotime, Shanghai, China) for 15 min after fixation
with 4% paraformaldehyde for 30 min at room tempera-
ture. The images were taken with a HiCC-IB Automatic
Colony Counting Analysis System (Wanshen, Hang-
zhou, China). Cell colonies were defined as 0.5-1 mm in
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diameter cell assemblies. Experiments were repeated in
triplicate. Data from different experimental groups were
normalized to those of their control groups.

Flow cytometric cell apoptosis and cell cycle analysis

Cells were seeded in six-well plates at a density of 1 x 10°
cells/well. On the second day, cells were irradiated with
8 Gy or treated with 1 uM CPT for 1 h or 100 pg/mL
ETO for 4 h. Apoptosis of cells was assessed using an
Annexin V-FITC/PI Apoptosis Detection Kit (Dojindo,
Japan) according to the manufacturer’s instructions. For
the cell cycle assay, cells were collected and fixed with
70% ethanol overnight at 0, 4, 8, 12 and 24 h after differ-
ent treatments. The cells were treated with 100 pg/mL
RNase (Thermo Fisher, USA) and 40 ug/mL propidium
iodide (Beyotime, Shanghai, China) for 30 min at 37 °C.
The percentages of cells distributed in GO/G1-, S-, and
G2/M-phase were determined using flow cytometry
(Beckman, USA).

Neutral comet assay

DNA DSBs were evaluated using a neutral single-cell
gel electrophoresis assay kit (Trevigen, USA) accord-
ing to the manufacturer’s instructions. In brief, negative
control and scaRNA2 knockdown cells were trypsinized
and resuspended at a concentration of 1x10° cells/mL.
The cell suspension was then mixed with low melting
agarose (LMA) (37 °C) at a ratio of 1:10. Then, 50 pL of
cell suspension was immediately pipetted onto the slide.
The slides were immersed in precooled lysis buffer at
4 °C overnight and then immersed in prechilled neutral-
izing buffer for 30 min. After electrophoresis, the slides
were immersed in DNA precipitation solution and 70%
ethanol successively at room temperature for 30 min
each. The slides were air dried at room temperature and
stained with 100 pL of diluted SYBR® Green Gold at 4 °C
for 5 min. Comet images were visualized using a fluo-
rescence inverted microscope (LSM Primovert, ZEISS).
Image quantification was performed on a minimum of
five random fields per slide using CaspLab software.

Western blot analysis

Total protein was extracted from cells using M-PER
Protein Extraction Reagent (Thermo Scientific, USA)
containing a proteinase inhibitor cocktail (MCE, USA),
phosphatase inhibitor cocktail I (MCE, USA) and phos-
phatase inhibitor cocktail II (MCE, USA). The cell lysate
was smashed by sonication for 15 cycles (power 6%,
ultrasound for 1.5 s, interval of 1 s) in an ultrasonic cell
crusher (Qiqian Electronic Technology, Shanghai, China)
and centrifuged at 14,000xg for 15 min at 4 °C. The
protein concentrations were determined using a BCA
protein assay kit (Beyotime, Shanghai, China). For WB
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analysis, 15 pg protein lysates were separated using a 10%
or 12.5% SDS-PAGE gel preparation kit (Epizyme Bio-
medical Technology, Shanghai, China). The proteins were
transferred to 0.2 pum PVDF membranes (Millipore, USA)
using an eBlot' " L1 Wet Protein Film Transfer Instrument
(GeneScript, China). The PVDF membranes were incu-
bated overnight at 4 °C with the selected primary anti-
bodies against the specific proteins (Supplementary Table
S4) and then incubated with secondary antibodies for
2 h at room temperature. The western blot signals were
visualized with chemiluminescence using an ECL kit
(Thermo Fisher, USA) and a GelView detection system
(Biolight, Guangzhou, China). Relative protein expres-
sion was quantified using Image] software. GAPDH was
used as an internal control, and the gray value of each
target protein was normalized to GAPDH. For phospho-
rylated proteins, grey values were normalized to those of
the corresponding nonphosphorylated protein. The nor-
malized value was calculated as the grey value of phos-
phorylated protein/gray value of total protein.

Immunoprecipitation (IP)

Immunoprecipitation was performed using a Pierce’"
Crosslink IP Kit (Pierce, 26147) according to the stand-
ard protocol. Briefly, negative control and scaRNA2
knockdown cells were lysed with 500 pL of IP lysis buffer
with protease inhibitor cocktail plus phosphatase inhibi-
tor cocktail (MCE) and centrifuged at 14,000 g at 4 °C
for 15 min. Total protein lysates (1 mg) were used per
immunoprecipitation. Nonspecific binding of protein
lysates was excluded by incubating with 80 pL of con-
trol agarose resin for 1 h and rotating at 4 °C. Antibod-
ies against ATR, Mrell and Exol or control IgG (5 ug)
(Supplementary Table S4) were crosslinked with 20 pL
of Protein A/G Plus Agarose for 1 h and rotated at room
temperature. Then, protein lysates were loaded onto the
selected antibody crosslinked columns overnight at 4 °C.
On the following day, the immunoprecipitation complex
was washed five times with IP lysis buffer, eluted with 40
uL of elution buffer, and analysed using western blotting
along with 5% input as controls.

RNA pulldown assay and mass spectrometry analysis

The sense and antisense strands of scaRNA2 or trun-
cated scaRNA2 were obtained with in vitro transcrip-
tion from the MB1985 pSPT18 vector (OBIO BioTech.,
Shanghai, China) and purified using a QIAquick Nucle-
otide Removal Kit (Qiagen, Germany) according to the
manufacturer’s protocol. Sense and antisense RNAs
were biotinylated with Biotin RNA Labeling Mix (Roche,
Switzerland), T7 RNA polymerase (Roche, Switzer-
land) and SP6 RNA polymerase (Roche, Switzerland).
The PCR products were purified using an RNeasy Mini
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Kit (Qiagen, Germany). The quality was verified using a
NanoDrop One (Thermo Fisher, USA). Then, 3 pg of each
kind of purified biotinylated transcript was heated at
90 °C for 2 min, left on ice for 2 min and incubated with
5XAnnealing Buffer (Beyotime, Shanghai, China) for
20 min at room temperature. Thereafter, the biotinylated
transcripts were incubated with protein lysates from
HCT116 cells (1 mg) at 4 °C for 1 h to form RNA-pro-
tein complexes. Then, the complex was incubated with
Dynabeads MyOne' " (Thermo Fisher, USA) beads for 1 h
at room temperature in the dark to isolate the labelled
complexes from other components. Dynabeads MyOne""
beads were then washed three times with PBS and elu-
tion buffer. The proteins pulled down by sense, antisense
or truncated scaRNA2 were analysed using western blot-
ting and mass spectrometry (Thermo Fisher, USA). Mass
spectra results were analysed using MaxQuant (version
1.5.5.1) software.

NHEJ and HR reporter assay

The NHEJ and HR reporter assays were performed
according to our previous study [17]. Briefly, the pLCN
DSB Repair Reporter (DRR) plasmid was transfected
into HeLa cells, and stable DDR expression clones were
selected using 400 pg/mL neomycin. Then, the cells were
transduced with scaRNA2 KD or vector lentiviruses and
selected using 0.5 pug/mL puromycin. For induction of
DSB formation, the I-Scel-expressing plasmid and HR
donor (pCAGGS DRR mCherry Donor EFla BFP) plas-
mid were cotransfected into the above selected cells.
After 48 h, transfected cells were harvested and exam-
ined for the expression of GFP and mCherry by CytEx-
pert flow cytometry (Beckman, USA).

Chromatin fractionation

For preparation of the chromatin fractionation, a chro-
matin extraction kit (Abcam, UK) was utilized according
to the manufacturer’s recommendations. Briefly, after dif-
ferent treatments, 2 x 10° normal and scaRNA2 KD cells
were lysed with 200 pL of lysis buffer containing protease
inhibitor cocktail. The cell suspension was vortexed vig-
orously for 10 s and centrifuged at 5000 rpm for 5 min.
The supernatant was collected and incubated with 50 pL
of working extraction buffer on ice for 10 min and soni-
cated 2X 20 s to increase chromatin extraction. Thereaf-
ter, the samples were centrifuged at 12,000 rpm at 4 °C
for 10 min, and the supernatant was transferred to a new
tube and mixed with chromatin buffer at a 1:1 ratio. The
chromatin-binding proteins were analyzed using western
blotting. Quantification of protein bands was analyzed
using Image] software. Histone 3 was used as the internal
control.
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Immunofluorescence (IF) staining and imaging analysis
Immunofluorescence staining assays were performed
according to our previous study [17]. Briefly, negative
control and scaRNA2 KD cells were seeded on circular
coverslips with a diameter of 14 mm in 12-well plates at a
concentration of 1x 10° cells per well. For immunostain-
ing, cells were fixed in 4% paraformaldehyde for 15 min
at different time points (30 min-24 h) after 6 Gy irradia-
tion. Then, the coverslips were permeabilized in 0.5% Tri-
ton X-100 on ice for 10 min, followed by blockage with
5% goat serum in PBS for 1 h at room temperature. Sub-
sequently, the coverslips were incubated at 4 °C with the
appropriate primary antibodies overnight, followed by
incubation with the appropriate fluorophore-conjugated
secondary antibodies for 2 h in the dark at room tem-
perature. All antibodies utilized in our study are listed
in Supplementary Table S4. The nuclei were stained with
0.1 pg/mL DAPI (Beyotime, Shanghai, China) for 15 min
and mounted with mounting media (Beyotime, Shanghai,
China).

For the detection of RPA2, RAD51, CtIP, Mrell,
DNA2, and Exol foci induced by IR, cell coverslips were
incubated with pre-extraction buffer (25 mM HEPES pH
7.5, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl,, 300 mM
sucrose, 0.5% Triton X-100) for 5 min on ice before fixa-
tion. For the detection of ssDNA upon BrdU labelling,
cells were labelled with 10 uM BrdU (Sigma, USA) for
24 h prior to exposure to IR. Before fixation, the cells
were treated with fresh pre-extraction buffer as described
above.

The images were photographed with a Zeiss LSM 880
confocal microscope (Zeiss, Germany) under 63X oil
objective lens magnification, and raw data were pro-
cessed with Zen 2.3 software. For the quantification of
foci number, approximately ten fields of view were ran-
domly captured from distinct images.

Patient-derived organoids and treatment

Patient-derived organoids (PDOs) were constructed to
evaluate the preclinical impact of scaRNA2 knockdown

(See figure on next page.)
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on tumour growth. Tumour tissues from rectal cancer
patients in the Department of Colorectal Surgery, Shang-
hai Changhai Hospital were used for the establishment
of PDO models. Briefly, freshly resected tumour tissue
was minced, rinsed with iodophor solution 3 times, cut
into~ 0.5 mm? pieces and centrifuged at 200X g for 3 min
to remove the supernatant. The fragmented tissue was
incubated in 4 mL of digestion buffer (Advanced DMEM
F12 (Gibco, USA) containing 500 U collagenase (Gibco,
USA)) on an orbital shaker at 37 °C for 2 h. After diges-
tion, the suspension was pipetted 20 times with a 1 mL
pipette tip, allowed to stand for 3 min, transferred to the
supernatant and centrifuged for 1 min at 2500 rpm. Red
blood cell lysis buffer (the volume of precipitation: red
blood cell lysis buffer=1:3) was added to lyse the pre-
cipitate, shaken at room temperature for 4 min, and then
mixed with DPBS followed by centrifugation at 2500 rpm
for 1 min. The pellet was resuspended with Matrigel
(Corning, USA) on ice, and 30 pL of Matrigel resuspen-
sion was added to each well of a 48-well plate at 37 °C
for 15 min. Upon complete gelation, 500 pL of Colorec-
tal Cancer Organoid medium (Biogenous, Hangzhou,
China) was added to each well, and the plates were trans-
ferred to humidified incubators. The culture media was
changed every 4-5 days, and organoids were passaged
every 2—4 weeks.

Cells from organoids were plated into 24-well plates
after 3 days of culture and then infected with scaRNA2
knockdown or vector lentiviruses. After culture for 48 h,
organoids were irradiated with 8 Gy y-rays. Then, images
were taken with a light microscope every day for up to
8 days. The average number of organoids per field was
quantified.

Tumour xenograft models and treatments

Cell-derived xenograft (CDX) model

In vivo subcutaneous tumour growth assays were per-
formed in male BALB/c nude mice (4—5 weeks old) pur-
chased from Shanghai Jihui Experimental Animal Feeding
Co., Ltd. HCT116 cells were transfected with lentivirus

Fig. 1 Characterization of scaRNA2 as an ATR-binding IncRNA and its influence on the transcriptome. A Schematic view of RIP and sequencing
analysis in HCT116 cell lysate with an ATR-specific antibody. B The top 30 ATR-binding IncRNAs are shown in the column graph based

on the expression level from RIP-seq. C ATR-binding INcRNAs were confirmed with a RIP-gPCR assay in HCT116 cells with an ATR-specific antibody.
A representative image of immunoblotted ATR from RIP experiments is shown. D Representative images of RNA FISH staining with a specific probe
for scaRNA2 in HCT116 cells. U6 was used as a positive marker for nuclear IncRNAs. Scale bar: 20 um. E Relative scaRNA2 expression was determined
with nuclear and cytoplasmic RNA extracted from HCT116 cells. F Representative images of ATR fragments immunoblotted with Flag antibody

in RIP experiments. ATR-F: full-length; ATR-N: ATR N-terminal; ATR-M: ATR middle region; ATR-C: ATR C-terminal. G The relative expression of scaRNA2
measured with an RT-PCR assay in the ATR RIP complex. ***P<0.001 compared with the IgG group. H Representative images of immunoblotted ATR
from the RNA pulldown complex using biotin-labelled sense and antisense scaRNA2. 1 The structure of scaRNA2 predicted using RNAfold software. J
Representative images of ATR from RNA pulldown experiments with scaRNA2 full-length (SCA-FL), scaRNA2 fragment 1 (SCA-F1), scaRNA2 fragment
2 (SCA-F2), and the respective antisense sequences. K GO analysis of the key signalling pathways affected by scaRNA2
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control or sg-scaRNA2 vectors and then selected in puro-
mycin. A total of 2.0x 107 cells were resuspended in 100 pL
of culture medium and the same volume of Matrigel (Corn-
ing, USA). Each mouse was injected subcutaneously with
200 pL of cell suspension on the left and right thigh (Fig.
S14A). When tumour sizes reached~100 mm?, the mice
were randomly divided into four groups: sg-ctrl group, sg-
scaRNA2 group, sg-ctrl+IR group, and sg-scaRNA2+IR
group (n=5). Thereafter, tumour-bearing mice received
local irradiation at a dose of 15 Gy, as depicted in Fig. S15A.
For the analysis of tumour growth, tumour size was meas-
ured every 3 days for a month with a digital calliper using
the following formula: volume=lengthxwidth*x1/2. At
the end of treatment, the mice were euthanized, and the
excised tumours were fixed and serially sliced for histologi-
cal and immunohistochemical analyses.

Patient-derived xenograft (PDX) model

For the patient-derived xenograft (PDX) model, tumour
tissues from rectal cancer patients were implanted into
nude mice and established by LIDE Biotech Co., Shanghai,
China. Tumour tissues from mice bearing the passage 3
PDX (COPF161282) were injected subcutaneously into the
dorsal flank of male BALB/c nude mice. When the tumours
reached 100-200 mm?, 100 L (10® IU/mL) of sg-ctrl or
sg-scaRNA2 lentivirus was intratumorally injected at mul-
tiple points. The lentiviruses were injected every two days
three times (Fig. S14B), and then, the mice were randomly
divided into four groups as in the PDX models (n=4).
Tumours in the flank of PDXs were locally irradiated with a
Co irradiator at a dose of 15 Gy, and the abdomen of mice
was covered with custom lead jigs (Fig. S15B). The tumour
size was monitored every 3 days for a month. Tumour vol-
ume was calculated in accordance with the following for-
mula: volume=length xwidth?x1/2. At the endpoint,
the mice were euthanized, and the tumours were excised,
measured, weighed and fixed for analysis with histology
and immunohistochemistry.

Histology and immunohistochemistry

Tumour tissues from CDX and PDX were collected and
fixed with 4% paraformaldehyde overnight and sectioned

(See figure on next page.)

Page 8 of 22

into slides at a thickness of 5 um. For histological analysis,
slides were stained with haematoxylin and eosin (H&E).
For immunohistochemistry, slides were deparaffinized,
rehydrated, and treated with 3% H,O, for 25 min in the
dark. After extensive washing, the slides were blocked
with 3% BSA in PBS for 30 min and incubated overnight
at 4 °C with the indicated primary antibodies, followed by
incubation with the appropriate fluorophore-conjugated
secondary antibodies. Antibody information is shown in
Supplemental Table S4.

TUNEL staining was conducted to evaluate apopto-
sis in resected tissue according to the manufacturer’s
instructions (Servicebio, Wuhan, China). Briefly, after
deparaffinization and antigen retrieval, sections were
incubated with 1% Triton X-100 in PBS for 20 min at
room temperature. Then, the sections were incubated
with reaction solution containing 1 pL of TdT, 5 puL of
dUTP and 50 pL of equilibration buffer at 37 °C for 2 h
in a humidified box. After washing with PBS, the sections
were stained with DAPI for 10 min at room temperature.
The slides were scanned using a panoramic slice scanner
(3DHISTECH, Hungary). Image] software was used for
quantitation of TUNEL-positive cells.

Clinical patient sample collection and tissue microarray

Between May 2016 and October 2019, 80 patients with
locally advanced rectal cancer were enrolled from the
Department of Colorectal Surgery, Shanghai Changhai
Hospital. The inclusion criteria were a single primary
lesion, completion of standard neoadjuvant chemo-
radiotherapy, surgical resection, and survival beyond
1 month post-surgery. Resected tumour and adjacent
tissues were harvested, paraffin-embedded, and assem-
bled into TMAs. Neoadjuvant chemoradiotherapy was
administered at a total dose of 50 Gy, divided into 2 Gy
per fraction. Typically, surgery was scheduled 6—8 weeks
following the completion of preoperative radiother-
apy. Tumour regression post-chemoradiotherapy was
assessed using the tumour regression grade (TRG) as fol-
lows: TRG 0 (complete regression): absence of tumour
cells under microscopy; TRG 1 (close to complete
regression): scattered or minimal tumour cells observed

Fig. 2 ScaRNA2 is necessary for HR-mediated DNA damage repair. A-B Relative expression of scaRNA2 in HCT116 and HT29 cells detected

with an RT-PCR assay at 0, 4, 8, 12 and 24 h after irradiation. C-D Column graphs of scaRNA2 expression in HCT116 and HT29 cells treated

with an ATM inhibitor (KU55933, 10 uM), ATR inhibitor (VE821, 10 uM) and DNA-PKcs inhibitor (NU7441, 10 uM) for 2 h before irradiation.

E Immunofluorescence staining of yH2AX and 53BP1 in irradiated sg-ctrl and scaRNA2 knockdown HCT116 cells at 0,0.5,4, 8, 12 and 24 h

after irradiation (6 Gy). Scale bar: 20 um. F-G Quantification of yH2AX and 53BP1 foci at each time point after irradiation. ***P<0.001, *P < 0.05
compared with the sg-ctrl group. Ns, nonsignificant. H Representative images and quantification of comet tails (tail moment and tail DNA) at 8 h

in irradiated sg-ctrl and scaRNA2 knockdown cells (8 Gy). Scale bar: 50 pm. I Schematic view of NHEJ and HR reporter assays. J-K NHEJ repair

and HR repair efficacies were detected with the reporter system and quantified with flow cytometry. L-M Representative images and quantification
of BRCAT1 foci measured at 8 h in irradiated sg-ctrl and scaRNA2 knockdown HCT116 cells (6 Gy)



Chen et al. J Exp Clin Cancer Res

HCT116

w

Relative scaRNA2 expression

Oh 4h 8h

12h
Post-y-irratiation

24h

(2023) 42:256

o9

Relative scaRNA2 expression

Oh 4h

8h

12h

Post-y-irratiation

E HCT116-sg-ctrl

HCT116

IS

yH2AX

sg-ctrl

sg-scaRNA2

= sg-ctrl
B3 sg-scaRNA2

Tail moment(um%)
S 8 3

o

0Gy 8Gy

53BP1

Merge

40- mm sg-scaRNA2 -

w
°

Tail DNA%
3

°

0Gy

Fig. 2 (Seelegend on previous page.)

8Gy

YH2AX

2
26
o
A
g
<2
T
sg-ctrl  sg-scaRNA2
NHEJ efficiency
4
NS
| —
@3 T
°
o
2
'™
(0]
Xy
0 T
sg-ctrl  sg-scaRNA2

= D:zs

Page 9 of 22

Q)

[
o
° L
8 $ 20
g3 s
3 3
~ ~ 15
EP) E
x x % 1.0
3 8
e °
21 Los
s 5
2o £ 00
S E S EE S e @ ®
24n Q\(o & \&v&\qp & &é\s\;&“z@ PO \4‘\;\3 RIS R/\eq
& T & TS FEES e
Q. N
NS
HCT116-yH2AX
sg-scaRNA2 F i |
sg-ctrl
53BP1 Merge 60 ® 59
— o @ sg-scaRNA2
= .
° o8
2 40 K
S a ¢ ] .
%2 *° P
o
3 $ 3 l f
0 OIR 0.5h T 4h ‘ 12h 24h

HCT116-53BP1

@ sg-ctrl
@ sg-scaRNA2

60
.
= -
2 -
S a0
£ - -
3 |
= -~
o 20 .
o : .
3
: M m °
0

NOIR '0.5h ' 4h

DNA repair reporter (DRR), <.,

Illllrmzlﬂl

Hela cells
&
I-scel +
Exogenous donor

.~ NHEJ Repair

Neomycin [T2A -

'
'
1
'
|

DRR-eGFP

L

BRCA1

sg-ctrl

24h

Lv-sg-ctrl
Lv-sg-scaRNA2

0.
HR donor-mCherry

+DAPI

o~
<
2
-4
©
Q
¢
oo
w
M .
3
T 40
=3
o
g 30
o
8 20
8
-
g 10
o
0
T
sg-ctrl

sg-scaRNA2



Chen et al. J Exp Clin Cancer Res (2023) 42:256

microscopically. TRG 2 (partial regression): significant
regression with more residual tumours than single or
small tumour cells; TRG 3 (poor/no regression): exten-
sive residual tumour without significant regression.

Immunohistochemical staining of TMAs

ScaRNA2 and ATR expression in the TMAs was detected
with FISH and immunohistochemistry. The procedures
for the scaRNA2 probe hybridization were consistent
with the above FISH method. After FITC-TSA incuba-
tion, the slides were incubated at 4 °C overnight with
ATR primary antibody (Abcam, ab289363, 1:50) in a
humidified chamber, followed by the corresponding
goat anti-rabbit Cy3 secondary antibody for 1 h at 37 °C
in the dark. Image information on the tissue slice was
scanned using a panoramic slice scanner (3DHISTECH,
Hungary). CaseViewer 2.4 software was employed at
1-400 X arbitrary magnification for observation.

Clinical analysis for tissue microarray

The TMA plug-in in the Halo v3.0.311.314 analytical
software (Indica Labs, USA) was used to set the chip tis-
sue point diameter and the number of rows and columns,
and the software automatically generated the number
(Table S7). The Indica Labs-Highplex FLv3.1.0 module
was used to quantify the number of positive cells and
total cells in the target area of each slice. Positive cell
rate (%)=number of positive cells/total number of cells.
Positive cell density (cells/mm?) =the number of positive
cells (cells/analysis area in mm?). We used the minimum
P value method to obtain the cut-off value based on the
log-rank test. Based on this established threshold, we
classified patients into two distinct groups according to
their scaRNA?2 levels, denoted as “high” or “low”. The sur-
vival outcomes of patients from these two groups were
analyzed with Kaplan—Meier survival curves based on
scaRNA2 expression levels (Table S7).

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 8.0 software. Quantitative data are presented as
the means tstandard deviations (SD). For experiments

(See figure on next page.)
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including only two groups, means were evaluated using
a two-tailed unpaired Student’s ¢ test. For multiple group
comparisons, data were analysed using one-way or two-
way ANOVA followed by Tukey’s multiple-comparisons
test or Dunnett’s test. P<0.05 was considered statistically
significant. All experiments were performed at least three
times independently.

Results

ScaRNA2 is identified as the top enriched ATR-binding
IncRNA

To screen for potential ATR-binding IncRNAs, we
performed RIP and RNA sequencing assays with the
lysate of HCT116 cells by using an ATR-specific anti-
body (Fig. 1A). Among the detected candidates, the
top 30 enriched IncRNAs (shown in Fig. 1B) were fur-
ther validated with RIP-qPCR analysis compared to
the IgG control (Fig. 1C, Table S2). Notably, IncRNA
TCONS_00000860 was identified as the most promi-
nently enriched IncRNA bound to ATR, prompting an
in-depth investigation of its physical characteristics
and potential function. The sequence of this ATR-bind-
ing IncRNA was aligned to scaRNA2 through a RACE
experiment (Fig. S1A). The RNA FISH assay showed that
scaRNA2 was mainly located in the nucleus (Fig. 1D,
Fig. S1G), which was further confirmed in the RT-qPCR
assay by using a cytoplasm/nucleus separation method
(Fig. 1E).

To delineate the specific domain of ATR for scaRNA2
binding, we constructed Flag-tagged truncated ATRs,
including the N-terminal (ATR-N), middle (ATR-
M), and C-terminal (ATR-C) regions, as previously
described [15]. Then, RIP-qPCR experiments revealed
that scaRNA2 binds to ATR at the M region and C-ter-
minal region (Fig. 1F, G). The direct interaction between
scaRNA2 and ATR was further confirmed with an RNA
pulldown experiment (Fig. 1H). Using RNA fold soft-
ware, we predicted the secondary structure of scaRNA2
(Fig. 1I) and observed more scaRNA2 binding with the
ATR protein at its 3’ region (Fig. 1J).

Then, scaRNA2 expression across different cancer
cell lines was detected by RT-PCR, which revealed that

Fig. 3 ScaRNA2 is required for efficient Mre11- and Exol-mediated DNA end resection. A Immunofluorescence staining of RAD51 and RPA2

foci in irradiated sg-ctrl and scaRNA2 knockdown HCT116 cells at the indicated time points after irradiation (6 Gy). Scale bar: 20 um. B, CThe
numbers of RAD51 foci and RPA2 foci per nucleus in irradiated HCT116 cells with/without scaRNA2 knockdown. ***P <0.001, **P<0.01 compared
with the sg-ctrl group. D, E After labelling with BrdU for 24 h, sg-ctrl and scaRNA2 knockdown HCT116 cells were irradiated at a dose of 6 Gy. At

4 and 8 h later, the cells were fixed and stained for BrdU together with DAPI. Scale bar: 20 um. The number of BrdU foci per nucleus was counted
for statistical analysis. ****P <0.0001 compared with the sg-ctrl group at the same radiation dose. F-M The main endonucleases for DNA end
resection accounting for DSB level, including Mre11 (F, G), Exo1 (H, I), DNA2 (J, K) and CtIP (L, M), were detected with immunofluorescence
staining in HCT116 cells at 8 h after 6 Gy irradiation. Quantification of the foci number in each group is provided as a column graph. ****f<0.0001,

***P<0.001 compared with the sg-ctrl group
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Fig. 4 ScaRNA2 knockdown resulted in ATR inactivation, accounting for HR defects. A-B HCT116 cells and HT29 cells with/without scaRNA2
knockdown were treated with 8 Gy irradiation, and proteins involved in the DNA damage response were detected with western blotting assays
at the indicated time points. The specific sites for phosphorylated proteins are indicated. GAPDH was used as a negative control. C, D Activation
of ATR and TOPBP1 in HCT116 cells was detected with immunofluorescence staining at 8 h after 8 Gy irradiation. Scale bar: 20 um. E The numbers
of ATR foci and TOPBP1 foci per nucleus in irradiated HCT116 cells with/without scaRNA2 knockdown. ****P < 0.0001, ***P < 0.001 compared

with the sg-ctrl group. F sg-ctrl and scaRNA2 knockdown HCT116 cells were treated with 8 Gy irradiation, and the chromatin fractionation protein
was extracted. Proteins including ATR, the MRN complex and Exo1 were detected using a western blot analysis. G The raw density of each protein
in the indicated four groups was quantified and statistically analysed. ***P<0.001, *P < 0.05 compared with the sg-ctrl group
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scaRNA2 was highly expressed in HCT116 and HT29
colorectal cancer cells (Fig. S1B). Next, RNA sequencing
was performed to detect the global influence of scaRNA2
on the transcriptome in HCT116 cells. A subset of the
differentially expressed genes is shown in the HEAT map
(Fig. 1K). Gene Ontology (GO) and KEGG analyses of
differentially expressed genes (DEGs) revealed that PI3K-
Akt, p53 signalling, cell cycle, and HIPPO signalling
pathways were predominantly affected in the scaRNA2
KD cells (Fig. 1K, Fig. S2A, S2B). Collectively, our data
underscore scaRNA?2 as the predominant ATR-binding
IncRNA, suggesting its pivotal role in ATR activation and
DNA damage repair.

ScaRNA2 is necessary for HR-mediated DNA damage repair
In both HCT116 and HT29 cells, the expression level of
scaRNA2 was dramatically induced by DNA damaging
reagents, including IR (Fig. 2A, B), CPT (Fig. S3A, S3B)
and ETO (Fig. S3C, S3D). Using ATM (Ku55933), ATR
(VE821) or a DNA-PK inhibitor (NU7441), we found
that the upregulation of scaRNA2 in HCT116 and HT29
cells was mainly dependent on ATM/ATR (Fig. 2C, D;
Fig. S2E-H). Then, the role of scaRNA2 in DNA dam-
age repair was investigated with YH2AX foci and comet
assays. As expected, more YH2AX foci and 53BP1 foci
were detected at later time points (8—24 h) in both the
scaRNA2 KD HCT116 (Fig. 2E, F, G) and scaRNA2 KD
HT29 cells (Fig. S4A, S4B, S4C). In the neutral DNA
comet assay, significantly more tailed DNA and tail
moment-representing unrepaired DNA damage was
detected in the scaRNA2 KD HCT116 (Fig. 2H) and
scaRNA2 KD HT29 cells (Fig. S5A, S5B, S5C). These
data showed that scaRNAZ2 is necessary for efficient DNA
damage repair.

To delineate the specific role of scaRNA2 in differ-
ent repair mechanisms, we compared the efficiencies of
NHE] and HR repairs using a pLCN DSB Repair Reporter
assay following scaRNA2 knockdown [16]. Remarkably,
the efficacy of HR repair was dramatically reduced in the
scaRNA2 KD cells, while NHE] efficacy was not affected
(Fig. 2L, J, K). This defect in HR repair was further

(See figure on next page.)
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confirmed by reduced BRCAL1 foci in the scaRNA2 KD
cells (Fig. 2L, M). Thus, the multi-step evidences in our
study indicate that scaRNA2 is indispensable for HR-
mediated DNA damage repair.

ScaRNA2 is required for Mre11- and Exo1-mediated DNA
end resection

To explore the mechanism of HR defects in scaRNA2 KD
cells, we carried out immunostaining experiments with
antibodies against RAD51 and RPA2. Compared to that
of negative control cells, the average number of RAD51
foci was greatly reduced in both the scaRNA2 KD
HCT116 (Fig. 3A, B) and scaRNA2 KD HT29 cells (Fig.
S6A, S6B). The number of RPA2 foci was also decreased
in the scaRNA2 KD HCT116 (Fig. 3A, C) and scaRNA2
KD HT?29 cells (Fig. S6A, S6C). The impairment of RPA2
recruitment indicates a potential deficit in ssDNA gener-
ated during DNA end resection. To verify whether DNA
end resection occurs normally in scaRNA2 KD cells, we
used a BrdU assay to specifically label ssDNA as previ-
ously reported [18]. The number of BrdU foci was sig-
nificantly decreased in the scaRNA2 KD HCT116 cells
(Fig. 3D, E), suggesting a possible role of scaRNA2 in
DNA end resection. Based on this, we carried out immu-
nostaining experiments to analyse the recruitment of
other MRN complex members as well as key endonu-
cleases, including Exol, BLM and DNA2. Intriguingly,
the recruitment of Mrell and Exol was dramatically
impaired in the scaRNA2 KD cells (Fig. 3F-I). Moreo-
ver, the lack of scaRNA2 did not affect DNA2 and CtIP
recruitment after irradiation (Fig. 3]J-M). Collectively,
these findings implied that scaRNA2 is necessary for the
recruitment of Mrell and Exol to the DSBs in DNA end
resection.

Defects in DNA end resection impair scaRNA2-mediated
ATR activation

The MRN complex and DNA end resection were
reported to be critical for ATR activation [19, 20]. Next,
the DNA damage response was determined to investigate
whether scaRNA2-related DNA end resection is involved

Fig. 5 ScaRNA2 bridges RPA-ssDNA to the assembly of the MRN complex and ATR recruitment. A Schematic diagram of RNA pulldown and mass
spectrometry to identify scaRNA2 binding proteins. B-C Representative images of silver staining of proteins after electrophoretic separation.
Proteins including RBMX, Mre11, RPA, and replication factors such as RFC2-5 were identified. The number of peptides and coverage are indicated.

D The binding of scaRNA2 with RPA2, Mre11 and RAD51 was determined with RIP experiments with a specific antibody in irradiated HCT116 cells.
***P<0.001, **P<0.01 compared with the IgG group. E An RNA pulldown assay was performed with biotin-labelled scaRNA2 and protein lysis
from irradiated HCT116 cells. The MRN complex, RPA2 and Exo1 were detected using a western blot analysis. F The binding of scaRNA2 fragments
with the MRN complex was determined with biotin-labelled scaRNA2 FL, scaRNA2 F1 and scaRNA2 F2 transcripts. G-H In sg-ctrl and scaRNA2
knockdown HCT116 cells,immunoprecipitation was conducted with ATR (G) or Mre11 (H) antibody to detect the binding between MRN members
and ATR at 8 h after 8 Gy irradiation. I Schematic model of MRN assembly and ATR recruitment after irradiation in the presence and absence

of scaRNA2
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in specific signalling pathways. After scaRNA2 knock-
down in both HCT116 and HT29 cells, the phosphoryla-
tion of ATR at S1989 and phosphorylation of Chkl at
S345 were inactivated after irradiation (Fig. 4A, B; Fig.
S7C, S7D). Moreover, consistent ATR signalling defects
were observed in the scaRNA2 KD HCT116 cells after
DNA damage was induced by ETO and CPT treatment
(Fig. S7A, S7B, S7F, S71). Furthermore, the phosphoryla-
tion of ATM and its substrates, including p-KAP1 and
p-Chk2, remained unchanged in normal cells (Fig. 4A,
B; Fig. S7A, S7B). In response to DNA damage, ATR is
dynamically mobilized and recruited to DSB sites via
the coordinated action of TOPBP1 and ATRIP [1]. How-
ever, the average number of ATR foci in the scaRNA2
KD cells was significantly reduced compared to that of
the negative control cells (Fig. 4C, E). As a direct acti-
vator of ATR, TOPBP1 was significantly inhibited for
recruitment in the scaRNA2 KD cells (Fig. 4D, E). The
recruitment of resection factors to damaged DNA was
further confirmed with chromatin fractionation assays.
In the scaRNA2 KD cells, the binding of Mrel1, Exol and
ATR-related factors to damaged DNA was dramatically
reduced after DNA damage (Fig. 4F, G). Collectively, our
observations demonstrate that the depletion of scaRNA2
hampers Exol-mediated DNA end resection, which sub-
sequently inhibits the activation of ATR.

ScaRNA2 bridges the DNA end resection complex to ATR
activation

To explore the precise role of scaRNA2 in DNA resection,
we performed mass spectrometry to screen scaRNA2-
binding proteins following the RNA pulldown experi-
ment (Fig. 5A). First, scaRNA2-bound proteins were
subjected to silver staining after SDS-PAGE (Fig. 5B).
After analysing the mass data, we identified several ATR-
related proteins involved in DNA damage repair and rep-
lication: RBMX, Mrell, RPA2, and RFC2/3/5 (Fig. 5C).
Then, interactions between scaRNA2 and key factors in
HR repair were confirmed with RNA immunoprecipita-
tion with RPA2-, Mrell-, or RAD51-specific antibod-
ies. Of these, RPA2-bound IncRNAs displayed the most

(See figure on next page.)
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enrichment with scaRNA2 (Fig. 5D). RNA pulldown
experiments using sense scaRNA2 transcripts confirmed
its interactions with Mrell and Exol, with the strongest
binding observed at its 3’ end (Fig. 5E, F).

Co-IP was performed to ascertain whether the physi-
cal binding of ATR and resection factors is influenced by
scaRNA2. The Co-IP data with the ATR antibody showed
that the binding of ATR and Mrell was reduced in the
scaRNA2 KD cells (Fig. 5G). In the IP complex with the
Mrell antibody, less ATR and Exol protein was detected
(Fig. 5H). The binding mode of scaRNA2 in conjunction
with the DNA end resection complex and ATR is illus-
trated in Fig. 5I. These data suggested that scaRNA2
potentially functions as a scaffold bridging the DNA end
resection complex to ATR upon DNA damage.

Knockdown of scaRNA2 increases sensitivity

to radiotherapy in cancer cells and patient-derived
organoid (PDO) model

Disrupting DNA end resection and HR repair by deplet-
ing scaRNA?2 provides a novel opportunity for improving
neoadjuvant chemoradiotherapy of cancer. In the colony
formation assay, the cell survival fraction was signifi-
cantly reduced in the scaRNA2 KD HCT116 cells after
exposure to IR, CPT, ETO or olaparib treatment (Fig. 6A-
D). Conversely, overexpression of scaRNA2 significantly
increased cellular resistance to these DNA damage
treatments (Fig. S8A-S8H). Furthermore, significantly
elevated cell apoptosis was detected in the scaRNA2
knockdown cells after IR, CPT and ETO treatment com-
pared with the control parental cells (Fig. 6E, F). In the
scaRNA2 KD cells, earlier and increased activation of
proapoptotic Bax, p21 and C-Caspase3 was observed
(Fig. 6G). Proapoptotic proteins were also inhibited in the
scaRNA2-overexpressing HCT116 cells in the IR groups
as well as chemotherapeutic drugs (Fig. S9A-C). In addi-
tion, results of the cell cycle assay indicated that the
numbers of scaRNA2 KD cells that progressed to G2/M
arrest after multiple types of DNA damage decreased sig-
nificantly (Figs. SI0A-F and S11A-F). Phosphorylation
of ATR-Chkl downstream factors, including CDC25A

Fig. 6 Knockdown of scaRNA2 increased sensitivity to chemoradiotherapy in cancer cells. A-D Survival of sg-ctrl and scaRNA2 knockdown HCT116
cells after irradiation (A), CPT (B), etoposide (C) or olaparib (D) treatment at the indicated doses (concentrations) was determined using a colony
formation assay. **P<0.01 compared with the sg-ctrl group at the same dose of treatment. E, F Cell apoptosis in sg-ctrl and scaRNA2 knockdown
HCT116 cells after irradiation, CPT and ETO treatment was measured with flow cytometry using an Annexin V/Pl double staining method.
Quantification of Annexin V-positive cells is shown in the column graph. **P<0.01, *P < 0.05 between the indicated two groups. G Proteins involved
in the cell apoptosis signalling pathway were determined by western blotting in sg-ctrl and scaRNA2 HCT116 knockdown cells at the indicated
times after 8 Gy irradiation. H Rectal cancer patient-derived organoids (PDOs) were cultured and infected with sg-ctrl and sg-scaRNA2 lentiviruses.
Images were taken on Days 1-8 after irradiation at a magnification of 40X. The number of PDOs was calculated in each field from different groups.

**P<0.01 between the indicated two groups
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(S124), CDC25C (S216), and CDC2 (T15), was attenu-
ated in the scaRNA2 KD cells (Figs. S12A-D; S13A-D).
To investigate the preclinical relevance of scaRNA2, we
established PDO models with surgically resected colorec-
tal tumours. Knockdown of scaRNA2 in CRC PDOs sig-
nificantly inhibited the growth of PDOs when combined
with irradiation, suggesting a critical role of scaRNA2 in
overcoming resistance to radiotherapy (Fig. 6H).

Knockdown of scaRNA2 improves the efficacy

of radiotherapy in CRC xenografts

We further established both CDX model and PDX models
to investigate the therapeutic potential of the combined
treatments of scaRNA2 knockdown and radiotherapy
in vivo. In the CDX model, when the tumours grew to
100 mm?, they were exposed to local irradiation for 15 Gy
at a dose rate of 1 Gy/min (Fig. 7A; Figs. S14, S15). The
growth curve revealed that tumour progression was sig-
nificantly inhibited in the scaRNA2 KD group compared
to the single radiotherapy group (Figs. 7B, S16B). At the
endpoint of 30 days after irradiation, the tumour weight
in the scaRNA2 KD group was significantly reduced
(Fig. 7C). IHC staining and quantitative analysis revealed
that the phosphorylation of ATR and Chkl and the
expression of Rad51 were inhibited in tumours derived
from the scaRNA2 KD cells (Fig. 7D-F). More unrepaired
DNA damage (YH2AX) was also observed at both 8 h and
24 h after local irradiation (Fig. 7G).

To explore the potential clinical application of inhibit-
ing scaRNA2 combined with radiotherapy, we established
PDX models using tumour tissues isolated from clinical
patients (Fig. 7H). The PDX-bearing mice were intratu-
morally injected with lentivirus-packaged scaRNA2 KD
plasmid and exposed to local irradiation 48 h later. The
knockdown efficacy was validated (Fig. S16A). We found
that scaRNA2 KD significantly inhibited tumour growth
after local irradiation (Fig. 71, J). The tumour weights in
the scaRNA2 KD group were also reduced compared

(See figure on next page.)
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with those in the negative control group (Fig. 7K).
TUNEL and Ki67 staining experiments showed that more
cell apoptosis and fewer proliferating cells were observed
in the scaRNA2 KD PDX models (Fig. 7L, M). More DNA
damage, as shown by YH2AX staining, was observed in
the PDXs injected with scaRNA2 KD lentivirus (Fig. 7L,
M). These findings underscore the potential of scaRNA2
as a novel target for combinational therapeutic strategies,
particularly in conjunction with radiotherapy.

High levels of ScaRNA2 predict poor outcomes for patients
with radioresistant tumours

Neoadjuvant radiotherapy is a standard treatment for
locally advanced rectal cancer [21]. After confirming the
potential role of scaRNA2 as a novel target in the adju-
vant therapy of rectal cancer, we sought to determine
whether it correlates with radiation resistance in clinical
patients. Eighty patients with locally advanced rectal can-
cer participated in this study. According to their tumour
regression grading (TRG) scores, all patients were clas-
sified into a radiosensitive group (TRGO-2) and a radi-
oresistant group (TRG3). A tissue array was prepared
and subjected to RNA FISH staining of scaRNA2 (Fig.
$17). Quantitative analysis of RNA FISH revealed that
scaRNA2 was significantly upregulated in radioresistant
cancer tissues compared with that in radiosensitive tis-
sues (Fig. 8A, B, C). Co-IHC staining of ATR together
with the scaRNA2 FISH probe revealed colocalization of
scaRNA2 and ATR in rectal cancer tissues (Fig. 8D). The
double-positive cells of ATR and scaRNA2 were found to
be more prevalent in radioresistant tumours (Fig. 8E, F).
Based on Kaplan—Meier survival analysis, we found that
patients with scaRNA2"¢" had significantly shorter dis-
ease-free survival (DFS, P=0.033, Fig. 8G). Collectively,
our findings indicate that scaRNA2 could serve as a
potent biomarker and present a critical therapeutic target
for circumventing resistance to radiotherapy or chemo-
therapy in cancer. (Fig. 8H).

Fig. 7 Knockdown of scaRNA2 sensitized colorectal cancer to radiotherapy. Cell-derived xenografts (CDXs, A-G) and patient-derived xenografts
(PDXs, H-M) were used to determine the influence of scaRNA2 knockdown on sensitivity to radiotherapy. A Schedule of the implantation of sg-ctrl
and scaRNA2 knockdown HCT116 cells, local irradiation and measurement time points. B-C Tumour volumes in irradiated or unirradiated tumours
were recorded every two days after local irradiation at a dose of 15 Gy. Tumour weight in the indicated four groups was measured on Day 30

after irradiation. ***P < 0.001 between the sg-ctrl+IR and sg-scaRNA2 + IR groups. D-G Immunohistochemical staining of p-ATR, p-Chk1, RAD51
and yH2AX in tumour tissues isolated from sg-ctrl and scaRNA2 knockdown tumours at 0, 8 and 24 h after irradiation. Quantification of the average
density per field was performed for each group. ***P < 0.001 between the sg-ctrl+IR and sg-scaRNA2 + IR groups at each time point. H Schematic
diagram depicting the establishment of the PDX model from rectal cancer patients. | Representative image of tumours in the sg-ctrl, sg-ctrl+IR,
sg-scaRNA2 and sg-scaRNA2 + IR groups isolated on the 30" day after irradiation. J, K Tumour volumes in irradiated or unirradiated tumours

were recorded every three days after local irradiation at a dose of 15 Gy. Tumour weight in the indicated four groups was measured on Day 30
after irradiation. ***P < 0.001 between the sg-ctrl+IR and sg-scaRNA2 + IR groups. L, M HE and immunohistochemical staining of TUNEL, Ki67

and YH2AX in tumour tissues isolated from negative control and scaRNA2 knockdown tumours after irradiation. Quantification of the average
density per field was also performed in each group. ***P<0.001 between the sg-ctrl+IR and sg-scaRNA2 + IR groups at each time point
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Fig. 8 Elevation of scaRNA2 predicts poor response to radiotherapy in rectal cancer. A Tumour tissues from 80 rectal cancer patients were
surgically resected, and radiosensitivity was classified based on the TRG score. TRGO, radiosensitive group, TRG3, radioresistant group. Scale

bar: 5 um. B-C Quantification of scaRNA2-positive cells and positive cell density in each section of tumours from the radiosensitive group

and radioresistant group. ****P<0.0001 between the two groups. D Immunofluorescence staining of ATR (red) and scaRNA2 FISH (green) were
performed on the same slide to visualize the colocalization of ATR and scaRNA2. Scale bar: 5 um. E-F The colocalized ATR- and scaRNA2-positive
cells and the positive cell density were quantified in the radiosensitive group and radioresistant group. ****P<0.0001 between the two groups.

G Kaplan—Meier survival analysis of clinical patients from the microarray of rectal cancer patients. ***P<0.001. H A proposed possible mechanistic
model of how scaRNA2 regulates DNA damage repair and cancer resistance by facilitating DNA end resection

Discussion

In this study, we identified scaRNA2 as the most enriched
IncRNA bound to ATR and demonstrated its key function
in ATR activation and HR repair. Mechanistic investigation

showed that scaRNA?2 bridges Exol-mediated DSB resection
to ATR activation and DNA damage repair. Knockdown of
scaRNA2 combined with radiotherapy is a potent strategy
for cancer therapy in vitro and in preclinical models.
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DNA damage repair is crucial for maintaining genome
stability and is also the core mechanism of cancer resist-
ance [3]. Shortly after DNA damage occurs, key repair
factors, including DNA-PKcs, ATM, ATR, and their sub-
strates, are recruited to DSB sites following H2AX phos-
phorylation [22]. Recently, the essential roles of IncRNAs
in DNA damage repair have drawn increasing attention.
The mechanisms of IncRNAs in regulating DNA damage
repair include the ceRNA mechanism, the cis mecha-
nism, and the modulation of protein functions via direct
interaction [23]. In our previous study, the first ATR-
binding IncRNA was found to maintain ATR protein
stability, suggesting that binding with IncRNAs is criti-
cal for ATR function [17]. Continuing with the previous
findings, we identified the most enriched IncRNA, which
was identified as scaRNA2 after RACE experiments.
Further analysis revealed that scaRNA2 binds with ATR
at the N-terminus and M-region with its 3’ region. This
finding is consistent with our previous work, demonstrat-
ing that the N-terminus of ATR contains a IncRNA bind-
ing domain. Furthermore, this finding aligns with Hu’s
observations, which highlight that the HEAT domain of
ATM also binds with IncRNA, and a characteristic HEAT
domain was similarly observed in ATR [13]. The RNA
pulldown experiment with complementary scaRNA2
fragments also showed increased scaRNA2 binding
with the ATR protein at its 3’ region. We hypothesize
that this could be attributed to the secondary structure
of scaRNA2, which may dictate specific binding interac-
tions. The specific binding modalities continue to be an
area of ongoing investigation.

ScaRNA is a group of IncRNAs assembling Cajal bodies
and has been reported to be relevant to cancer resistance
[14, 24]. In our study, we also found that scaRNA2 was
responsive to DNA damage treatments, which implies
a possible role in DNA damage repair. Then, through
kinase inhibitors targeting ATM/ATR/DNA-PKcs, we
demonstrated that scaRNA2 upregulation was mainly
dependent on ATM/ATR. Nevertheless, high concentra-
tions of inhibitors targeting these three key kinases might
lead to off-target effects. Therefore, we will pursue fur-
ther investigations to validate our findings in other mod-
els. Through YH2AX foci and comet assays, we found that
scaRNA2 knockdown significantly inhibits the repair of
DNA damage resulting from various kinds of stimuli. The
DDR reporter assay further showed that scaRNA2 pri-
marily modulates HR repair rather than NHE]. Addition-
ally, upon scaRNA2 knockdown, we noted suppression
of the phosphorylation and mobilization of ATR. During
the preparation of this work, Marianne et al. reported
that scaRNA2 contributes to HR-mediated DNA dam-
age repair by inhibiting DNA-PKcs [25]. Our findings

Page 20 of 22

provide another possible mechanism of scaRNA2 in HR
repair via its direct binding with ATR.

In response to DNA damage, ATR is often activated
by TOPBP1 and ATRIP in the presence of RPA-bound
ssDNA generated through DNA end resection [26, 27].
DNA end resection is also a critical switch for HR repair,
differing from NHE] repair [28]. Through BrdU foci, it
was observed that loss of scaRNA2 led to a reduced level
of DSB resection. We screened possible resection fac-
tors, including Mrell, Exol, DNA2, BLM and CtIP, by
IF staining assay using confocal microscopy [29]. Our
data show that Exol foci are reduced in scaRNA2 KD
cells, suggesting that Exol may be a critical endonuclease
required for DNA end resection. Moreover, ATR activa-
tion was found to be abrogated in Exol knockout cells,
suggesting that scaRNA2-mediated activation of ATR is
related to Exol. These data identify a possible role for
scaRNA2 in bridging Exol to ATR activation by affect-
ing DSB resection [30]. However, the exact mechanism
of scaRNA2 in Exol recruitment and ATR activation
remains to be investigated.

Moreover, our findings using several preclinical
models provide a clinical translational opportunity
for cancer therapy. Knockdown of scaRNA2 exten-
sively increased cellular sensitivity to IR and other
chemotherapy drugs, including CPT, ETO and olapa-
rib. ScaRNA2 knockdown combined with radiother-
apy strongly inhibited the growth of PDOs, CDXs and
PDXs. Currently, targeting ATR is also considered a
potent strategy to overcome cancer resistance, and sev-
eral ATR inhibitors are in clinical trials [5, 6]. Targeting
ATR also alters the microenvironment and enhances
the activation of the c-GAS-Sting pathway [31, 32]. Our
study provides a potent therapeutic target of the ATR-
scaRNA2 complex for overcoming cancer resistance.
Further experiments with 80 rectal cancer patients
showed that scaRNA2 expression is significantly corre-
lated with radiosensitivity.

Although our study provides a possible opportunity
for combined cancer treatment with radiotherapy, there
are still some shortcomings that need to be resolved.
First, the detailed mechanism by which scaRNA2
bridges DNA end resection to ATR-mediated HR
requires deeper exploration. Second, the overall DNA
damage-induced IncRNAs bound to ATR need to be
identified. Finally, novel strategies targeting the ATR-
scaRNA2 complex need to be developed for use in clin-
ical cancer treatment.

In conclusion, we identified and characterized scaRNA2
as the most enriched IncRNA bound to the ATR protein.
Knockdown of scaRNA?2 inhibited DNA damage repair
by abrogating ATR activation and HR repair mediated by
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DSB resection. Knockdown of scaRNA2 increased cellu-
lar sensitivity to chemoradiotherapy and increases thera-
peutic efficacy in both PDO and PDX models. Beyond its
therapeutic targeting potential, the increased scaRNA2
levels in the radioresistant tumours suggest a potential
biomarker for cancer resistance.

Abbreviations

ScaRNA2 Small Cajal body-specific RNA 2 (scaRNA2)
sSDNA Single stranded DNA

DSBs DNA double strand breaks

DDR DNA damage response

NHEJ Nonhomologous end joining

HR Homologous recombination

ATR Ataxia telangiectasia-mutated and Rad3-related
ATM Ataxia telangiectasia mutated

DNA-PKcs  DNA-dependent protein kinase catalytic subunit
MRN Mre11-Rad50-Nbs1

RPA2 Replication protein A2

PDOs Patient-derived organoids

CDX Cell-derived xenograft

PDX Patient-derived xenograft
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Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513046-023-02829-4.

Additional file 1: Fig. S1. Characterization of scaRNA2 and construction
of stably overexpression and knockdown cell lines. Fig. S2. Bioinformat-
ics analysis of RNA sequencing in normal and scaRNA2 knockdown cells.
Fig. S3. ScaRNA2 is responsive to DNA damage in colorectal cancer cells.
Fig. S4. ScaRNA2 knockdown impairs DNA damage repair kinetics in
HT29 cells. Fig. S5. ScaRNA2 knockdown resulted in more unrepair DNA
damages in HT29 cells. Fig. S6. ScaRNA2 knockdown inhibited the recruit-
ment of RPA2 and RAD51. Fig. S7. ScaRNA2 is necessary for the DNA
damage responses after CPT and ETO treatment. Fig. S8. Overexpression
of scaRNA2 significantly increased cellular resistance to DNA dam-

age treatments. Fig. S9. Overexpression of scaRNA2 inhibits apoptosis
activation by DNA damage. Fig. $10. ScaRNA2 knockdown inhibited

DNA damage checkpoint activation in HCT116 cells. Fig. S11. ScaRNA2
knockdown inhibited DNA damage checkpoint activation in HT29 cells.
Fig. S12. Knockdown of scaRNA2 inhibits the progression of cell cycle into
G2/M after irradiation. Fig. S13. Overexpression of scaRNA2 promoted
cell cycle progression after irradiation. Fig. S14. Schematic illustration of
local irradiation and lentivirus transfection in cell-derived xenografts (CDX,
A) and patient-derived xenografts (PDX, B). Fig. S15. Schematic diagram
of local irradiation field and shielding of cell-derived xenografts (CDX, A)
and patient-derived xenografts (PDX, B). Fig. S16. Knockdown of scaRNA2
sensitized colorectal cancer to radiotherapy. Fig. S17. Scanned image of
tissues microarray including CRC patients included in our study. RNA FISH
and immunofluorescence staining were performed to detect the expres-
sion of scaRNA2 and ATR, respectively. Table S1. The cells and culture
conditions. Table S2. List of PCR primers used in the study. Table S3. List
of Sequences of sgRNAs and primers employed in this study. Table S4.
List of antibodies used in the study. Table S5. Sequences of and primers
employed in RACE experiment. Table S6. Cell densities and drug concen-
trations in Colony Formation Assay. Table S7. Quantification of scaRNA2
positive cells in rectal cancer tissues/adjacent tissues.

Acknowledgements

We received the DDR reporter plasmids from Addgene from the Jan Karl-
seder Lab (Addgene plasmid # 98896; http://n2t.net/addgene:98896; RRID:
Addgene_98896).

Page 21 of 22

Authors’ contributions

Y. Chen, Y.Yang, T. Liu and H. Shen: study concept and design, carried out
experiments, preparation of manuscript, and obtained funding. Y. Chen, H.
Shen, T. Liu, Z. Wan, H. Wang, and Z. Du: carried out experiments, data analysis,
and figure preparation. Y. Yu, S. Ma and Edward Lu carried out the experiments.
Y.Yang, W. Zhang, J. Cai, F. Gao: study design, obtained funding.

Funding

This study was supported in part by grants from National Natural Sci-

ence Foundation of China (No. 81972968, No. 82103776), Three-Year Plan

of Shanghai Municipal Health Commission (No. GWV-10.2-YQ27, No.
20214Y0012), Zhejiang Provincial Natural Science Foundation of China (Grant
No. LQ23H220001), and the Project of South Zhejiang Institute of Radiation
Medicine and Nuclear Technology (No. ZFY-2021-K-002).

Availability of data and materials
The datasets used and analysed during the current study are available within
the manuscript and its additional files.

Declarations

Ethics approval and consent to participate

The whole study design and protocols were approved by the Ethics Commit-
tee of Naval Medical University, China, in accordance with the instructions for
the Care and Use of Laboratory Animals published by the US NIH (Publication
No. 96-01).

Consent for publication
All authors have agreed to publish this manuscript.

Competing interests
The authors declare no competing interests.

Author details

'Department of Radiation Medicine, Faculty of Naval Medicine, Naval Medical
University, 800 Xiangyin Road, Shanghai 200433, China. 2Department of Cen-
tral Laboratory, The First Affiliated Hospital of Jiaxing University, Jiaxing, China.
3School of Public Health and Management, Wenzhou Medical University, Uni-
versity Town, Wenzhou, Zhejiang, China. “Department of Colorectal Surgery,
Changhai Hospital, Naval Medical University, Shanghai, China.

Received: 12 April 2023 Accepted: 12 September 2023
Published online: 30 September 2023

References

1. Scully R, Panday A, Elango R, Willis NA. DNA double-strand break repair-
pathway choice in somatic mammalian cells. Nat Rev Mol Cell Biol.
2019;20:698-714.

2. Hussmann JA, et al. Mapping the genetic landscape of DNA double-
strand break repair. Cell. 2021;184:5653-69. e5625.

3. Huang R, Zhou PK. DNA damage repair: historical perspectives, mecha-
nistic pathways and clinical translation for targeted cancer therapy. Signal
Transduct Target Ther. 2021,6:254.

4. Sizemore ST, et al. Pyruvate kinase M2 regulates homologous
recombination-mediated DNA double-strand break repair. Cell Res.
2018;28:1090-102.

5. YapTA, etal. Phase I trial of first-in-class ATR inhibitor M6620 (VX-970)
as monotherapy or in combination with carboplatin in patients with
advanced solid tumors. J Clin Oncol. 2020;38:3195-204.

6. YapTA, et al. First-in-human trial of the oral ataxia telangiectasia and
RAD3-Related (ATR) Inhibitor BAY 1895344 in patients with advanced
solid tumors. Cancer Discov. 2021;11:80-91.

7. Storici F, Tichon AE. RNA takes over control of DNA break repair. Nat Cell
Biol. 2017;19:1382-4.

8. Francia S, et al. Site-specific DICER and DROSHA RNA products control
the DNA-damage response. Nature. 2012;488:231-5.


https://doi.org/10.1186/s13046-023-02829-4
https://doi.org/10.1186/s13046-023-02829-4
http://n2t.net/addgene:98896

Chen et al. J Exp Clin Cancer Res

20.

21

22.

23.

24.

25.

26.
27.

28.

29.
30.

31.

32.

(2023) 42:256

Michelini F, et al. Damage-induced IncRNAs control the DNA damage
response through interaction with DDRNAs at individual double-strand
breaks. Nat Cell Biol. 2017;19:1400-11.

Guo Z, et al. LncRNA 1inc00312 suppresses radiotherapy resistance by tar-
geting DNA-PKcs and impairing DNA damage repair in nasopharyngeal
carcinoma. Cell Death Dis. 2021;12:69.

. SharmaV, et al. A BRCAT-interacting IncRNA regulates homologous

recombination. EMBO Rep. 2015;16:1520-34.

Wang D, et al. LRIK interacts with the Ku70-Ku80 heterodimer enhancing
the efficiency of NHEJ repair. Cell Death Differ. 2020;27:3337-53.

Zhao K, Wang X, Xue X, Li L, Hu Y. A long noncoding RNA sensitizes
genotoxic treatment by attenuating ATM activation and homologous
recombination repair in cancers. PLoS Biol. 2020;18:63000666.

Gerard MA, et al. The scaRNA2 is produced by an independent transcrip-
tion unit and its processing is directed by the encoding region. Nucleic
Acids Res. 2010;38:370-81.

Unsal-Kacmaz K, Makhov AM, Griffith JD, Sancar A. Preferential bind-

ing of ATR protein to UV-damaged DNA. Proc Natl Acad Sci U S A.
2002;99:6673-8.

Arnoult N, et al. Regulation of DNA repair pathway choice in S and G2
phases by the NHEJ inhibitor CYREN. Nature. 2017;549:548-52.

Liu L, et al. Long non-coding RNA ANRIL promotes homologous
recombination-mediated DNA repair by maintaining ATR protein stability
to enhance cancer resistance. Mol Cancer. 2021;20:94.

Daddacha W, et al. SAMHD1 promotes DNA End resection to facilitate
DNA repair by homologous recombination. Cell Rep. 2017;20:1921-35.
Chen X, Paudyal SC, Chin RI, You Z. PCNA promotes processive DNA end
resection by Exo1. Nucleic Acids Res. 2013;41:9325-38.

Nakada D, Hirano Y, Sugimoto K. Requirement of the Mre11 complex and
exonuclease 1 for activation of the Mec1 signaling pathway. Mol Cell Biol.
2004,24:10016-25.

van Gijn W, et al. Preoperative radiotherapy combined with total meso-
rectal excision for resectable rectal cancer: 12-year follow-up of the multi-
centre, randomised controlled TME trial. Lancet Oncol. 2011;12:575-82.
Sancar A, Lindsey-Boltz LA, Unsal-Kagmaz K, Linn S. Molecular mecha-
nisms of mammalian DNA repair and the DNA damage checkpoints.
Annu Rev Biochem. 2004;73:39-85.

Guo CJ, Xu G, Chen LL. Mechanisms of long noncoding RNA nuclear
retention. Trends Biochem Sci. 2020;45:947-60.

Zhang PF, et al. The IncRNA SCARNA2 mediates colorectal cancer chem-
oresistance through a conserved microRNA-342-3p target sequence. J
Cell Physiol. 2019;234:10157-65.

Bergstrand S, et al. Small Cajal body-associated RNA 2 (scaRNA2) regu-
lates DNA repair pathway choice by inhibiting DNA-PK. Nat Commun.
2022;13:1015.

Cimprich KA, Cortez D. ATR: an essential regulator of genome integrity.
Nat Rev Mol Cell Biol. 2008;9:616-27.

Haahr P, et al. Activation of the ATR kinase by the RPA-binding protein
ETAAT. Nat Cell Biol. 2016;18:1196-207.

Zhao F, Kim W, Kloeber JA, Lou Z. DNA end resection and its role in DNA
replication and DSB repair choice in mammalian cells. Exp Mol Med.
2020;52:1705-14.

LiuT, Huang J. DNA end resection: facts and mechanisms. Genomics
Proteomics Bioinformatics. 2016;14:126-30.

Lin SJ, et al. The Rad4(TopBP1) ATR-activation domain functions in G1/S
phase in a chromatin-dependent manner. PLoS Genet. 2012;8:21002801.
Feng X, et al. ATR inhibition potentiates ionizing radiation-induced
interferon response via cytosolic nucleic acid-sensing pathways. EMBO J.
2020;39:2104036.

Wengner AM, et al. The novel ATR inhibitor BAY 1895344 is efficacious as
monotherapy and combined with DNA damage-inducing or repair-
compromising therapies in preclinical cancer models. Mol Cancer Ther.
2020;19:26-38.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 22 of 22

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	ATR-binding lncRNA ScaRNA2 promotes cancer resistance through facilitating efficient DNA end resection during homologous recombination repair
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Cells and treatment
	Plasmids and sgRNA constructs
	RNA isolation and quantitative RT-PCR (RT–qPCR) assay
	Lentiviral transfection and stable cell line construction
	Irradiation
	The 5’-RACE and 3’-RACE techniques
	Fluorescence in situ hybridization (FISH) with the TSA technique
	Isolation of nuclear and cytoplasmic RNA fractions
	RNA immunoprecipitation and PCR (RIP-qPCR)
	Colony formation assay
	Flow cytometric cell apoptosis and cell cycle analysis
	Neutral comet assay
	Western blot analysis
	Immunoprecipitation (IP)
	RNA pulldown assay and mass spectrometry analysis
	NHEJ and HR reporter assay
	Chromatin fractionation
	Immunofluorescence (IF) staining and imaging analysis
	Patient-derived organoids and treatment
	Tumour xenograft models and treatments
	Cell-derived xenograft (CDX) model
	Patient-derived xenograft (PDX) model

	Histology and immunohistochemistry
	Clinical patient sample collection and tissue microarray
	Immunohistochemical staining of TMAs
	Clinical analysis for tissue microarray
	Statistical analysis

	Results
	ScaRNA2 is identified as the top enriched ATR-binding lncRNA
	ScaRNA2 is necessary for HR-mediated DNA damage repair
	ScaRNA2 is required for Mre11- and Exo1-mediated DNA end resection
	Defects in DNA end resection impair scaRNA2-mediated ATR activation
	ScaRNA2 bridges the DNA end resection complex to ATR activation
	Knockdown of scaRNA2 increases sensitivity to radiotherapy in cancer cells and patient-derived organoid (PDO) model
	Knockdown of scaRNA2 improves the efficacy of radiotherapy in CRC xenografts
	High levels of ScaRNA2 predict poor outcomes for patients with radioresistant tumours

	Discussion
	Anchor 46
	Acknowledgements
	References


