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ABSTRACT

Despite the rapid improvements in unveiling the im-
portance of lncRNAs in all aspects of cancer biology,
there is still a void in mechanistic understanding of
their role in the DNA damage response. Here we ex-
plored the potential role of the oncogenic lncRNA
SCAT7 (ELF3-AS1) in the maintenance of genome in-
tegrity. We show that SCAT7 is upregulated in re-
sponse to DNA-damaging drugs like cisplatin and
camptothecin, where SCAT7 expression is required
to promote cell survival. SCAT7 silencing leads to
decreased proliferation of cisplatin-resistant cells in
vitro and in vivo through interfering with cell cy-
cle checkpoints and DNA repair molecular pathways.
SCAT7 regulates ATR signaling, promoting homolo-
gous recombination. Importantly, SCAT7 also takes
part in proteasome-mediated topoisomerase I (TOP1)
degradation, and its depletion causes an accumu-
lation of TOP1–cc structures responsible for the
high levels of intrinsic DNA damage. Thus, our data
demonstrate that SCAT7 is an important constituent
of the DNA damage response pathway and serves as
a potential therapeutic target for hard-to-treat drug
resistant cancers.

GRAPHICAL ABSTRACT

INTRODUCTION

Cells are constantly challenged by intrinsic as well as ex-
trinsic stresses threatening genome stability (1). To maintain
genomic integrity, eukaryotic cells have adapted a network
of highly organized and coordinated cellular pathways, the
so-called DNA damage response (DDR). DDR begins with
the detection of DNA damage followed by activation of
members of the phosphatidylinositol 3-kinase (PI3K)-like
kinase (PIKK) family (2). The activation of DDR kinases
triggers cascades of phosphorylation events and elicits di-
verse cellular responses, such as phosphorylation of histone
H2A.X, activation of cell cycle checkpoints, recruitment of
specific DDR pathway proteins leading to DNA repair or
induction of apoptosis in cells that hyper accumulate unre-
paired DNA (3,4).
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The kinase ATR plays a critical role in orchestrating
the response to replication stress ensuring replication fi-
delity, which is often compromised in cancer conditions. In
the presence of destabilized and stalled replication forks,
ataxia telangiectasia and Rad3 related (ATR) and its key
transducers delay the progression through the S phase and
stimulate homologous recombination (HR) (5). Moreover,
ATR signaling is activated in the presence of topoisomerase
(TOP1)-poison-dependent adducts, which is known to af-
fect fork processivity (6) and take part in the maintenance
of genome integrity in association with TOP1. Until re-
cently, DNA damage has been mostly explored with a main
focus on the phospho-signaling protein network responsi-
ble for the coordination of cell cycle arrest, activation of
DNA repair and apoptosis. However, with the advent of
high-throughput RNA-sequencing techniques, researchers
have begun to explore the role of long non-coding RNAs
(lncRNAs) in DDR (7–11). Despite our increased under-
standing of lncRNA role in DDR, more efforts are needed
to fully elucidate the relationship between lncRNAs and
DDR at the mechanistic level. Moreover, it is not clear
how DNA damage occurs upon the loss of DNA damage-
associated lncRNAs. At present, one of the main challenges
in cancer treatment is the necessity to overcome the phe-
nomenon of chemoresistance, which in turn requires the
identification of new therapeutic approaches. In this con-
text, DDR-associated lncRNAs are promising therapeu-
tic targets due to their biology and their mode of action
in finely regulating different cancer-associated molecular
pathways.

In this study, we characterized the role of SCAT7 (also
known as ELF3-AS1), an S phase-associated lncRNA
harboring oncogenic properties, in the maintenance of
genome integrity. We provide evidence that SCAT7 pro-
motes HR through regulating ATR signaling during drug-
induced DNA damage. Importantly, SCAT7 regulates
the turnover of topoisomerase 1–DNA cleavage com-
plexes (TOP1–cc) through maintaining the stability of
TOP1 via an ubiquitin-dependent proteasome pathway.
By analyzing phenotypic and molecular changes follow-
ing SCAT7 depletion in cisplatin-resistant lung adenocar-
cinoma (LUAD/cDDP) cells in cell culture and xenograft
models, we show that cisplatin and SCAT7 execute their
effects on cancer cells through regulating common molec-
ular pathways. Collectively, our results highlight the im-
portance of SCAT7 in genome integrity and its po-
tential as a therapeutic target for chemoresistant lung
cancer.

MATERIALS AND METHODS

Cell lines and treatments

The human adherent lung adenocarcinoma cell lines A549
and H1975 were a kind gift of Bengt Hallberg’s lab at the
Department of Biochemistry and Cell Biology, University
of Gothenburg. Cervical carcinoma HeLa cells (300194)
and renal carcinoma Caki-2 cells (300140) were purchased
from CLS cell lines service, Germany. The bronchioalveolar
carcinoma H358 (ATCC No. CRL-5807), and the bronchial
epithelium BEAS-2B cells (ATCC No. CRL-9609) were
purchased from ATCC. MDA-MB-468 (ACC378) cells

were purchased from DSMZ, Germany. A549 and HeLa
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, Life Technologies, USA); HN-HeLa
(HeLa NHEJ Reporter Cell Line) cells, purchased from To-
poGen (Buena Vista, CO, USA), were cultured in DMEM
medium supplemented with 200 �g/ml G418. H1975, H358
and Caki-2 cells were cultured in RPMI-1640 medium
(Gibco, Life Technologies, USA). All medium were supple-
mented with 10% fetal bovine serum (Gibco, Life Technolo-
gies, USA), 1% penicillin-streptomycin (Gibco, Life Tech-
nologies, USA). BEAS-2B cells were cultured in BEGM
Bronchial Epithelial Cell Growth Medium with supple-
ments provided in the BEGM™ BulletKit™ (Lonza; Walk-
ersville, MD, USA). All cells were grown in cell culture in-
cubator at 37◦C and 5% CO2. All cells were tested neg-
ative for Mycoplasma. For viability assay and quantita-
tive polymerase chain reaction (qPCR), A549 and H358
cells were treated with 15–20 �M cisplatin (Merck KGaA,
Darmstadt, Germany) for 24–48 h. For drug treatments
of A549 cells, camptothecin (CPT) was used at 15 �M,
nutlin-3a and etoposide at 20 �M and doxorubicin (Sigma
Aldrich, Germany) was used at 5 �M, at the time points
indicated. For both western blot analysis following DNA
damage and DNA damage induction in HR assay, A549
cells were treated with 15 �M cisplatin for 24–48 h. For
TOP1 turnover experiments, A549 CTRL and SCAT7 KD
A549 cells were treated with 15 �M CPT (Merck KGaA,
Darmstadt, Germany) for 2 h; for combined treatment 15
�M CPT was added for 2 h after overnight pre-treatment
with 15 �M of the proteasome inhibitor MG132 (Cal-
biochem, Merk). For TOP1 IP experiments, A549 cells were
pre-treated with 14 �M MG132 overnight followed by treat-
ment with 15 �M CPT for 2 h. For TOP1-ICE (In vivo Com-
plex of Enzyme) assay, cells were treated with 50 �M CPT
for 1 h.

Cell fractionation

1 × 107 cells were collected by trypsinization. Cell pel-
let was resuspended in 200 �l of cytoplasmic lysis buffer
(10 mM Tris–HCl [pH 7.5], 150 mM NaCl, 0.15% NP-40
supplemented with 1 × complete protease inhibitor cocktail
(Roche) and 10 U/ml SUPERaseIN (ThermoFisher Scien-
tific), incubated on ice for 5 min and layered the lysate on
500 �l of sucrose buffer and centrifuged at 12 000 × g for 10
min. Trizol was added to the supernatant with cytoplasmic
fraction to isolate cytoplasmic RNA. The remaining pellet
was washed once with nuclei wash buffer (1 mM ethylenedi-
aminetetraacetic acid (EDTA), 0.1% Triton X-100 supple-
mented with 1 × complete protease inhibitor cocktail and
20 U/ml SUPERaseIN. Subsequently, nuclear pellet was re-
suspended in 200 �l of glycerol buffer (20 mM Tris–HCl [pH
7.5], 75 mM NaCl, 0.5 mM EDTA, 50% glycerol, 0.8 mM
DTT, 1 × complete protease inhibitor cocktail and 20 U/ml
SUPERaseIN) and 200 �l of nuclei lysis buffer (20 mM
HEPES (pH 7.5), 300 mM NaCl, 1M urea, 0.2 mM EDTA,
1 mM DTT, 1 × complete protease inhibitor cocktail and
20 U/ml SUPERaseIN). After centrifugation, supernatant
containing the soluble nuclear fraction and chromatin pel-
let were separately lysed with TriZol and processed for RNA
isolation.
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Generation of cisplatin-resistant A549 cells

We have generated cisplatin-resistant A549 cells
(A549/cDDP) from the parental A549 cell line over
the course of 8 months. The cells were cultured initially at
the IC50 for 72 h, followed by 72 h with normal medium to
isolate a few surviving clones. Following this, we cultured
the obtained cell population at IC12.5 constantly. After few
weeks, we increased the concentration to IC25, and finally
after 8 months we were able to grow the cells in the IC50 for
the parental cell line.

Transient and stable transfections

LNA GapmeRs targeting SCAT7 along with negative con-
trol were obtained from QIAGEN. About 20–30 nM of
SCAT7 targeting GapmeRs were transfected into A549,
H1975, H358, BEAS-2B, MDA-MB-468, Caki-2 and HN-
HeLacells using Lipofectamine RNAiMAX (Invitrogen,
CA, USA) following the manufacturer’s instructions. Stable
A549 cells were generated using Lentifect™ Purified shRNA
lentivirus particles targeting SCAT7 or negative control
designed and synthesized by GeneCopoeia™, referred as
SCAT7 sh1 and SCAT7 sh2. Transduction efficiency was
established through GFP visualization. We also generated
stable SCAT7 KD cell lines with custom MISSION Lentivi-
ral pLKO.1 transduction particles obtained from Sigma-
Aldrich, referred as SCAT7 sh3 and SCAT7 sh4. All sta-
ble KD cells were selected using 3 �g/ml puromycin and
KD efficiency was evaluated by RT-qPCR. For TOP1 half-
life studies, A549 cells were stably transduced with lentivi-
ral particles containing either pLVX-Tet-One (empty vec-
tor control) or pLVX-Tet-One SCAT7 (788 nt). Cells were
seeded and were treated with CPT (14 �M) and cyclohex-
imide (20 �M) and harvested after 60 and 120 min. SCAT7
RNA was overexpressed 12-fold compared to empty vec-
tor control. After discovering that the SCAT7 sequence was
curated on ENSEMBL (NR 146472.1, 831 nt), we cloned
this curated sequence from A549 cDNA into pLVX-Tet-
One via EcoRI and AgeI restriction sites. Different SCAT7
fragments (1. 1–210, 2. 1–420, 3. 1–639, 4. 211–630) were
also cloned accordingly. All sequences were verified by se-
quencing. Lentiviral particles were generated with the vec-
tors containing different SCAT7 fragments and transduced
them into A549 cells. The transduced cells were selected
with the addition of puromycin (3 �g/ml). Overexpression
efficiency was evaluated by RT-qPCR. The sequences of
siRNAs, shRNAs, LNAs and primers are listed in Supple-
mentary Table S1.

RNA, DNA isolation and qPCR

Total RNA from all cell treatments was isolated using Re-
liaPrep RNA cell miniprep system (Promega) according
to the manufacturer’s protocol. For RNA isolation from
mouse tumors, we first disrupted the tumors using Stain-
less steel beads, 5 mm (QIAGEN GmbH, Hilden) in a tissue
homogenizer; then RNA isolation was performed as previ-
ously described. DNA isolation from HR assay samples was
performed using the Wizard Genomic DNA purification kit
(Promega).

RNA sequencing, differential expression, pathway analysis
and network analysis

RNA samples from A549 parental cells, A549/cDDP
and SCAT7 KD A549/cDDP cells were sequenced us-
ing the HISeq 4000 Illumina system by Novogene. RNA-
seq analysis was performed following the common Novo-
gene pipeline: reads were aligned to the genome assembly
GRCh38 and processing was performed using annotation
from Ensembl release 82. Alignment was performed using
Tophat2, gene expression levels were quantified using HT-
Seq. Gene expression analysis was performed using DE-
Seq, genes were considered differentially expressed, if they
were upregulated or downregulated with minimum log2 fold
change ±1 in the two biological replicates with and FDR ≤
0.05. Gene Ontology (GO) and pathways analysis of dif-
ferentially expressed protein-coding genes were performed
using GeneSCF (P ≤ 0.05) and considered only if bearing at
least 10 differentially genes expressed in the pathway (12).

The list of SCAT7 binding proteins identified by ChOP
(13) was submitted to Cytoscape (version 3.6.0) using the
tool Reactome FiViz to retrieve the network of first protein
interactors (14). Pathway analysis on the SCAT7 binding
proteins and the interacting network was performed using
the Reactome FI plugin for Cytoscape. Pathways were con-
sidered significant at FDR < 0.05 and number of genes in
the pathway ≥20.

Western blot and immunofluorescence

Protein extracts were prepared by using RIPA buffer (150
mM NaCl, 50 mM Tris pH8, 1% Triton X-100, 0.5% NA
DOC, 0.1% sodium dodecyl sulfate (SDS)) with 1× pro-
teases and phosphatases inhibitors (Pierce-Thermo Sci-
entific, Rockford, USA), and quantified by BCA assay
(Pierce-Thermo Scientific, Rockford, USA). About 40–
50 �g proteins were loaded in a 4–12% (w/v) Bis-Tris
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (In-
vitrogen) together with SeeBlue Plus2 Prestained Standard
(Invitrogen) or PageRuler Plus Prestained Protein ladder
(Thermo Scientific) and transferred into a nitrocellulose
membrane (Amersham, Germany). After Ponceau stain-
ing blots were immunostained with primary antibodies
overnight at 4◦C with gentle shaking. List of all primary
antibodies used and relative concentrations are listed in
Supplementary Table S1. All primary antibodies were di-
luted in PBST with 5% BSA (Sigma-Aldrich). Horseradish
peroxidase-conjugated secondary antibodies anti-mouse
and anti-rabbit antibodies were diluted at 1:5000 in PBST
with 1% BSA. Blots were detected using SuperSignal West
Pico Chemiluminescent Substrate (Pierce-Thermo Scien-
tific) and imaged in a Bio-Rad ChemiDoc imaging system.
Densitometry analysis was performed using Image Studio
Lite. Experiments were performed at least in biological trip-
licates. For immunofluorescence (IF), cells were seeded on
coverslips in 24- or 6-well plates, fixed in 1% formaldehyde
in phosphate-buffered saline (PBS) for 15 min at RT and
permeabilized with 0.25% Triton X-100 for 20 min at RT.
Cells were blocked with 1% BSA in PBST for 30 min and
then incubated with primary antibodies diluted in PBST
with 1% BSA for 1 h at RT or overnight at 4◦C with gen-
tle shaking followed by appropriate Alexa Fluor™ 555 or
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488 goat anti-mouse or anti-rabbit secondary antibodies
(Invitrogen) at 1:500 dilution in PBST BSA 1%. Coverslips
were mounted with DAPI-containing Vectashield mount-
ing medium (Vector Laboratories, Burlingame, CA, USA).
Images were acquired using EVOS™ FL Auto Imaging Sys-
tem (Life Technologies) and/or confocal microscope (Carl
Zeiss).

DNA combing assay

For DNA fiber assay, A549 cells were transiently transfected
with SCAT7 targeting GapmeR along with negative con-
trol as previously described. Forty-eight hours post trans-
fection, cells were subjected to two consecutives 30 min
pulses with 0.1 mM 5-Chloro-2’-Deoxyuridine (CldU) and
0.1 mM 5-Iodo-2’-Deoxyuridine (IdU) (Sigma Aldrich) fol-
lowed by three cold PBS washes. Cells were harvested and
counted. 50 × 105 cells/sample were used for gel plugs
preparation using the FiberPrep DNA extraction kit (Ge-
nomic Vision, Begneux, France) and Gel plug molds (Bio-
Rad, Hercules, CA, USA) following the manufacturer’s pro-
tocol. DNA samples in agarose plugs were sent to Genomic
Vision facility (Bagneux, France) for DNA stretching into
coverslips and data acquisition on the FiberVision platform
(Genomic Vision). We performed DNA fiber analysis using
the software FiberStudio version 0.9.12 (Genomic Vision).

Non-homologous recombination

For non-homologous end joining (NHEJ) recombination
experiments, transiently transfected HN-HeLa cells with
SCAT7 targeting GapmeR, were seeded in 96-well plates.
Twenty-four hours post-transfection, doxycycline (dox) was
added to the medium to induce I-Sce1 gene and activate
NHEJ for up to 5 days. To evaluate NHEJ, images were ac-
quired using EVOS™ FL Auto Imaging System (Life Tech-
nologies), and GFP positive cells were counted using Fiji
software.

Homologous recombination

For HR analysis we used the HR kit from Norgen Biotek
Corporation (Canada), providing two different plasmids
(dl-1 and dl-2) each containing a defective lacZ cassette that
through an event of HR form a functional lacZ cassette.
Briefly, 40 × 104 A549 cells/well in 24-well plates were first
transfected with SCAT7 targeting LNA GapmeRs follow-
ing the protocol described earlier. Twenty-four hours post
transfection, cells were transfected with 500 ng dl-1 plasmid
and dl-2 plasmids together for HR assay, dl-1 and dl-2 alone
for negative control, and a positive control plasmid, us-
ing GeneJet reagent (SignaGen Laboratories). Twenty-four
hours after plasmid transfection, we induced DNA damage
with 5 �M cisplatin for 24 h, and treated control cells with
dimethyl sulfoxide (DMSO) only. Cells were harvested and
DNA was isolated with QIAmp DNA Mini Kit (QIAGEN).
The rate of HR was evaluated by RT-qPCR using the Assay
Primer Mixture (detecting the recombined LacZ sequence)
and Universal Primer Mixture (detecting the plasmid back-
bone) supplied in the kit. For RT-qPCR we used the follow-
ing conditions: initial denaturation at 95◦C for 3 min, then

95◦C for 15 s, 61◦C for 30 s and 72◦C for 1 min repeated for
40 cycles.

In vivo complex of enzyme assay

TOP1–cc were identified using the In vivo Complex of En-
zyme (ICE) assay kit from TopoGEN (Buena Vista, CO,
USA). Briefly, 3.5 × 104 A549 cells were transfected with
SCAT7 LNA GapmeR for 48 h in 35 mm dishes before
treatment with 50 �M CPT or DMSO for 1 h. Stable
SCAT7 KD A549 cells were seeded at 3.5 × 104 24 h before
the treatments with 50 �M CPT or DMSO. Cells were lysed
in lysis buffer A provided in the kit and ethanol was added
to precipitate the DNA. Clumped DNA was retrieved and
washed three times with room temperature 75% ethanol fol-
lowed by 2 min centrifugation at 21 000 × g and DNA sol-
ubilization with brief sonication for 1 s to shear high MW
genomic DNA. DNA was quantified by Nano-Drop. Cova-
lent complexes were transferred into a nitrocellulose mem-
brane using a Bio-Dot SF (slot format) (Bio-Rad). Mem-
brane was blocked with PBST containing 5% BSA for 30
min and TOP1–cc complexes were detected using a moAb
anti-TOP1–cc overnight followed by 1 h incubation with
HRP-conjugated anti-mouse secondary antibody (1:5000 in
PBST in 1% BSA). Densitometry analysis was performed
using Image Studio Lite. Experiments were performed in
duplicates.

RNA immunoprecipitation

For SCAT7-TOP1 interaction validation, A549 cells (20 ×
106) were harvested and crosslinked using 1% formaldehyde
for 10 min with gentle rotation. Fixation was quenched with
125 mM glycine for 5 min at RT. Cells were pelleted by cen-
trifugation at 1200 rpm at 4◦C for 10 min and resuspended
in 1× nuclei isolation buffer (1.28 M sucrose; 40 mM Tris–
HCl pH 7.5; 20 mM MgCl2; 4% Triton X-100; 100 U/ml
RNAse inhibitors, 1× protease inhibitor), incubated on ice
for 20 min, mixing the solution every 5 min. Lysate was
then centrifuged at 2500 rpm for 7 min at 4◦C, and after re-
moval of the suspension containing cytoplasmic fragments,
nuclear pellet was resuspended in RIPA lysis buffer (150
mM NaCl, 50 mM Tris, 0.5% sodium deoxycholate, 0.2%
SDS, 1% NP-40) supplemented with protease and RNase
inhibitors. Lysates were sonicated in a Diagenode sonica-
tor for five cycles (30 s ON and 30 s OFF) or more until the
lysate became clear followed by centrifugation at 11 000 rpm
for 10 min at 4◦C. Lysates were incubated overnight with
TOP1 antibody at 4 �g/mg lysate (Bethyl Laboratories) or
rabbit IgG at 4◦C with constant rotation, after removal of
1% lysate to serve as input. The immune complexes were
allowed to bind to G/A Dynabeads (ThermoFisher Scien-
tific) for 3.5 h at 4◦C with gentle rotation, followed by two
washes in RIPA low salt buffer (0.1% SDS, 1% Triton-X
100, 2 mM EDTA, 20 mM Tris–HCl, 15 mM NaCl, 0 mM
PMSF and 50 units/ml RNasin) and two washes in RIPA
high salt buffer (0.1% SDS, 1% Triton-X 100, 2 mM EDTA,
20 mM Tris–HCl, 500 mM NaCl, 0.5 mM PMSF and 50
units/ml RNasin). Immune complexes were eluted in Pro-
teinase K buffer supplemented with RNAsin, and de-cross
linking was carried out for 45 min at 55◦C with moderate vi-
bration. Immune complexes were separated from the beads
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and RNA was isolated with TriZol (ThermoFisher Scien-
tific). Isolated RNA was used for cDNA synthesis followed
by qPCR along with the RNA isolated from input samples.
The sequence of primers used is listed in Supplementary Ta-
ble S1.

Chromatin oligo-affinity precipitation (ChOP)

20 × 106 cells were collected for each precipitation and
cross-linked with 10 ml of 1% formaldehyde in PBS for 10
min at RT with gentle rotation. The reaction was quenched
with 125 mM glycine for 5 min with gentle rotation at RT.
The fixed cells were washed twice with ice-cold PBS and
spun down for 5 min at 2000 × g in the cold. The cell pel-
let with 2 ml of buffer A (3 mM MgCl2, 10 mM Tris–HCl;
pH 7.4, 10 mM NaCl, 0.5% v/v NP-40, 0.5 mM PMSF and
100 units/ml RNase inhibitor) on ice for 20 min, with gentle
pipetting every 5 min. The nuclei were harvested by centrifu-
gation at 14 000 × g for 15 min at 4◦C. The supernatant was
discarded and the pelleted nuclei were re-suspended in 1.2
ml of buffer B (50 mM Tris–HCl; pH 7.4,10 mM EDTA,
0.5% Triton X-100, 0.1% SDS, 0.5 mM PMSF and 100
units/ml RNase inhibitor). We lysed the nuclei on ice for 40
min with thorough pipetting every 5 min. Following this, we
added another 1.2 ml of buffer C (15 mM Tris–HCl; pH 7.4,
150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5 mM
PMSF and 100 units/ml RNase inhibitor) and incubated
the nuclei for 15 min on ice. Lysates were sheared using
a Bioruptor sonicator (Diagenode) for 20 cycles at a high
pulse. We used a pool of biotinylated probes (10 �M) tar-
geting SCAT7 (positive probes) to pull down the lncRNA
as described before (13). We used LacZ biotinylated probes
as a negative control and control which is complementary
to the positive probes. Sonicated lysates were incubated
overnight on gentle rotation at 4◦C with each individual set
of mixed probes. The lysate/probes mixtures were incubated
for 3 h at 4◦C on rotation with streptavidin-coupled Dyn-
abeads (ThermoFisher Scientific). Beads were then washed
twice for 5 min each at 4◦C with low salt buffer (20 mM
Tris–HCl, pH 7.9, 150 mM NaCl, 2 mM EDTA, 0.1% SDS,
1% TritonX-100, 0.5 mM PMSF and 50 units/ml RNase
inhibitor). Two more washes with high salt buffer (20 mM
Tris–HCl, pH7.9, 500 mM NaCl, 2 mM EDTA, 0.1% SDS,
1% Triton X-100, 0.5 mM PMSF and 50 units/ml RNase
inhibitor) were applied for 5 min each at 4◦C. Finally, the
beads-bound proteins were washed twice with PBS at RT.
Different species of RNA–protein complexes were further
eluted by heating and vigorous mixing of the beads at 80◦C
for 15 min with 50 �l of 1× Tris-Glycine SDS sample buffer.
The protein of interest was detected using immunoblotting
as described in the previous section.

Protein immunoprecipitation (IP) of ubiquitinated TOP1

For immunoprecipitation experiments, 3 × 106 SCAT7 KD
cells and control cells were treated with CPT or DMSO con-
trol for 2 h in the presence of 15 �M MG132. Cells were
then collected and lysed in ice cold lysis buffer (150 mM
NaCl, 50 mM Tris, 2.5 mM EDTA, 1% NP-40, 0.1% SDS,
10 mM NEM, 1 × protease inhibitors, 15 �M MG132).
Cells were lysed by incubation at 4◦C for 10 min followed

by a brief sonication. About 1% of the lysate was stored
as input and eluted in SDS elution buffer for western blot.
Control IgG or TOP1 antibody (Bethyl Laboratories) were
incubated overnight with the lysate. 50 �l of G/A mag-
netic Dynabeads (ThermoFisher Scientific) were washed
three times with lysis buffer at 4◦C and incubated with the
antibody/lysate mixture for 2 h at 4◦C with gentle rotation.
Immune precipitates were washed twice in lysis buffer at 4◦C
for 5 min each, followed by two washes with lysis buffer
supplemented with 800 mM NaCl. Washed beads were re-
suspended in 1× Tris-Glycine SDS sample buffer (Ther-
moFisher Scientific) and boiled for 5 min. Eluted immune
precipitates were detected by SDS-PAGE followed by im-
mune detection using FK2 antibody.

Mouse xenografts

Animal studies were performed in accordance to our Eth-
ical permit (No: 5.8.18–02708/2017), reviewed and ap-
proved by the Animal Ethical Review Board, University of
Gothenburg, Sweden.

For xenograft experiments, 2.5 × 106 A549 parental cells
or A549/cDDP cells in PBS with 20% Matrigel (Corn-
ing) were injected in the right flank of 5–6 weeks old
Balb/C nude mice (Janvier labs). When tumors became
measurables, we divided the mice in different groups for
treatment. A549 xenografts were divided in four groups
(n = 4) as follows: non-treated, cisplatin (5 mg/Kg),
SCAT7 GapmeR (100 pmoles/mouse) + cisplatin (5
mg/Kg), control GapmeR (100 pmoles/mouse) + cis-
platin (5 mg/Kg). A549/cDDP xenografts were divided
in six groups (n = 4) as follows: non-treated, cisplatin (5
mg/Kg), SCAT7 GapmeR (100 pmoles/mouse), SCAT7
GapmeR (100 pmoles/mouse) + cisplatin (5 mg/Kg), con-
trol GapmeR (100 pmoles/mouse), control GapmeR (100
pmoles/mouse) + cisplatin (5 mg/Kg). The therapeutic reg-
imen was performed as peritumoral subcutaneous injec-
tions of the previously described combinations diluted in
PBS with the following schedule: day 1 GapmeR injections
and day 2 cisplatin injection for at least five cycles, mea-
suring tumor size every 2 days. Mice were weighted and
checked daily for any sign of stress or sickness. Experiments
were terminated when tumors grew over 1 cm3, or when
mice were showing signs of discomfort or 10% gain or loss
of weight. Tumor sizes were evaluated using the following
formula: (length [L] × width [W] × height [H])/2. Tumor
growth was calculated starting from the first day of treat-
ment, calculating �V at every time point, relative to the
starting volume.

RESULTS

SCAT7 prevents accumulation of DNA damage

Recently, we characterized the oncogenic role of the
SCAT7/ELF3-AS1 gene, located on chromosome 1 and
encoding an S-phase enriched antisense lncRNA (Figure
1A), in regulating FGF/FGFR signaling in lung and re-
nal cancer cells (13). Given that lncRNA-protein inter-
action dictates their modes of actions, we investigated
SCAT7-interacting proteins for relevant S-phase functions.
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Figure 1. SCAT7 regulates genome integrity and DNA repair. (A) Physical map showing SCAT7 (ELF3-AS1) locus, and underneath the maps showing
the RNA-seq tracks for non-treated and cisplatin treated (24 h) WT A549 cells in two biological replicates (wt NT1–2, wt Cis1–2). Track height represents
normalized read depth. (B) Schematic of sub-cellular localization of SCAT7 protein interactors. (C) Subcellular localization of SCAT7 lncRNA and control
lncRNAs HPRT and MALAT1, determined by cytoplasm-nuclear-chromatin fractionation and RT-qPCR in A549 cell line. Graph shows mean ± SD of
two independent experiments. (D) RT-qPCR analysis of cisplatin-treated A549 cells in a time course of 48 h shows that SCAT7 is induced along with
CDKN1A, the main marker of cisplatin response. (E) MTT assay on SCAT7 KD A549 cells with LNAs before and after treatment with cisplatin (24
h). NT = non-treated. Data are represented as percentage compared to untreated cells transfected with negative control. Mean values of at least three
independent experiments are shown and statistical significance was derived using a two-tailed unpaired Student’s t-test. Data are plotted as mean ± SD
(*P ≤ 0.05; **P = 0.01 0.001; ***P < 0.001). (F) qPCR showing the expression of CDKN1A in SCAT7-depleted cells. (G) Western blot showing DNA
damage marker �H2A.X in A549 cells transfected with LNA GapmeRs or transduced with shRNA particles. Representative experiments of at least three
biological replicates; (H) IF images showing �H2A.X levels in the indicated cell lines following SCAT7 KD using LNA-GapmeRs. Scale bar 50 �m. (I)
SCAT7 expression following treatment with the topoisomerase I and topoisomerase II inhibitors CPT (15 �M) and doxorubicin (5 �M), respectively, in
a time course of 48 h. For (D), (F) and (I) experiments were performed in biological triplicates and data are plotted as mean ± SD (*P ≤ 0.05; **P = 0.01
0.001; ***P < 0.001). Significance was derived using two-tailed unpaired Student’s t-test.
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To this end, we scrutinized the list of previously iden-
tified SCAT7 interactors, which includes several proteins
with key roles in chromatin remodeling (BRD9) (15),
DNA unwinding, replication and repair (XRCC5, TOP1,
SFPQ) (16–18), sister chromatid cohesion and segrega-
tion (SMC3, NKAP) (19,20) and ubiquitination (RBBP6,
RBBP7, USP16) (21–23). We determined the subcellu-
lar localization of SCAT7–protein interactors using the
subcellular localization database compartments (https://
compartments.jensenlab.org), where 30% of the interacting
proteins exhibited nuclear localization, whereas only 6% of
the proteins harbor exclusive cytoplasmic localization. The
remaining proteins are distributed between the cytoplasmic
and nuclear compartments (Figure 1B). These data are in
concordance with SCAT7 sub-cellular distribution and its
functions in the nuclear and chromatin fractions in several
cancer cell lines (13) (Figure 1C and Supplementary Figure
S1A).

To get a broader understanding of the biological rele-
vance of the SCAT7 interactome, we performed a protein
network analysis of SCAT7 nuclear interactors using the
plugin BinGO (24). The analysis identified five functional
groups: DNA repair, infectious disease, transport of ma-
ture RNAs to the cytoplasm, FGFR signaling and epige-
netic regulation of gene expression (Supplementary Figure
S1B and Table S2). This functional pattern, together with
our previous knowledge on SCAT7 role in pro-proliferative
and anti-apoptotic functions, opened an intriguing possi-
bility for the role of SCAT7 in genome integrity mainte-
nance, especially in the light of recent findings connecting
lncRNAs to genome integrity through similar pathways and
protein interactors (25). Therefore, we decided to further ex-
plore the contribution of SCAT7 to the DNA damage phe-
notype. When we challenged the LUAD cell line A549 with
the DNA damaging agent cisplatin, SCAT7 was activated
(Figure 1A). To test if the SCAT7 gene activation was an
early or late event in cisplatin challenged cells, we performed
a time course of cisplatin treatment over 48 h. Interestingly,
SCAT7 and CDKN1A, which encodes the p21 protein, were
activated as late transcriptionally events. They showed sim-
ilar expression patterns except that SCAT7 started show-
ing activation 16 h post cisplatin treatment, whereas the in-
crease of CDKN1A expression was detected at 8 h. We have
observed their gradual increase in expression post treat-
ment up to 48 h (Figure 1D). Based on SCAT7 expres-
sion dynamics in response to cisplatin treatment, we hy-
pothesize that SCAT7 activation represents a pro-survival
response to cisplatin-induced DNA damage, antagonizing
cisplatin-dependent cell cycle arrest and apoptosis which
are shown to be mediated by CDKN1A (26). Concordant
with this, SCAT7 knockdown (KD) further reduces cell
viability upon cisplatin treatment (Figure 1E and Supple-
mentary Figure S1C). Furthermore, SCAT7 KD cisplatin-
treated cells exhibited higher levels of cleaved PARP, an in-
dicator of caspase 3 activity, and lower levels of apoptotic
inhibitor XIAP (Supplementary Figure S1D), suggesting
that the combined treatment enhances apoptotic response
compared to cisplatin treatment alone. At the transcrip-
tional level, CDKN1A was activated in SCAT7 depleted
cells (Figure 1F and Supplementary Figure S1E). KD of
SCAT7 in normal and cancer cell lines induces �H2A.X

levels, the main marker of double strand breaks (DSBs)
(Figure 1G and H; Supplementary Figure S1F). The tran-
scriptional activation of CDKN1A following SCAT7 KD
is concordant with the G1/S arrest, and increased DNA
damage. Despite the similar expression trend of SCAT7 and
CDKN1A, p53 is dispensable for SCAT7 activation. For ex-
ample, in p53−/− LUAD H358 cells, in response to cisplatin
treatment, expression of canonical p53 responsive protein-
coding genes and the lncRNA NEAT1 was greatly reduced
or abolished, whereas SCAT7 expression was activated, fur-
ther reinforcing p53 independent transcriptional regulation
of SCAT7 (Supplementary Figure S1G).

Next, we tested the hypothesis that SCAT7 activation me-
diates tolerance in response to various cellular stress fac-
tors. To this end, we treated A549 cells with non-genotoxic
as well as genotoxic drugs inducing replication stress and
DNA damage through different mechanisms. For example,
cells treated with topoisomerase II (TOP2) poisons etopo-
side and doxorubicin, or MDM2 inhibitor nutlin-3a showed
only a minor, if any, SCAT7 activation (Figure 1I; Supple-
mentary Figure S1H and I). On the other hand, challeng-
ing A549 with heat shock (45◦C for 90 min) followed by 2 h
recovery decreased the SCAT7 expression (Supplementary
Figure S1J). However, when we challenged A549 cells with
CPT, a specific TOP1 inhibitor, we observed a similar acti-
vation pattern of SCAT7, as seen in cisplatin but with much
higher induction (Figure 1I). TOP1 and TOP2 inhibitors
activate distinct repair pathways, and in particular, HR is
primarily involved in repairing single-ended DSBs induced
by TOP1 inhibitors (27,28). Therefore, we hypothesize that
SCAT7 might be a regulator of DDR, acting through par-
allel pathways involved in response to cisplatin and CPT
treatments. Moreover, the spontaneous DSBs observed in
SCAT7-depleted cells suggest that SCAT7 contributes to
the maintenance of genomic stability.

SCAT7 regulates S-phase checkpoint and mediates HR and
replication stress

In an attempt to understand functional connection be-
tween SCAT7 and DNA damage, we addressed its role
in the activation of the genomic surveillance pathway in
over-replicating cancer cells, or in response to treatment
with genotoxic agents interfering with replication. The first
mediator of such pathways is the kinase ATR, which is
promptly activated when DNA replication is endangered
by DNA damage. Besides blocking S-phase progression
through the phosphorylation of its downstream effector
CHK1, ATR has been tightly associated with the activation
of DNA repair pathways, and its impairment or inhibition
interferes with HR (29–31).

Based on this, we first evaluated the activation of ATR
pathway in SCAT7 KD cells in the presence of drug-
induced DNA damage. Interestingly, ATR signaling is com-
promised in SCAT7 KD cells, as shown by the decrease of
ATR and CHK1 phosphorylation in western blot and IF
(Figure 2A–D and Supplementary Figure S2A), suggesting
that SCAT7 is involved in the regulation of ATR activa-
tion. The impairment of ATR signaling upon SCAT7 KD
is due to post-transcriptional events, as we did not observe

https://compartments.jensenlab.org
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Figure 2. SCAT7 affects DNA repair and replication. (A) Western blot analysis of ATR pathway members with indicated antibodies in A549 cells following
SCAT7 KD. (B and C) Representative IF images of A549 cells transiently or stably transfected with SCAT7 targeting GapmeRs or SCAT7-sh lentiviral
particles following cisplatin treatment. Cells were stained with DAPI (blue) p-ATR (red), �H2A.X and p-CHK-1 (green). Scale bar 50 �m. For (A–C),
representative images of at least three independent experiments are shown. (D) Quantification of IF experiments depicted in (B) and (C). Data are plotted as
average foci number/cell ± SD (*P ≤ 0.05; **P = 0.01 0.001; ***P < 0.001). Significance was derived using two-tailed unpaired Student’s t-test. (E) Graphs
depicting the percentage of SCAT7 depleted A549 cells and GapmeR CTRL in G0/G1, S and G2/M phase, after exposure to 1.5 mM HU for 5 h. Data
are plotted as mean ± SD (*P ≤ 0.05; ** P = 0.01 - 0.001; *** P < 0.001, unpaired two-sided t-test (n = 3); (F) Sketch depicting the experimental design
for DNA fiber assay and the examples of fiber tract types representing the different replication structures. SCAT7 KD A549 cells and relative control were
sequentially pulse-labeled with 0.1 mM CldU and 0.1 mM IdU for 30 min each. Red tracts, CldU; Green tracts, IdU. (G) Replication profiles of SCAT7
KD A549 cells are presented by scoring the percentage of elongating fibers, stalled and newly fired fibers. Five hundred replication signals were scored for
each sample. Significance was derived using a two-tailed unpaired Student’s t-test. Data are plotted as mean ± SD of two independent experiments (*P
≤ 0.05; **P = 0.01 0.001; *** P < 0.001). (H) qPCR detection of recombined LacZ sequence (LacZ HR) in SCAT7 KD A549 cells with SCAT7 LNA1
and LNA2 GapmeRs. SCAT7 KD cells were transfected with LacZ defective dl-1 and dl-2 HR plasmids for 24 h, followed by 24 h 5 �M cisplatin treatment.
Data are presented as Relative Quantity (RQ) of cisplatin-treated samples relative to their specific NT control. Data are represented as average RQ of at
least six independent replicates ± SD. Dashed horizontal line = NT set as 1. Significance was retrieved using an unpaired Student’s t-test (*P ≤ 0.05; **P
= 0.01 0.001; *** P < 0.001).
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any effect of SCAT7 KD on ATR gene expression (data not
shown).

Impairment of ATR pathway causes G2/M checkpoint
alterations, allowing cancer cells with unrepaired DNA
to proceed to mitosis, with deleterious consequences (32).
Considering this scenario, we explored the ability of SCAT7
KD cells, which we have previously shown to accumulate
in G1/S phase (in accordance with SCAT7 role in S-phase
progression), to proceed along the cell cycle in conditions
that would activate ATR pathway. To address the latter, we
have analyzed the cell cycle profiles of SCAT7 KD cells,
where replication stress was induced using hydroxyurea
(HU) (Figure 2E). While the progression to the G2-M phase
is strongly compromised in CTRL-LNA cells, SCAT7 KD
cells seems to have the tendency to progress through the
S phase, indicating an impairment of ATR checkpoint ki-
nase activity. Our data suggests that in SCAT7 KD cells
ATR signaling is defective and cells are likely to progress
to the G2/M phase of the cell cycle when replication stress
is chemically induced, thus accumulating unrepaired DNA.

To gain a deeper understanding of the direct role of
SCAT7-dependent DNA damage on DNA replication, we
analyzed the replication dynamics of SCAT7 KD cells
at the single-molecule level by applying the DNA fiber
technique. Cells were labeled dually with two consecu-
tive 30-min pulses with the thymidine analogues 5-chloro-
2’-deoxyuridine (CldU) and 5-Iodo-2′-deoxyuridine (IdU),
followed by analysis of labeled DNA for the identification
of nascent replication regions (Figure 2F). We used asyn-
chronous cell populations to avoid any replication artifact
and ensure that our observations were due to SCAT7 mod-
ulation. The labeling identified six major types of replica-
tion signals, as indicated in Figure 2F. Of note, SCAT7
KD cells showed a significant reduction in origin firing and
elongation, whereas they exhibited a higher percentage of
stalled and newly fired forks (Figure 2G). In the context of
replication stress, activated ATR/CHK1 signaling stabilizes
the replication fork, preventing new origin firing and facil-
itating the activation of repair pathways (33,34). This pro-
tects cells from further accumulation of stress in undamaged
or non-replicating regions (35–37). Therefore, in SCAT7
KD cells, the accumulation of DNA damage could be due
to SCAT7 KD-induced fork stalling, while the increase of
newly fired forks could be attributed to the inability of the
cells with impaired ATR activation to stabilize stalled forks,
leading to the activation of dormant origins (38). Based
on the connection between ATR function and DNA re-
pair, we evaluated the activation of the main DNA repair
pathways HR and NHEJ in SCAT7 KD cells. We analyzed
HR efficiency in SCAT7 KD cells, before and after cisplatin
treatment. Transient and stable SCAT7 KD cells were co-
transfected with two plasmids expressing truncated LacZ,
followed by PCR detection of the fused LacZ sequence in
cells that undergo HR. While control cells were able to per-
form HR, this process was significantly impaired in SCAT7
KD cells, as shown by RT-qPCR of the recombined LacZ
region using primers flanking the recombination site in cis-
platin treated cells compared to their respective non-treated
controls (Figure 2H and Supplementary Figure S2B), indi-
cating that SCAT7 KD impairs HR. We also tested the lev-
els of NHEJ in SCAT7 KD HN-HeLa NHEJ reporter cell

line, after treatment with cisplatin. These cells have a GFP
gene disrupted by an intron which is flanked by I-SceI re-
striction sites. When HN-HeLa cells were transfected with a
doxycyclin inducible plasmid containing the enzyme I-SceI,
the intron is removed and cells will express GFP as result
of successful NHEJ. The ability of HN-HeLa SCAT7 KD
cells to perform NHEJ following the induction of I-SceI was
unaffected, if not slightly induced, indicating that this re-
pair pathway was not altered in our system (Supplementary
Figure S2C and D). In line with this, no consistent changes
were observed in the expression of crucial NHEJ partners
KU70–80, XRCC4 and Ligase IV, which specifically take
part in NHEJ, confirming the functionality of this path-
way in SCAT7 KD cells (Supplementary Figure S2E). Col-
lectively, these results suggest that the impairment of ATR
signaling observed in SCAT7 KD cells, besides interfering
with fork progression, reduces ATR-mediated engagement
of the HR pathway, thus disrupting more than one protec-
tive mechanism enacted by hyperproliferative cancer cells
exposed to cytotoxic drugs.

SCAT7 regulates topoisomerase 1 turnover in a proteasome-
dependent manner

Among SCAT7-interacting proteins, a potential candi-
date for establishing the direct involvement of SCAT7
KD in the formation of DSBs is TOP1. TOP1 is a sin-
gle strand nicking enzyme acting at the interface between
replication and transcription, essential for the resolution
of replication/transcription conflicts (39). For proper cat-
alytic unwinding of DNA, TOP1 associates with a transient
single-strand DNA intermediate and forms the TOP1–cc).
The resolution of the TOP1–cc complex requires the ac-
tivation of the DDR pathway in an ubiquitin-dependent
manner (40–42). Failure of activation of this degradation
pathway, as well as the exposure to TOP1 inhibitors like
CPT, promote the accumulation of TOP1–cc. This irre-
versible DNA-bound complex induces stalled replication
forks causing activation of the genome surveillance pathway
regulated by ATR (43). Morevoer, TOP1–cc cause intrinsic
DNA damage when they collide with replication or tran-
scriptional machinery, or when they occur in the vicinity of
other DNA lesions (44,45).

Based on the effect of SCAT7 KD on ATR signaling and
HR, we sought to explore if and how SCAT7 contributes to
this processes through its interaction with TOP1. To start
with, we validated the previously obtained ChOP/MS data
on SCAT7 interaction with TOP1 with two independent
approaches, RNA immunoprecipitation (RIP) (Figure 3A)
and SCAT7 ChOP followed by immunobloting (Figure 3B).
We then evaluated the contribution of SCAT7 in TOP1
turnover by analyzing TOP1 levels in SCAT7 KD cells
treated with CPT, a TOP1 poison which acts at the TOP1–
cc complex to stabilize the interaction between TOP1 and
DNA, thereby inducing DNA damage and apoptosis. We
observed that TOP1 is accumulated in SCAT7 KD cells
treated with CPT, indicating that SCAT7 KD affects TOP1
turnover (Figure 3C). To fine map the region of SCAT7
that promotes TOP1 turnover, we overexpressed different
constructs containing fragments of the SCAT lncRNA in
A549 cells (Figure 3D). As shown in Figure 3E, the in-
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Figure 3. SCAT7 regulates TOP1 turnover. (A) RIP followed by RT-qPCR for SCAT7 using antibodies against TOP1 and IgG. Data are depicted as fold
enrichment on IgG control; (B) Western blot of SCAT7-interacting TOP1 in A549 cells following ChOP using biotinylated antisense probe specific to
SCAT7 (SCAT7 as), sense probe (SCAT7 rev), or LacZ negative probe; (C) Western blot of TOP1 in transient and stable SCAT7 KD A549 cells following
15 �M CPT treatment for 2 h. Immunoblot images are representative of at least three independent experiments; (D) Schematic of the different fragments
of SCAT7 transcripts that were inserted into inducible overexpression plasmids; (E) Immunoblot of TOP1 in A549 cells transfected with overexpression
plasmids containing different fragments of SCAT7 transcript, as described in Figure 3D, after treating cells with 15 �M CPT for 2 h. (F) Immunoblot
of TOP1–cc levels on DNA following ICE assay in transient and stable SCAT7 KD A549 cells. TOP1–cc levels were normalized to untreated control;
(G) Western blot of TOP1 in SCAT7 KD A549 cells following CPT treatment in the presence or absence of MG132 proteasome inhibitor. TOP1 levels
were normalized to respective untreated control. Immunoblot image is representative of at least three independent experiments; (H) Poly-ubiquitin (pUB)
immunoblot of immunoprecipitated TOP1 in A549 cells transfected with two LNA GapmeRs targeting SCAT7, and relative control cells following CPT
treatment. pUB levels were normalized with respect to CTRL LNA. Immunoblot for the indicated protein (TOP1, �H2A.X and GAPDH) with input
(bottom). IgG was used as specificity controls. Representative images of at least three independent experiments; (I) Western blot of SCAT7 overexpressing
A549 cells following combined treatment with CPT and Cycloheximide (CHX) in a time course of 2 h. Representative images of at least two independent
experiments.
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ducible overexpression of the 5’end fragment of SCAT7 (1–
210 nt) efficiently promoted TOP1 turnover. We performed
ICE (in vivo complex of enzyme) assay on control and
SCAT7 KD cells following CPT treatment by isolating ge-
nomic DNA under conditions that preserve DNA–protein
complexes, followed by immunoblot of the DNA–protein
complex with TOP1 antibody. The ICE assay revealed that
the majority of accumulated TOP1 in SCAT7 KD cells is
trapped in TOP1–cc complexes, and likely contributes to
the high level of genotoxic stress (Figure 3F). Since TOP1
turnover is proteasome dependent (42), we tested the possi-
bility that SCAT7 binding to TOP1 facilitates its ubiquitin-
dependent degradation. To this end, we evaluated TOP1
levels in SCAT7 KD cells after CPT treatment alone or
in the presence of the proteasome inhibitor MG132. Inter-
estingly, TOP1 levels decrease in control cells after 2 h of
CPT treatment. However, in SCAT7 KD cells, TOP1 lev-
els were less affected by CPT treatment (Figure 3G). To
check whether SCAT7 KD interferes with the ubiquitina-
tion of TOP1, we immunoprecipitated TOP1 in control and
SCAT7 KD cells. The western blot analysis of immunopre-
cipitates after treatment with CPT revealed high levels of
ubiquitinated TOP1 in control cells. However, TOP1 ubiq-
uitination is strongly impaired in SCAT7 KD cells (Fig-
ure 3H). Moreover, TOP1 immunoblotting showed that
TOP1 post-translational modifications, marked as aster-
isks in Figure 3H, are lost upon SCAT7 KD, indicating
an involvement of SCAT7 in TOP1 ubiquitination. Fur-
ther, to support the SCAT7-dependent regulation of TOP1
turnover, we assessed TOP1 half-life in cells differentially
expressing SCAT7 in the presence of CPT and cyclohex-
imide (CHX). In this context, cells with reduced protein
turnover would have a more stable expression of TOP1
following CHX treatment. Consistent with our previous
results, SCAT7-overexpressing cells are more affected in
TOP1 turnover after 1- and 2-h co-treatment with CPT and
CHX, confirming the role of SCAT7 in regulating TOP1
stability (Figure 3I). In line with our hypothesis that SCAT7
is involved in maintaining genomic stability we also ob-
served a decrease in �H2A.X in SCAT7 overexpression cells
(Please see lower panel in Figure 3I). Collectively, these re-
sults show that SCAT7 is at a central point in regulating
genomic stability through fine-tuning TOP1 turnover.

We postulate that by interacting with TOP1, SCAT7 acts
as a TOP1 scaffold to promote its post-translational mod-
ifications and turnover. Therefore, SCAT7 abrogation ac-
counts for the induction of intrinsic DNA damage in unper-
turbed cells as well as cells perturbed with cytotoxic-agents.

SCAT7 downregulation in A549/cDDP phenocopies the ef-
fect of cisplatin in parental A549 cells

Cisplatin is one of the first line treatments for non-small
cell lung cancer (46). Nucleotide excision repair and HR
are the main repair pathways activated by cancer cells in
response to cisplatin (47–50). Given our in vitro data, show-
ing a simultaneous impairment of HR ability, ATR path-
way activation and TOP1 turnover in SCAT7 KD A549
cells, we sought to investigate the possible role of SCAT7
in cisplatin resistance through the disruption of these sur-
vival pathways. To this end, we have generated cisplatin-

resistant A549 cells (A549/cDDP) from the parental cell
line. A549/cDDP cells showed mesenchymal morphology
with slightly increased size and spindle-shaped appearance.
Consistent with morphology, A549/cDDP cells exhibit an
epithelial-mesenchymal transition profile, with downregu-
lation of epithelial marker E-cadherin and upregulation of
the mesenchymal marker vimentin (Figure 4A). We per-
formed RNA-seq of A549/cDDP cells and parental A549
to identify the molecular pathways affected in resistant cells.
Interestingly, pathways enriched for upregulated genes in
A549/cDDP cells showed significant overrepresentation of
extracellular matrix organization functions. Pathways from
downregulated genes were mostly related to the regulation
of cell cycle and DNA replication (Figure 4B and Supple-
mentary Table S3). This indicates that resistant cells differ-
ently regulate their cell cycle compared to the parental cells.
On the other hand, upregulation of collagen genes might be
involved in the acquisition of malignant and metastatic phe-
notypes. Given that SCAT7 is activated by cisplatin treat-
ment, we sought to explore a possible role of SCAT7 in
mitigating the cisplatin resistance phenotype. However, in
cDDP cells SCAT7 levels were similar to the non-treated
wild-type (WT) A549 cells (Figure 4C), therefore we as-
sumed that SCAT7 overexpression is not important in es-
tablishing cDDP resistance. However, its basal expression
could be critical for the maintenance of the resistant sta-
tus. To this end, we downregulated SCAT7 in A549/cDDP
cells. MTT analysis revealed that SCAT7 KD significantly
affected the proliferation of A549/cDDP cells; however, we
did not observe an additive effect of SCAT7 KD and cis-
platin treatment as in sensitive cells (Figure 4D). We consid-
ered this phenotype of particular interest and worth further
exploration, in the light of possible therapeutic considera-
tion.

To evaluate if SCAT7 could interfere with cisplatin
resistance in cDDP cells, we performed RNA-seq in
A549/cDDP cells treated either with cisplatin or SCAT7
LNA GapmeRs. RNA-seq analyses confirmed the acquired
resistance of A549/cDDP cells, as we did not observe any
significantly enriched molecular pathways in response to
cisplatin treatment (Supplementary Table S3). On the con-
trary, cisplatin treatment in A549 WT cells induced global
transcriptional modulation, reflected by the significant en-
richment of DNA repair, checkpoints activation and cell
cycle-related pathways (Figure 4E and Supplementary Ta-
ble S3). Of note, SCAT7 depletion in A549/cDDP cells re-
sulted in the dysregulation of DNA replication, telomere
maintenance, and cell cycle-related pathways. Interestingly,
we observed many overlapping differentially expressed tran-
scripts between cisplatin-treated WT A549 cells and SCAT7
KD cDDP cells. (Figure 4E and F; Supplementary Table
S3). These results indicate that even if SCAT7 is not over-
expressed in cDDP-A549 compared to WT cells, its upreg-
ulation during cisplatin treatment is required for cell sur-
vival and SCAT7 KD in cDDP cells affects the same cell
survival-associated pathways, indicating that SCAT7 basal
expression is critical for maintenance of the resistance phe-
notype.

We next explored the therapeutic potential of SCAT7 tar-
geting in cisplatin-resistant tumors. Toward this, we gener-
ated Balb/c nude xenografts by subcutaneous injection of
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data using two independent LNA GapmeRs. Experiments were performed in triplicate and data are plotted as mean ± SD.
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either WT A549 or A549/cDDP cells to evaluate the re-
sponse of resistant tumors to cisplatin therapy in associ-
ation with SCAT7 downregulation. When tumors became
measurable, we started a therapeutic regimen based on the
subcutaneous peritumoral injection of LNAs and cisplatin
in combination (cisplatin and SCAT7 LNA or cisplatin and
CTRL LNA) or individually (Figure 5A). As expected, tu-
mor growth of WT A549-derived xenografts was most af-
fected by the combination treatment of cisplatin/SCAT7
LNA, compared to cisplatin/CTRL LNA or cisplatin alone
(Figure 5B). In A549/cDDP xenografts, CTRL LNA alone
or in combination with cisplatin did not affect tumor
growth, while we observed a significant tumor inhibition
in A549/cDDP xenografts treated with SCAT7 LNA (Fig-
ure 5C and D). Moreover, cisplatin treatment had no effect
on the cDDP cell growth both in vitro and in vivo (Figures
4C and 5D), indicating that SCAT7 KD alone is respon-
sible for the reduced tumor growth of A549/cDDP cells.
When it comes to side effects, cisplatin-treated mice devel-
oped dry skin, loss of weight, nervous behavior as well as tail
ulcerations, requiring early termination of the experiment,
whereas such effects were not observed in the LNA only
treated group. Thus, targeting SCAT7 could be explored as
a novel therapeutic approach for cancers that develop resis-
tance to cisplatin, avoiding the toxic effects of the drug.

DISCUSSION

LncRNAs have been associated with most cancer-related
hallmarks including proliferation, apoptosis, cell cycle reg-
ulation and senescence (51). Recent studies have identified a
new exciting role of lncRNAs in the maintenance of genome
stability (52–54), as a growing number of lncRNAs has
been shown to be directly regulated by the main keepers
of genome integrity (55,56). Genomic instability can lead
to cancer and degenerative diseases, and eukaryotic cells
have developed multiple molecular mechanisms to sense
DNA damage and activate reparatory responses to grant
cell survival. This concept has been exploited in develop-
ing cancer therapies causing DNA damage and taking ad-
vantage of the inability of cancer cells to repair it, forcing
them into apoptosis. In this scenario lncRNAs stand out
as versatile regulatory players of most of the physiological
and pathological processes in eukaryotic cells. Previous in-
vestigations have implicated several lncRNAs in DDR in
a p53-independent or dependent fashion (7–11). However,
the mechanisms by which the loss of a particular lncRNA
leads to DNA damage are not fully understood.

We have identified the lncRNA SCAT7 (ELF3-AS), with
preferential nuclear localization, highly expressed in the cell
cycle S-phase, as an oncogenic driver overexpressed in mul-
tiple cancers (13). While performing functional screenings
for the identification of SCAT7-dependent molecular path-
ways, we noticed that several of its protein interactors are
nuclear proteins with key functions in maintaining DNA
stability, as well as repair proteins and chromatin remod-
elers, suggesting a potential role for SCAT7 in maintaining
genomic integrity. The hypothesis that SCAT7 might have a
role in genome stability was further reinforced by its strong,
but selective, activation following treatment with replication
inhibitors like cisplatin and CPT, but not other drugs like

etoposide, doxorubicin and nutlin-3a. At the same time, its
depletion activates transcriptional events similar to drug-
induced DNA damage.

To dissect the molecular mechanisms of SCAT7-
dependent DNA damage, we analyzed its role in promoting
faithful DNA replication, its ability to activate the S-phase
cell cycle checkpoints and efficient DNA repair (57). While
NHEJ, which acts throughout the cell cycle, is the preferred
repair mechanism occurring prior to DNA replication (58),
cells turn on the error-free HR pathway for DNA damage
occurring during the S-phase (59,60). While NHEJ remains
unaffected in SCAT7 KD cells, SCAT7 downregulation
affects HR, most likely through the impairment of the
ATR signaling pathway. One way the impairment of
SCAT7 interferes with ATR activation could be through
the multiple cell signaling cascades that we have previously
identified to be disrupted by SCAT7 downregulation. For
example, one of the many factors activating ATR pathway
during HU induced replication stress is ERK, which
induces formation of ATR nuclear foci after cytotoxic
induction of replication stress (61). We have previously
shown that SCAT7 depletion leads to impairment of ERK
phosphorylation in different cancer cell types, including
A549 (13), thereby affecting ATR pathway.

ATR kinase is canonically activated in response to DNA
damage, ssDNA accumulation during replication (62) and
increased fork stalling induced by TOP1–cc increase when
cells are challenged with TOP1 poisons. Given the link be-
tween SCAT7 and ATR signaling, it is important to under-
line two main points raised in our study: (i) SCAT7 KD in-
creased fork stalling and new fork firing in an attempt to
complete DNA replication, during cisplatin treatment. This
in turn explains the accumulation of the unrepaired DSBs in
these cells, compared to cells expressing SCAT7 normally.
(ii) On the other hand, by focusing on SCAT7-TOP1 inter-
action, we hypothesize a causal connection with intrinsic
DNA damage onset. TOP1 acts to reduce DNA supercoil-
ing during replication by covalently interacting with 3’ ss-
DNA. This interaction is transient and tightly regulated by
the presence of a finely tuned degradation pathway that in-
volves, among other factors, the ubiquitin-dependent pro-
teasome machinery (34). Failure to degrade these transient
complexes leads to the persistence of TOP1–cc complexes,
representing an obstacle to replication fork progression and
resulting in DSBs. In the context of SCAT7 KD, impaired
ATR signaling is concomitant to a reduced TOP1 turnover.
These cells suffer alterations of two major genomic surveil-
lance mediators, whose dysfunction is intimately connected
to cell death. We therefore conclude that in SCAT7 KD
cells, failure of TOP1 degradation accounts for the induc-
tion of DNA damage. Furthermore, the interference with
HR through the impairment of ATR functions accounts for
the inability of SCAT7 KD cells to faithfully repair the in-
duced damage, resulting in exacerbated �H2A.X accumu-
lation, leading to apoptosis.

Multiple cellular mechanisms are involved in the acquisi-
tion of resistance to cisplatin-based therapies, (63,64). Since
HR is the main mechanism applied for the repair of CDDP
based lesions (65), targeting HR pathway is considered a
promising therapeutic option in the treatment of CDDP re-
sistant cancers (66). Despite the development of highly spe-
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Figure 5. SCAT7 KD reduces tumor growth in cisplatin resistant xenograft models of LUAD. (A) Graphical representation of the therapeutic regimen
applied to the A549 mice xenografts. X indicates the time points when tumors where measured. (B) Graph showing the average tumor growth of parental
A549 xenografts (�V = Vtx-Vt0) treated with cisplatin, or CTRL or SCAT7 LNA-GapmeRs in combination with cisplatin, and non-treated controls.
(C) Pictures of Balb/c nude mice A549/cDDP xenografts at day of dissection. Arrows indicate the subcutaneous tumor. (D) Top: Graph showing the
average tumor growth of A549/cDDP xenografts depicted in C) treated with control or SCAT7 LNA-GapmeRs alone or in combination with cisplatin,
cisplatin only and non-treated controls. Significance was derived using a two-tailed unpaired Student’s t-test. Bottom: Tumor growth inhibition (TGI) for
A549/cDDP subcutaneous Balb/c nude xenografts depicted in (C). For (B) and (D), average tumor growth was calculated with the formula �V = Vtx-Vt0.
Data are plotted as mean ± SD (*P ≤0.05; **P = 0.01 0.001; *** P < 0.001).

cific inhibitors for some proteins involved in HR has paved
the road to the identification of targeted therapies for this
pathway (67,68), it is worth considering that several HR
modulators are implicated in a plethora of essential and
physiological functions (69–71), therefore their inhibition
could still potentially elicit toxicity in many instances (72).
Considering SCAT7 role in HR modulation and that there
were no noticeable side effects in our CDDP xenograft mod-
els, we believe that SCAT7 KD could be further explored
as a means of inhibiting HR in cancer cells. Interestingly,
SCAT7 KD in cisplatin-resistant cells can restore the path-
ways that are activated in sensitive cells following cisplatin
treatment. This is in accordance with its critical role in the
maintenance of genomic integrity, and with our hypothe-

sis that SCAT7 depletion mimics the biological effects of
cisplatin treatment. Moreover, our LNA-ASOs based ther-
apeutic intervention successfully reduced the tumor growth
of cisplatin-resistant tumors in xenograft models of LUAD.
Taken together, these results suggest that SCAT7 targeted
therapy could be a potential option for hard-to-treat can-
cers.
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