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SRSF2 overexpression induces
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Abstract

SRSF2 (serine/arginine-rich splicing factor 2) is a critical regulator of pre-messenger RNA splicing, which also plays noncanonical functions in tran-
scription initiation and elongation. Although elevated levels of SRSF2 are associated with advanced stages of lung adenocarcinoma (LUAD), the
mechanisms connecting SRSF2 to lung tumor progression remain unknown. We show that SRSF2 overexpression increases global transcription
and replicative stress in LUAD cells, which correlates with the production of DNA damage, notably double-strand breaks (DSBs), likely resulting
from conflicts between transcription and replication. Moreover, SRSF2 regulates DNA repair pathways by promoting homologous recombination
and inhibiting nonhomologous end joining. Mechanistically, SRSF2 interacts with and enhances MRE11 (meiotic recombination 11) recruitment
to chromatin, while downregulating 53BP1 messenger RNA and protein levels. Both events are likely contributing to SRSF2-mediated DNA repair
process rerouting. Lastly, we show that SRSF2 and MRE11 expression is commonly elevated in LUAD and predicts poor outcome of patients.
Altogether, our results identify a mechanism by which SRSF2 overexpression promotes lung cancer progression through a fine control of both
DSB production and repair. Finally, we show that SRSF2 knockdown impairs late repair of ionizing radiation-induced DSBs, suggesting a more
global function of SRSF2 in DSB repair by homologous recombination.
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Introduction
Genome-wide studies have revealed that aberrant pre-
messenger RNA  (pre-mRNA) splicing, a key post-

transcriptional step in the regulation of gene expression
[1], is a hallmark of human tumors. Hence, tumor cells
express a multitude of cancer-specific splice variants that
contribute to all stages of tumorigenesis [2, 3]. In addition,
tumor cells exhibit somatic mutations and/or changes (up-
or downregulation) in the expression of various components
of the splicecosome machinery, including critical splicing
factors [4, 5]. However, the molecular mechanisms by which
aberrant expression or mutation of splicing regulators con-
tribute to tumorigenesis need to be elucidated further and
likely involve both splicing-dependent and/or -independent
effects.

DNA double-strand breaks (DSBs) are the most dangerous
type of DNA lesions and the main source of genome insta-
bility associated with tumorigenesis [6]. In highly prolifera-
tive cells, such as cancer cells, conflicts between the replica-
tion and transcription machineries are a major cause of DSBs
[7, 8], and a source of replication stress that occurs notably in
response to overexpression or constitutive activation of onco-
genes [9-11]. On one hand, DSBs favor mutations that sup-
port cancer progression; on the other hand, DSBs elicit a DNA
damage response (DDR) comprising DSB sensing/signaling,
cell-cycle checkpoint activation, and DNA repair, which can
ultimately lead to apoptosis if repair is not possible [12, 13].
Hence, an accurate management of transcription—replication
conflicts (TRCs) and consequently DSBs is required for cancer
cell survival. Numerous RNA-binding proteins (RBPs) have
been shown to functionally and/or physically interact with
DDR components at different levels [14, 15]. For example,
RBPs can selectively control the expression of DDR genes
[16], assemble at sites of DNA damage together with DNA
damage sensors where they participate to DNA repair [17-
20], and affect downstream steps of the DDR [21]. Moreover,
RBPs hamper the annealing of the nascent RNA to the comple-
mentary DNA during transcription, thus preventing the for-
mation of R-loops, structures composed of a RNA:DNA hy-
brid and a single-stranded DNA, which can be highly muta-
genic [22-25]. As a whole, these studies indicate that tight reg-
ulation of the RBPs/DDR interplay acts as a barrier against
tumorigenesis. It is thus crucial to further address whether and
how aberrant expression of RBPs and their mutations in can-
cer affect the response to DNA damage and promote tumor
progression.

The splicing factor SRSF2 (serine/arginine-rich splicing fac-
tor 2) belongs to the SR protein family and plays a criti-
cal role in the regulation of both constitutive and alterna-
tive pre-mRNA splicing [26]. We previously reported the in-
creased expression of SRSF2 in lung tumors, including non-
small-cell lung carcinoma (NSCLC) [27] and neuroendocrine
lung tumors [28]. In lung adenocarcinoma (LUAD) patients,
high levels of SRSF2 protein correlated with advanced clin-
ical stages [27], supporting a role of SRSF2 in lung tumor
progression. In this study, we demonstrate that SRSF2 over-
expression in LUAD cell lines promotes the accumulation of
DSBs, which correlates with a slowdown of replication fork
progression, increased global transcription, and R-loop accu-
mulation. Therefore, SRSF2 overexpression might induce con-
flicts between transcription and replication machineries lead-
ing to genomic instability in lung cancer cells. At the molecu-
lar level, we further provide evidence of an interplay between
SRSF2 and the DNA damage sensor MRE11 (meiotic recom-
bination 11). Moreover, we demonstrate that SRSF2 promotes
DSB repair by homologous recombination (HR), which re-
quires MRE11 nuclease activity, whereas it inhibits canonical-
nonhomologous end joining (c-NHE]), which correlates with
decreased 53BP1 protein levels. Furthermore, we show that
mRNA and protein levels of SRSF2 and MRE11 are positively
correlated in NSCLC patients, while the opposite is observed
for mRNA levels of Srsf2 and 53BP1. In addition, early-stage
LUAD patients with high levels of both Mre11 and Srsf2 mR-
NAs exhibit a poorer prognosis. Together, our findings reveal
a mechanism underlying the oncogenic function of SRSF2,
which involves a regulatory SRSF2/MRE11 cross talk that
controls genome stability and cancer cell survival in lung tu-
mors. As we lastly provide evidence that SRSF2 knockdown
also impairs late repair of DSBs induced by ionizing radiation
(IR), we propose that the function of SRSF2 in DSB repair
could extend to various DSB inducers.

Materials and methods

Cells, cell culture, and reagents

Human LUAD cell lines (H358, H1299, and A549) were
authenticated by DNA Short Tandem Repeat (STR) (ATCC
Cell Line Authentification Service, LGC Standards, Molsheim,
France) and routinely tested for mycoplasma contamination.
Human retinal pigmental epithelial (RPE) (p53-/-) cell line
was provided by Dr Sylvie Noordermeer (Leiden Univer-
sity Medical Center, LUMC, Oncode Institute, Leiden, The



Netherlands). H358, H1299, and A549 cells were cultured in
RPMI-1640 medium/L-GlutaMAX supplemented with 10%
(v/v) fetal calf serum (FCS) as previously described [29].
RPE cells were maintained in Dulbecco’s modified Eagle’s
medium GlutaMAX-I (Gibco) with 10% FCS. Generation of
stable SRSF2-inducible clones was performed using a mod-
ified tetracyclin-regulated inducible expression system (Tet-
On System, Clontech). Briefly, H358-Tet-On 4 cells, that sta-
bly express the Tet-repressor protein, were co-transfected
with pTRE-SRSF2 and pTK-Hyg plasmids using Fugene 6
(Roche Diagnostic, France). Double transfectants cultured in
100 x 20-mm culture dishes were selected for 4 weeks in
the presence of hygromycin B (200 pg/ml) and geneticin
(G418; 800 pg/ml), and resistant clones were further iso-
lated by successive sub-cultures in 96-, 24-, and 6-well plates.
Clones were then screened for SRSF2 induction by western
blotting following 24 h of 1-pg/ml doxycyclin treatment.
Two clones were arbitrarily selected for further experiments.
Other plasmids used in this study were pcDNA3.1-SRSF2-
Hemagglutinin (HA) and pcDNA3.1-SRSF2(P95H)-HA en-
coding HA-tagged SRSF2 wild-type or SRSF2(P95H) mu-
tant protein, pcDNA3.1-MRE11 (a kind gift from Dr MH
Gatei, University of Queensland, Australia), pcDNA3.1-NBS1
(a kind gift from Dr J] Mendiola, The Scripps Research Insti-
tute, La Jolla), pGEX-SRSF2(1-60), pGEX-SRSF2(60-115),
and pGEX-SRSRF2(115-221) [30]. Transfection of plasmid
DNA was performed using XtremeGENE 9 (Roche Diagnos-
tics), Lipofectamine 3000 (Invitrogen), or JetPRIME (Poly-
plus Transfection, Illkirch, France), according to the man-
ufacturer’s instructions. Cells were analyzed between 24
and 48 h after transfection. Cisplatin (cat. #PZ0383, cal-
biochem), hydroxurea (cat. #H8627), mirin (cat. #M9948),
PFMO1 (cat. #SML1735), §5,6-dichlorobenzimidazole 1-p-
D-ribofuranoside (DRB; cat. #D1916), alpha-amanitin (cat.
#A2263), palbociclib (cat. #PZ0383), PHA-767491 (cat.
#PZ0178), and roscovitin (cat. #R7772) were from Sigma-
Aldrich (Saint Quentin Fallavier, France).

Generation of stable clones for DNA repair analysis

For these studies, we decided to use the A549 and H1299
LUAD cell lines as they are more efficiently transfectable and
express higher level of endogenous SRSF2 protein as com-
pared with H358 cells. For the study of HR, we used the
pBL174-pDR-GFP plasmid (a kind gift from Dr Frangoise
Porteu, INSERM UMR1170, Villejuif). This plasmid contains
two inactive genes coding for Green Fluorescent Protein (GFP)
under the control of a promoter. The 5’ gene is inactive be-
cause of the insertion of a cleavage site for I-Scel. The 3’ gene
is inactive because it is deleted in both the 5" and 3’ direc-
tions. When a DSB is produced by I-Scel (e.g. following tran-
sient transfection with the I-Scel-encoding pBL133 plasmid),
recombination between these two inactive genes restores a
functional GFP-coding sequence. To establish stable clones,
10 x 10° H1299 or A549 cells were transfected with 1 pg
pBL174-pDR-GFP plasmid and clones were selected after 5-
weeks culture in presence of 5 pg/ml puromycin. In order to
select clones efficient for HR, stable clones were transiently
transfected with pBL133-Scel plasmid encoding the I-Scel re-
striction enzyme for 4 days and detection of GFP-positive
cells was done by flow cytometry. Four H1299 clones ex-
pressing GFP in 1.2%-1.9% of cells as compared with cells
transfected with control pcDNA3.1 plasmid were selected for
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further analyses. Of note, we did not succeed in generat-
ing A549-pBL174-pDR-GFP-positive clones. In some experi-
ments, H1299-pBL174 clones were co-transfected for 72 to 96
h with pcDNA3.1-SRSF2-HA plasmid together with pBL133
and treated or not for additional 24 h with 40 uM mirin or
50 uM DRB. Cells were fixed, permeabilized, and incubated
with phycoerythrin anti-HA.11 epitope tag antibody (clone
16B12, cat. #901517, Biolegend, United Kingdom). Double
HA /GFP-positive cells were quantified by flow cytometry (Ac-
curi C6, BD Biosciences). For RNA interference (siRNA) ex-
periments, stable clones were transfected for 24 h with mis-
match (control) or SRSF2 siRNAs before being transfected
with pBL133 for additional 72 h. Percentage of GFP-positive
cells was quantified using flow cytometry.

For the analysis of c-NHE], we used the pBL230 plasmid
(a kind gift from Dr Frangoise Porteu, INSERM UMR1170,
Villejuif). This plasmid contains genes encoding the membrane
antigens CD4 and CD8. CD8 is not expressed as it is in in-
verted orientation, and CD4 is not expressed because it is too
far from the promoter. Two cleavage sites for I-Scel are present
in noncoding sequences, which are in direct orientation gen-
erating cohesive ends between the two sites. When two DSBs
are produced by I-Scel, rejoining of the DNA ends by exclu-
sion or inversion leads to the expression of CD4 or CD8, re-
spectively. Furthermore, 10 x 10° A549 or H1299 cells were
transfected with 1 ug PBL230 plasmid and stable clones were
selected after 6-weeks culture in presence of 10 pg/ml blasti-
cidin. Clones having stably integrated PBL230 plasmid were
first selected on the basis of the expression of H-2K9, a pro-
tein of class I major histocompatibility complex, using flow
cytometry after cells fixation in 4% paraformaldehyde (PFA)
in 1x phosphate-buffered saline (PBS) and staining using Flu-
orescein Isothiocyanate (FITC) anti-mouse H-2K¢ antibody
(clone SF1-1.1, cat. #116605, Biolegend). An irrelevant FITC
mouse [gG2a, k isotype was used as a negative control (clone
MOPC-173, cat. #400207, Biolegend). Three clones per cell
line expressing H-2K¢ in >80% cells were selected for further
analyses. Detection of efficient c-NHE] in these selected clones
was performed after co-transfection with mismatch (control)
or SRSF2 siRNAs together with PBL133-Scel plasmid for 96
h and detection of CD4 expression by flow cytometry, using
an FITC anti-CD4 antibody (clone RM4-35, cat. #553046, BD
Biosciences). An irrelevant rat IgG2a, K isotype was used as a
negative control (cat. #553929, BD Biosciences). Of note, we
did not succeed in detecting CD4 staining in H1299-pBL230
selected clones. Thus, we focused our further studies on A549-
pBL230 cells.

Patients and tissue samples

Seventy-seven human NSCLC patients were included in this
study. Tumors consisted of 41 LUAD and 36 squamous
lung carcinoma (LUSC). Tumor tissues and normal lung
parenchyma, taken away from the bulk of the tumor, were
collected from resection of lung tumors, and stored for sci-
entific research in a biological resource repository (Centre de
Ressources Biologiques, CHU Grenoble Alpes) following na-
tional ethical guidelines. For histological classification, tumor
samples were fixed in formalin, and diagnosis was made on
paraffin-embedded material using the WHO VIIth classifica-
tion of lung criteria [31]. For each case, one section from the
most representative block was chosen. These sections always
contained >70% tumor cells.
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Ethics approval and consent to participate

The study was performed in accordance with the Declaration
of Helsinki. All patients enrolled in this study provided written
informed consent. Tissue banking and research conduct was
approved by the French Ministry of Research (approval AC-
2010-1129) and by the regional IRB (CPP 5 Sud Est).

Generation of DNA damage by IR and
immunofluorescence

IR was delivered to RPE, A549, H1299, or H358 cells us-
ing an SARRP (Xstrahl SAXO—Grenoble IRMaGe facility)
(220 kVp; 13 mA; filtration 0,15 mm Cu; and dose rate 3.057
Gy/min). Cells were analyzed at different timepoints after IR
recovery. A549 and H1299 cells were grown on glass cov-
erslips in a 12-well plate, rinsed three times with PBS, and
fixed on the coverslips with 10% formalin for 12 min. Next,
the cells were rinsed three times with PBS, permeabilized with
0.5% Triton for 5 min, and then rinsed again three times with
PBS. Subsequently, 3% PBS-BSA (bovine serum albumin) was
added to the cells for 30 min, after which the solution was
removed, and a solution of 3% PBS-BSA with YH2AX anti-
body (clone JBW301, Millipore) was added. After incubation
for 2 h or overnight, the cover slips were washed four times
with 3% PBS-BSA, and a solution of 3% PBS-BSA with sec-
ondary antibody was added. Next, coverslips were placed in
the dark. After 2 h, cells were rinsed three times with PBS, and
a drop of DAPI-Vectashield (Roche) was placed on a micro-
scope slide, and the coverslip was placed on top of it. Cells
were observed using an Olympus microscope (x63 magnifi-
cation). Images were captured with a Coolview CCD camera
(Photonic Science) and digitally saved using Visilog software.
The number of YH2A.X foci were analyzed using Image] soft-
ware and the macro Analyze_foci_in_nuclei_fixed_4_61.ijjm
developed by Bram van den Broek (NKI institute, The
Netherlands).

Clonogenic survival assay

RPE cells were transfected with siRNA (see below), seeded in
six-well plates (300 cells per plate) and exposed to different
doses of IR. Eight days later, the cells were washed with PBS
1x, fixed with 10% formalin, and stained with methylene blue
in borate buffer. Colonies consisting of >50 cells were counted
as positive.

RNA interference

Two sequences designed to specifically target hu-
man SRSF2 RNAs were purchased from Eurogen-
tec (Angers, France) and were as follows: Srsf2_1 5'-
UCGAAGUCUCGGUCCCGCACUCG-3"  and  Srsf2_2
5-GCACGAAGGUCCAAGUCCA-3'. In most of the ex-
periments, results obtained with Srsf2_2 siRNA are pre-
sented but similar results were obtained with Srsf2 1. A
mixture of siRNAs targeting MREI11 (cat. #sc-37395),
NBS1 (cat. #sc-36061), or RADSO0 (cat. #sc-37397) were
purchased from Santa-Cruz (Santa-Cruz Biotechnology,
Heidelberg, Germany). For all RNA interference experi-
ments, mismatch (control) siRNA used as a control was
5’-UCGGCUCUUACGCAUUCAA-3'. Cells were transfected
with siRNA oligonucleotides duplex using RNAIMAX
(Invitrogen, Cergy Pontoise, France) or JetPrime (Poly-
plus Transfection, Ilkirch, France) reagent according to the

manufacturer’s instructions. The cells were analyzed 72 h
post-transfection.

RNA extraction and Reverse Transcription
quantitative Polymerase Chain Reaction (RT-gPCR)
analysis

Total RNA was extracted using NucleoSpin RNA kit
(Macherey Nagel) according to the manufacturer’s instruc-
tions. Total 1 pg RNA was reverse transcribed using
iScript™ Reverse Transcription Supermix (Bio-Rad), di-
luted to 1:10, and 2 pl on 200 pl complementary DNA
were used for quantitative PCR (qPCR). The primers
were GAPDH-Fw 5-CGA-GAT-CCC-TCC-AAA-ATC-AA-
3’; GAPDH-Rv 5-ATC-CAC-AGT-CTT-CTG-GGT-GG-3';
TP53BP1-Fw 5'-AAG-CCA-GGC-AAG-AGA-ATG-AGG-C-
3’; and TP53BP1-Rv $5'-GGC-TGT-TGA-CTC-TGC-CTG-
ATT-G-3'. qPCR was performed using SYBR Green Master
Mix (Bio-Rad) according to the manufacturer’s instructions
on a Bio-Rad CFX96 apparatus. Relative gene expression was
calculated, for each sample, as the ratio of specific target gene
to GAPDH gene (reference gene), thus normalizing the expres-
sion of target gene for sample to sample differences in RNA
input.

Quantification of BrdU incorporation by flow
cytometry

Quantification of bromodeoxyuridine (BrdU) incorporation
was performed using the APC BrdU Flow kit from BD
Pharmingen™ (cat. #sc-552598) according to the manufac-
turer’s instructions. Briefly, 300 x 103 H358-SRSF2 cells
were seeded in six-well plate. After 24 h, 1 pg/ml doxy-
cycline was added or not and cells were cultured for addi-
tional 24-48 h. One hour before recovery, cells were incu-
bated with BrdU for 1 h at 37°C, collected, washed in stain-
ing buffer, and fixed/permeabilized in BD Cytofix/Cytoperm
before staining with anti-BrdU antibody and incubation in 7-
aminoactinomycin D (7-AAD) solution. Cells were analyzed
by fluorescence-activated cell sorting (FACS, Accuri C6, BD
Biosciences or Attune, Invitrogen) using CellQuest (BD Bio-
sciences, Le Pont de Claix, France) or FCS Express 7 Research
(Invitrogen, Waltham, USA) softwares.

Immunofluorescence studies

Immunofluorescence (IF) analyses of S-phase replicating
cells were performed using Click-iT EAU (ethynyldeoxyuri-
dine) imaging kit from Invitrogen (Thermo Fisher Scientific,
Waltham, USA; cat. #C10340) according to the manufac-
turer’s instructions. Briefly, 3 x 10* H358-SRSF2 cells were
seeded onto 18-mm round coverslips pre-coated with 5 ug/ml
fibronectin (cat. #F2006, Sigma—Aldrich), treated or not for 24
h with 1 pg/ml doxycycline, and incubated with 10 pM EdU
for 1 h at 37°C. Cells were then fixed with 4% PFA for 15
min at room temperature (RT), permeabilized in 0.5% Tri-
ton for 20 min at RT, before performing the Click-iT reac-
tion using Alexa Fluor™ 647 azide. Cells were then stained
with anti-yH2AX antibody (clone JBW301, Millipore) for 1
h at RT and nuclei were counterstained using 6-diamidino-2-
phenylindole (DAPI). In some experiments, the anti-yH2AX
antibody (Cell Signaling, cat. #2577) was also used. Similar
protocol for fixation/permeabilization was used for the de-
tection of 53BP1 foci in H358-SRSF2 using anti-53BP1 anti-
body (Novus, cat. #NB100-304). Cells were observed using



an Olympus microscope (x63 magnification). Images were
captured with a Coolview CCD camera (Photonic Science)
and digitally saved using Visilog software. Quantification of
YH2AX foci number/size/intensity for each condition in each
nucleus according or not to EdU-negative or -positive cells was
performed using ICY or Image | software. For Rad51 foci de-
tection, H358-SRSF2 cells were plated in poly-lys-coated four-
well Lab-Tek II chamber slides, treated or not for 24 h with 1
ng/ml doxycyclin, washed twice with PBS 1x, fixed and per-
meabilized in ice-cold methanol for 15 min at 4°C, and further
permeabilized with 0.5% Triton X-100 for 5 min at RT. After
three washes with PBS 1x for 5 min at RT, nonspecific bind-
ing sites were blocked with PBS 1x, 10% bovine serum, and
0.3% Triton X-100 for 1 h at RT before overnight incubation
at 4°C with anti-Rad51 antibody (Millipore, cat. # PC-130).

For chromatin-bound Replication Protein A (RPA) foci de-
tection, H358-SRSF2 cells were seeded on coverslips, treated
or not for 48 h with 1 pug/ml doxycycline, in the presence or
not of 40 uM mirin for 24 h or 50 uM DRB for 6 h. Cover-
slips were then treated for 6 min on ice with pre-extraction
buffer [25 mM Tris-HCI (pH 7.5), 50 mM NaCl, 1 mM
ethylenediaminetetraacetic acid (EDTA), 3 mM MgCl,, 300
mM sucrose, 0.2% Triton X-100], followed by fixation with
4% paraformaldehyde (w/v) in PBS for 15 min. Then, cover-
slips were washed twice with PBS and blocked with 5% fetal
bovine serum in PBS for 1 h, followed by 2 h incubation with
anti-RPA32 antibody (Abcam, cat. #2175). After two washes
with PBS, coverslips were incubated with the appropriate sec-
ondary antibody for 1 h, washed twice with PBS, and mounted
with Vectashield mounting medium containing DAPI (Vector
Laboratories). RPA foci were visualized using a Leica Fluo-
rescence microscope equipped with a HCX PL APO 63x /1.4
OIL objective.

Proximity ligation assay

AS549 cells were seeded onto eight-well Lab-Tek II. Proxim-
ity ligation assay (PLA) was performed using the Duolink® In
Situ kit from Sigma-Aldrich according to the manufacturer’s
recommendations. In some experiments, cells were cultured
or not in the presence of 50 uM cisplatin for 24 h, 50 uM
DRB for 6 h, 40 uM mirin or 50 uM PFM101 for 24 h.
The antibodies used were rabbit anti-MRE11 (Sigma—Aldrich,
cat. # PLA00S7), mouse anti-MRE11 (12D7, Genetex, cat.
#GTX70212), mouse anti-SRSF2 (Abcam, cat. #ab11826),
rabbit anti-yH2AX (Cell Signaling, cat. #2577), or rabbit anti-
SRSF2 (Thermo Fisher Scientific, cat. #PA5-12402). Nega-
tive controls were performed using rabbit anti-MRE11, rab-
bit anti-yH2AX, or mouse anti-SRSF2 antibody only, as well
as by combining mouse anti-SRSF2 and rabbit anti-HSP90
(C45GS3, Cell Signaling, cat. #4877) antibodies. Positive con-
trols were done by detecting either MRE11 or SRSF2 protein
using two antibodies from different species. A multiphoton
Zeiss (Oberkochen Germany) LSM510 META NLO confocal
microscope was used to analyze IF experiments at 63 x mag-
nification. Images were acquired with AxioCam digital micro-
scope camera and analyzed using ICY 1.7 software. All images
are z-stacked.

DNA fiber assay

DNA fiber assays were performed as described previously
[32]. Briefly, cells were pulse-labeled with chlorodeoxyuridine
(CldU; 25 uM) for 20 min, washed once with fresh media,
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and then followed by the second label iododeoxyuridine (IdU;
250 uM) for 20 min. Fibers were spread, stained and mounted
(Invitrogen), and imaged using LSM780 confocal microscope
(Carl Zeiss Microscopy Ltd) using a x63/1.40 Oil DIC M27
Plan-ApoChromat objective.

Click-iT RNA

In order to detect newly synthesized RNAs, the Click-iT RNA
imaging kit (Thermo Fisher Scientific, cat. #C10329) was used
according to the manufacturer’s instructions. Briefly, 3 x 10*
H358-SRSF2 cells were seeded onto 18-mm round coverslips
pre-coated with 5 pg/ml fibronectin and treated or not with
1 pg/ml doxycycline for 24 or 48 h. In some experiments,
50 uM DRB or 10 pg/ml alpha-amanitin was added 6 h be-
fore stopping the experiment. Then, cells were incubated for
30 min at 37°C with 1 mM 5-ethynyluridine (EU), fixed with
4% PFA for 30 min at RT, and permeabilized with 0.5% Tri-
ton X-100 for 15 min at RT, before performing the Click-
iT reaction using Alexa Fluor™ 488 Azide. In some exper-
iments, cells were immunostained with anti-PCNA antibody
(PC-10) for 1 h at RT and nuclei were counterstained using
Hoechst 33342. Cells were observed using an Olympus mi-
croscope (x63 magnification). Images were captured with a
Coolview CCD camera (Photonic Science) and digitally saved
using Visilog software. Measurement of RNA fluorescence in-
tensity in correlation with or without proliferating cell nu-
clear antigen (PCNA)-positive or -negative immunostaining
was performed for each condition in each nucleus using ICY
software.

RIPA extracts, whole cellular protein extracts, and
chromatin-enriched fractions

For RadiolmmunoPrecipitation Assay (RIPA) extracts, cells
washed three times in 1x PBS were lysed in RIPA buffer [150
mM NaCl, 50 mM Tris-HCI (pH 8.0), 0.1% sodium dodecyl
sulfate (SDS), 1% Nonidet P40, 0.5% sodium deoxycholate,
0.1 mM phenylmethanesulfonyl fluoride (PMSF), 2.5 pg/ml
pepstatin, 10 pg/ml aprotinin, 5 pg/ml leupeptin, 0.2 mM
Na3VOy4] for 30 min on ice and pelleted by centrifugation
at 13200 rpm for 20 min at 4°C. For whole cellular pro-
tein extracts (WCEs), cells were lysed in denaturing buffer [20
mM Tris=HCI (pH 7.5), 50 mM NaCI, 0.5% IGEPAL, 1%
sodium deoxycholate, 1% SDS, 5 mM MgCl,, protease in-
hibitor cocktail (Roche)]. Chromatin-enriched fractions were
prepared according to a previously described protocol [33].
Briefly, 2 x 10° cells were incubated for 10 min on ice in a
hypotonic buffer [10 mM HEPES (pH 7.9), 1.5 mM MgCI2,
12% sucrose, 10% glycerol, 1 mM DTT supplemented just
before use with phosphatases, proteases inhibitors] and cen-
trifuged for 4 min at 1300 x g. Supernatants (fraction S1)
were eliminated and cell nuclei were incubated for 10 min
on ice in a buffer containing 3 mM EDTA, 0.2 mM EGTA,
and 1 mM DTT with phosphatases and proteases inhibitors
before centrifugation at 1700 x g for 4 min. Supernatant
(fraction S2 containing soluble nuclear proteins) was elimi-
nated and cell pellet containing nuclear proteins tightly bound
to chromatin (P2 extracts, chromatin-enriched fractions) was
resuspended in Laemmli 1x [0.125 M Tris-HCI (pH 6.8),
2% SDS, 10% glycerol, 5% 2-mercaptoethanol, 0.002% bro-
mophenol blue] and sonicated. Proteins were quantified and
20-40 pg proteins were separated by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) for 3 h at



6 Khalife et al.

75 V using 4%-12% precast polyacrylamide gels (Invitrogen)
and 20x 3-morpholinopropane-1-sulfonic acid (MOPS) run-
ning buffer (Invitrogen). Next, proteins were transferred onto
polyvinylidene difluoride (PVDF) membranes (Promega) for 2
h at 52 V. The membrane was probed with primary antibod-
ies (Supplementary Table S1) for 2 h or overnight and washed
three times with 0.1% PBS-Tween-20 followed by incubation
with secondary antibodies for 2 h. Membranes were scanned
and analyzed using Fusion camera (Vilber).

Immunoprecipitation

For immunoprecipitation, A549 cells were transiently trans-
fected for 24 h with pcDNA3.1, pcDNA3.1-SRSF2-HA, or
pcDNA3.1-SRSF2(P95H)-HA plasmid. Cells were then lysed
on ice using RIPA buffer supplemented with proteases and
phosphatases inhibitors. Briefly, 500 pg to 1 mg of total pro-
tein extracts were pre-cleared for 1 h in presence of protein G-
magnetic beads (Surebeads™, Bio-Rad), then incubated with
protein G beads and anti-HA antibody (clone 3F10, Roche
Diagnostics) overnight at 4°C. An irrelevant rat IgG1 isotype
was used as control for immunoprecipitation.

Isolation of proteins on nascent DNA

In order to detect proteins that localize at replication forks,
isolation of proteins on nascent DNA (iPOND) was per-
formed as described in [34]. Briefly, 25 x 10°® H358-SRSF2
cells treated or not for 24 h with 1 pg/ml doxycycline were
incubated with 10 uM EdU for 13-18 min at 37°C, then 1%
formaldehyde was added to cross-link proteins to DNA for
20 min at RT and quenching of cross-link reaction was done
by adding 1.25 M glycine. Cells were permeabilized in 0.25%
Triton X-100 for 30 min at RT before performing the click
chemistry reaction to conjugate biotin to EdU. In all experi-
ments, a negative control without biotin azide was added as
a no click reaction. Cells were then lysed in 50 mM Tris—=HCI
(pH 8.0), 1% SDS supplemented just before use with protease
inhibitors, sonicated, and DNA-protein complexes were cap-
tured by adding streptavidin magnetic beads and incubating
16 h in cold room while rotating. In each condition, a fraction
of lysate was saved before adding streptavidin-agarose beads
as an input sample. After extensive bead washes, protein—
DNA cross-links were reversed and proteins were denatured
by adding 1:1 (v/v) of packed beads SDS sample buffer 2 x for
25 min at 95°C before separation on SDS-PAGE gel. PCNA
and RPA70 proteins present at replication forks were detected
by immunoblotting. Histone H3 was used as a control.

Neutral comet assay

Neutral comet assays were performed according to the manu-
facturer’s instructions (Trevigen), except that electrophoresis
was performed at 4°C. Slides were scanned by using a Ax-
i0Observer Z1 fluorescence microscope (Zeiss) with the ob-
jective EC Plan-Neofluar 10x /0.3 Ph1. Comet tail moments
were measured with Image] software (version 1.51n) with the
plugin OpenComet (http://opencomet.org/).

RNA/DNA hybrid slot blot

Slot blot experiments were performed as previously described
[35, 36]. Briefly, non-cross-linked nuclei were isolated by
lysing cells [85 mM KCl, 5 mM Pipes (pH 8.0), 0.5% NP-
40] and then, subjected to nuclear lysis [S0 mM Tris-HCI

(pH 8.0), 5 mM EDTA, 1% SDS]. Lysates were digested with
proteinase K (#3115828001; Sigma-Aldrich) at 55°C for 3 h
and genomic nucleic acids were precipitated with isopropanol
followed by a wash in 75% ethanol. Where relevant, sam-
ples were treated with 1.7 U of RNase H (#M0297; NEB)
per microgram of genomic DNA for 3.5 h at 37°C. Ge-
nomic nucleic acids were spotted into a Hybond™-N* mem-
brane and ultraviolet-cross-linked. The membrane was satu-
rated and probed with S9.6 antibody (#MABE1095, Merck-
Millipore) to detect RNA/DNA hybrids and an anti-dsDNA
antibody (#ab27156; Abcam) to detect double-stranded DNA
(dsDNA), used as a loading control. Decreasing concentra-
tions of genomic nucleic acids were probed with the $9.6 an-
tibody (1 and 0.5 ng) and the anti-dsDNA antibody (30 and
15 ng). Images were acquired with a ChemiDoc MP Imaging
System (Bio-Rad) and signals quantified using ImageLab soft-
ware (version 6.0.1).

Biolayer interferometry

In vitro transcribed/translated recombinant SRSF2-HA and
SRSF2(P9SH)-HA proteins were produced using TNT® cou-
pled wheat germ extracts system (Promega, Charbonniéres les
Bains, France), according to the manufacturer’s instructions.
Empty pcDNA3.1 plasmid was used as a negative control.
MRE11A recombinant protein (H00004361-P01) was from
Abnova (Novus Biologicals, United Kingdom). The interac-
tion between MRE11 and SRSF2 or SRSF2(P95H) mutant
was assessed by biolayer interferometry with an Octet Red in-
strument as previously described [37, 38]. Biosensors coated
with anti-GST antibody were used to load GST-conjugated
MRE11 (10 pg/ml) in kinetic buffer (KB). Hence, binding
with SRSF2 and SRSF2-P95H produced using TNT-coupled
wheat germ extracts were performed by dipping MRE11-
coated biosensor in 4 times diluted lysates in KB for 300
s. Then, the dissociation was measured by transferring the
biosensors in KB for 600 s.

Immunohistochemistry on patient samples

Immunohistochemical (IHC) analysis was carried-out on
formalin- or paraffin-embedded tissue sections as previ-
ously described [27]. Antibody for MRE11 immunostain-
ing was mouse monoclonal anti-MRE11 (clone 12D7, cat.
#GTX70212, Euromedex, Souffleweyersheim, France). For
immunostaining evaluation, a score (0-300) was established
by multiplying the percentage of labelled cells (0%-100%)
by the staining intensity (0, null; 1, low; 2, moderate; 3,
strong). Scores obtained for alveolar type II pneumocytes and
bronchial cells in normal lung tissues taken at distance from
the tumor were considered as normal scores for LUAD and
LUSC, respectively. SRSF2 THC scores were retrieved from our
previous work [27].

Data mining of publicly available databases and
statistical analyses

Expression values for Srsf2, 53BP1, and Mrel1l mRNAs were
retrieved from human tumors and matched healthy tissues
collected by Genomic Data Commons TCGA Lung Adeno-
carcinoma (TCGA LUAD). They were downloaded as log2
(FPKM-UQ + 1) values using UCSC Xena platform [39]. An-
other three LUAD Gene Expression Omnibus datasets, namely
GSE434582 [40], GSE68465 [41],and GSE720943 [42], were
used to perform confirmative study of expression of Srsf2
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and Mrell mRNAs. The clinical annotations of LUAD pa-
tients, including pathological stages and survival time, were
obtained from UCSC Xena platform. The expression data as
RNA normalized log2 transformed value and patient’s phe-
notypical information were retrieved using the online tool
of GEO2R [43] and the GEOquery and limma R packages
from the Bioconductor project. The correlation analysis be-
tween Srsf2 and Mrel1 mRNAs expression values in primary
LUAD patients group and matched normal tissue group was
calculated by Spearman’s correlation coefficients and statisti-
cal significance using GraphPad Prism 8 software. For Kaplan-
Meier (KM) studies, all pTNM stages, 1/1I stages or stage I
patients were sub-divided in two classes (high expression, low
expression) according to Srsf2 mRNA median value. In each
group, patients were then sub-divided in two classes according
to Mrell mRNA levels (high expression: >75th percentile,
4th quartile; low-middle expression: <75th percentile, 1st—
3rd quartiles). Univariate survival analyses were done using
the Kaplan—Meier method and P-values were derived from a
log-rank test. Overall survival was calculated from the date
of surgery to the date of death. P-values < 0.05 were consid-
ered significant. Descriptive analyses comparing continuous
and two-level categorical variables were carried out using the
Mann-Whitney U-test. All statistical analyses were performed
using GraphPad Prism 8.0 software.

Results
SRSF2 overexpression induces DSBs in LUAD cells

To investigate how SRSF2 contributes to lung tumor progres-
sion, we generated H358 LUAD cells inducible for SRSF2.
H358 cells express lower level of endogenous SRSF2 com-
pared with other LUAD cells, such as H1299 and A549 cells.
Immunoblotting experiments showed that SRSF2 overexpres-
sion increased YH2AX (phosphorylated H2AX on Ser139)
and pATM (phosphorylated ATM on Ser1981), a kinase that
phosphorylates H2AX (Fig. 1A and B and Supplementary Fig.
S1A). yYH2AX accumulation after 48 h of SRSF2 induction
was similar to that observed after 24 h of treatment with
hydroxyurea (HU), a replicative stress inducer (Fig. 1B). In-
creased number and area of yYH2AX foci per nucleus were also
detected by IF microscopy in SRSF2-overexpressing H358
cells (Fig. 1C), and neutral comet assay provided direct ev-
idence for the presence of DSBs (Fig. 1D). This suggested
that YH2AX accumulation likely reflects increase of DSBs, al-
though H2AX can also be phosphorylated in response to other
types of DNA damage [44]. PLA experiments further showed
closed proximity between endogenous SRSF2 and yH2AX
proteins in A549 LUAD cells (Fig. 1E), suggesting that SRSF2
is also present at endogenous DSB sites in lung tumor cells. In-
terestingly, the number of SRSF2/yH2AX PLA foci increased
in response to cisplatin treatment, a genotoxic chemotherapy
that also leads to replicative stress and DSBs (Fig. 1F). Of note,
no PLA interactions were detected between SRSF2 and HSP90
used as an irrelevant negative control protein (not shown). Al-
together, these results indicate that SRSF2 overexpression in-
duces DSBs and DDR activation in lung cancer cells.

SRSF2-induced DSBs are associated with
replicative stress

Analysis of cell cycle distribution by two-dimensional flow cy-
tometry after co-staining with BrdU and 7-AAD-A showed a
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slight but reproducible increase in the percentage of cells in
G2/M upon SRSF2 overexpression, which started after 24 h
of induction (Fig. 2A and Supplementary Fig. S1B). In addi-
tion, SRSF2 overexpression decreased the percentage of cells
incorporating BrdU in S phase (Fig. 2A and Supplementary
Fig. S1B), suggesting the occurrence of replicative stress [45].
To test this possibility, we analyzed the length of replication
forks by a DNA fiber assay (Fig. 2B). Replication fork pro-
gression was assessed by sequential incorporation of CldU and
IdU. CldU- and IdU-positive DNA fibers were then visualized
by microscopy (Fig. 2B, upper panels) and CldU and IdU track
lengths were measured only on double-labeled forks to evalu-
ate the speed of ongoing replication forks (Fig. 2B, lower pan-
els). SRSF2-overexpressing cells showed shorter IdU-labeled
track lengths, indicating slowing of replication fork progres-
sion (Fig. 2B, lower panel). To investigate further, we per-
formed iPOND experiments to analyze proteins at nascent
replication forks [34]. In agreement with replicative stress
[46], SRSF2 overexpression decreased the amount of the DNA
polymerase processivity factor PCNA at replication forks in
H358 cells, while RPA70 recruitment, a marker of ssDNA, in-
creased (Fig. 2C), which could be consistent with stalled repli-
cation forks. From these results, we conclude that SRSF2 over-
expression in LUAD cells slows-down replication fork pro-
gression, thereby indicating enhanced replicative stress.

Therefore, to test whether SRSF2-induced DSBs could de-
pend on replicative stress, we combined yH2AX immunos-
taining with Click-iT-EdU assay to analyze yH2AX in S phase
(EdU-positive) and non-S phase (EdU-negative) cells by IF mi-
croscopy. As compared with control cells, SRSF2 overexpres-
sion in H358 cells increased yYH2AX in EdU-positive cells,
while no significant increase was observed in EdU-negative
cells (Fig. 2D). These results suggest that SRSF2 overexpres-
sion triggers replication-dependent DSBs. To further assess the
role of replication on SRSF2-induced DSBs, we tested the ef-
fect of palbociclib, a CDK4/CDKG6 inhibitor, which prevents
S-phase entry [47]. Palbociclib reduced the accumulation of
YH2AX protein upon SRSF2 overexpression (Fig. 2E). Similar
results were obtained with two broad CDK inhibitors, PHA-
767491 and roscovitin, which block both replication and tran-
scription (Fig. 2F). Together, these results show that SRSF2
overexpression induces DSBs that occur mainly in replicative
cells.

SRSF2-induced DSBs depend on transcription

Besides its function in RNA splicing, SRSF2 has been im-
plicated in promoting transcription initiation and elongation
[48-51]. Increased transcription can cause TRCs and DNA
damage [52-54]. Therefore, we investigated whether SRSF2-
induced replication-dependent DSBs (Fig. 2) could also de-
pend on increased transcription. First, we analyzed global
transcription activity by measuring the incorporation of EU
in nascent RNA by IF microscopy. Transcription was in-
creased in SRSF2-overexpressing cells after 48 h (Fig. 3A)
or 24 h (Fig. 3B) induction. EU/PCNA co-immunostaining
showed that elevated transcription upon SRSF2 overexpres-
sion was detected in both S and non-S phase cells (Fig.
3B). We also noticed that, among SRSF2-overexpressing cells,
PCNA-positive cells (S phase cells) exhibited higher transcrip-
tion compared with PCNA-negative cells (Fig. 3B). Together
with the observations that SRSF2 overexpression slows-down
replication fork progression (Fig. 2B) and induces YH2AX
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Figure 1. SRSF2 overexpression induces DSBs. (A-D) H358-SRSF2-inducible cells were cultured (+) or not (—) with doxycycline (Dox) (1 pug/ml) for 24 h
(A, C) or for the indicated times (B, D). In some experiments, H358-SRSF2 cells were cultured in presence of HU (2 or 4 mM) for 24 h. (A)
Representative immunoblots of indicated proteins. n = 3. Numbers represent densitometric quantification of specific protein signal normalized to
o-tubulin signal. (B) Left panel: Representative immunoblots of indicated proteins. Right panel: Densitometric quantification (mean + SD) of the
YH2AX:H2AX ratio normalized to o-tubulin signal. n = 3. Paired t-test. *P < .05, ***P < .001. (C) Left panel: Representative immunostainings of YH2AX
foci. DAPI was used to counterstain the nucleus. Scale bar = 10 um. Middle panels: Quantification of yH2AX foci number/nucleus and percentage of
cells with >10 foci/nucleus (mean + SD). Right panel: YH2AX foci area/nucleus (mean & SD). n = 2 biological replicates performed in triplicate.
Unpaired t-test, *P < .05, ****P < .0001. (D) Detection of DSBs by neutral comet assay. Left panel: Representative pictures of nuclei. Right panel:
Quantification of neutral comet tail moments. Mean + SD. n = 3. Unpaired t-test, ****P < .0001, *P < .05. (E) Upper panel: PLA for the detection of
the closed proximity between endogenous SRSF2 and yH2AX proteins in A549 cells. mSRSF2: PLA with mouse anti-SRSF2 antibody only as a negative
control. mSRSF2/rSRSF2: PLA with mouse and rabbit anti-SRSF2 antibodies as a positive control. SRSF2/yH2AX: PLA with mouse anti-SRSF2 and
rabbit anti-yH2AX antibodies. Scale bar = 10 um. Lower panel: Quantification of SRSF2 and yH2AX PLA interactions/nucleus from four (NSRSF2) or
three (MSRSF2/rSRSF2; SRSF2/yH2AX) independent experiments (n = 50-60 cells/condition). Mean + SD. Unpaired t-test, *P < .05, ns: not
significant. (F) SRSF2 and yH2AX PLA interactions in A549 cells treated (+) or not (—) with 50 uM cisplatin for 24 h. Left panel: Representative images.
Scale bar = 10 um. Right panel: Quantification of the number of PLA interactions/nucleus. Mean is indicated. n = 2. Unpaired ttest. ***P < .01. In all
immunoblot data, a-tubulin was used as a loading control.
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Figure 2. SRSF2 overexpression induces replication-dependent DSBs. H358-SRSF2 cells were cultured with (+) or without (—) doxycycline (Dox) (1
ng/ml) for 24 h (A-F) or 48 h (E). (A) Upper panels: Representative experiment of FACS analysis of BrdU- and 7-AAD-A-positive cells. Lower panel:
Quantification of the cell cycle distribution (%). Mean + SD, n = b. Paired ttest, **P < .01, ns: not significant. (B) H358-SRSF2 cells were sequentially
labelled with CldU and IdU and DNA fibers were prepared. CldU and IdU were detected using specific antibodies. Upper panels: Representative IF
images showing CldU- and IdU-positive tracks. Scale bar = 5 um. Lower panel: Lengths (um) of IdU-positive replication tracks in control cells (—Dox,

n = 107) and SRSF2-overexpressing cells (+Dox, n = 101). Mean £+ SD. Mann-Whitney t-test, ***P < .001. (C) iPOND experiment for the detection of
PCNA or RPA70 protein at nascent replication forks by immunoblotting. Left panel: Representative immunoblots. Histone H3 was used as a control of
equal DNA amount. No click: Negative control. Right panels: Densitometric quantification of PCNA and RPA70 normalized to input. Mean + SD. t-test,
**P < .01, ***P < .001. (D) Upper panel: Representative images of IF staining of EJU and yH2AX. DAPI was used to counterstain the nucleus. Scale
bar = 10 um. Lower panel: Quantification of YH2AX foci number/nucleus in EdU-positive or -negative cells. Mean. n = 3. Unpaired ttest, *P < .05,
**¥P < .001, ns: not significant. (E) Representative immunoblots of SRSF2 and yH2AX in H358-SRSF2 cells cultured with or without palbociclib (2 M)
for the indicated times. Actin was used as a loading control. Right panel: Quantification (mean + SD) of YH2AX level. n = 4. Mann-Whitney t-test, *P
< .05. (F) Left panel: Immunostaining of yH2AX in H358-SRSF2 cells cultured with or without doxycycline (1 pg/ml) for 24 h in the presence or absence
(control) of PHA767491 or roscovitin (10 M each) for 2 h before staining. DAPI was used to counterstain nuclei. Scale bar = 10 um. Right panel:
Distribution of YH2AX (mean £ SD) fluorescence intensity in each condition. n = 3. Mann-Whitney ttest, **** P < .0001, ns: not significant.
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< .01, ns: not significant. (D) Upper panel: Representative immunoblots of indicated proteins. o-Tubulin was used as a loading control. Lower panel:
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n = 4. Paired ttest, *P < .05, ns: not significant. (E) RNA/DNA hybrid slot blot of genomic DNA + RNAse H from H358-SRSF2 cells cultured with
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accumulation mainly in EdU-positive cells (Fig. 2D), these re-
sults suggest that SRSF2 overexpression leads to TRCs, which
contribute to DSB formation. Therefore, to test whether tran-
scription is involved in SRSF2-induced DSBs, we used the tran-
scription inhibitor DRB, which efficiently prevented SRSF2-
induced transcription (Fig. 3A). DRB was also found to inhibit
SRSF2-induced YH2AX accumulation, assessed by IF (Fig.
3C) and immunoblotting (Fig. 3D). Therefore, ongoing tran-
scription appears required for SRSF2-induced DSBs. Taken to-
gether, these results indicate that SRSF2-induced DSBs likely
result from conflicts between replication and transcription
machineries.

Noteworthy, it has been shown that R-loop accumulation
is favored by increased RNA synthesis [52, 55]. In addi-
tion, multiple studies have now identified abnormal accumu-
lation of R-loops as a shared molecular consequence down-
stream of spliceosome gene mutations [56, 57] or inactiva-
tion [23]. Therefore, we tested the impact of SRSF2 overex-
pression on R-loop formation. We detected R-loops in SRSF2-
overexpressing cells that started to accumulate after 48 h in-
duction (Fig. 3E). This suggests that increases in DNA dam-
age, transcription, and replicative stress, which are already de-
tected after 24 h SRSF2 induction (Figs 1, 2B, and 3B), some-
what precede R-loop appearance in our cellular model.

SRSF2 interacts with and regulates the recruitment
of MRE11 to chromatin

Besides demonstrating that SRFS2 overexpression induces
replication-/transcription-dependent DSBs leading to yH2AX
accumulation, we also found that SRSF2 lies in closed prox-
imity with yH2AX (Fig. 1E and F). These results led us to
investigate further the interplay between SRSF2 and some
components of the DDR machinery present at DSB sites. The
MRE11/RADS50/NBS1 (MRN) complex is one of the first
sensors and responders to DSBs. It orchestrates DDR response
by contributing notably to the activation of ATM kinase,
which in turn phosphorylates H2AX [58, 59]. Therefore, we
first analyzed the impact of SRSF2 on the expression and re-
cruitment of MRN to chromatin. In H358 cells, SRSF2 over-
expression slightly decreased the expression of NBS1 (Fig.
4A), while it increased the levels of MRE11 to chromatin
(Fig. 4B). Conversely, SRSF2 depletion upon siRNA decreased
MREI11 recruitment to chromatin without affecting its ex-
pression level in whole-cellular extracts from both A549 and
H1299 LUAD cells (Fig. 4C). Then, we tested whether SRSF2
could bind to the MRN complex. A549 LUAD cells were
transiently transfected with a plasmid encoding HA-tagged
wild-type SRSF2 and co-immunoprecipitation (co-IP) was car-
ried out with an anti-HA antibody. SRSF2 co-IP contained
the three components of the MRN complex (Fig. 4D), indi-
cating that at least a fraction of overexpressed SRSF2 is in-
teracting with MRE11, RADS0, and NBS1 proteins. To fur-
ther assess whether SRSF2 and MRE11 could interact directly,
we performed a biolayer interferometry experiment using re-
combinant MRE11 as bait and in vitro transcribed-translated
SRSF2. In this assay, we observed a rapid interaction be-
tween MRE11 and SRSF2 recombinant proteins as compared
with negative pcDNA3 lysate (Fig. 4E). These results sug-
gest that MRE11 and SRSF2 proteins can directly interact,
although we cannot exclude that the interaction is weak as
we did not compare SRSF2/MRE11 binding with that of
RADS0/MRE11 for instance. Therefore, to go further, we also
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performed GST pull-down assays by incubating recombinant
GST-SRSF2(1-60), GST-SRSF2(60-115), or GST-SRSF2(115-
221) recombinant proteins (Supplementary Fig. S2A) with ei-
ther cellular lysates from H358 cells (Supplementary Fig. S2B)
or in vitro transcribed-translated MRE11 or NBS1 protein
(Supplementary Fig. S2C). As compared with control GST
protein or other GST-SRSF2 fragments, we observed that GST-
SRSF2(115-221), which encompasses the Arginine/Serine-
Rich (RS) domain of SRSF2 involved in protein—protein inter-
actions, pulled down endogenous and recombinant MRE11
but not NBS1 protein. In addition, we showed a closed prox-
imity between endogenous SRSF2 and MRE11 proteins by
performing PLA in A549 cells (Fig. 4F) and in H358-derived
xenografts in nude mice (Supplementary Fig. S3). Altogether,
these results indicate that SRSF2 can interact with and en-
hance the recruitment of MRE11 to chromatin. Interestingly,
the number of SRSF2/MRE11 PLA foci increased in A549
cells treated with cisplatin (Supplementary Fig. S4), which fur-
ther supports a role of the SRSF2/MRE11 cross talk in re-
sponse to replicative stress inducers.

We also tested whether the cancer-associated SRSF2 mu-
tant, referred to as SRSF2(P95H) [60, 61], is able to inter-
act with MRE11. This mutant has been previously linked
to replicative stress, R-loop formation, and genome instabil-
ity in haematological malignancies [60]. As compared with
SRSF2, SRSF2(P95H) did not co-IP with the MRN complex
(Fig. 4D) and biolayer interferometry experiments did not
show a strong interaction between MRE11 and SRSF2(P95H)
(Fig. 4E). In addition, and in line with a possible role
of the SRSF2/MREI11 interaction in MRN recruitment to
chromatin, SRSF2(P95H) did not promote accumulation of
MRET11 to chromatin as compared with wild-type SRSF2, al-
though it was present in chromatin-enriched fraction to the
same extent than wild-type SRSF2 (Fig. 4G).

MRE11 exhibits both an exonuclease and an endonuclease
activity, as well as nuclease-independent functions (e.g. DNA
tethering) [62, 63]. To investigate whether the nuclease activ-
ity of MRE11 is required for its interaction with SRSF2, we
used mirin or PFM101 to preferentially inhibit MRE11 ex-
onuclease or endonuclease activity, respectively [64, 65]. Nei-
ther inhibitor prevented the PLA interactions between endoge-
nous SRSF2 and MRE11 in A549 cells (Supplementary Fig.
S5), suggesting that the binding of SRSF2 to MRE11 is in-
dependent of MRE11 nuclease activity. Because we showed
that SRSF2 promotes transcription-dependent DSBs (Fig. 3),
we also tested whether endogenous SRSF2/MRE11 interac-
tion could depend on transcription. Remarkably, the inhi-
bition of transcription with DRB significantly decreased the
number of SRSF2/MRE11 PLA foci in A549 cells (Fig. 4H).
Taken together, these results provide evidence of a direct cross
talk between SRSF2 and MRE11 proteins in LUAD cancer
cells, which requires active transcription and correlates with
enhanced recruitment of MRE11 to chromatin in SRSF2-
overexpressing cells.

SRSF2 promotes DNA repair by HR and inhibits
c-NHEJ

To assess the functional relevance of SRSF2-dependent re-
cruitment of MRN to chromatin, we depleted MRN com-
ponents in SRSF2-overexpressing H358 cells. We observed
that siRNA-mediated depletion of MRE11, RADS50, or NBS1
led to an increase in YH2AX and active caspase-3 (Fig. SA),
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Figure 4. SRSF2 interacts with and increases MRE11 recruitment to chromatin. (A, B) Representative immunoblots of indicated proteins in WCEs (A, left
panel) or chromatin-enriched fractions (B) from H358-SRSF2 cells cultured in the presence (+) or absence (—) of doxycycline (1 ug/ml) for 48 h. (A) Right
panel: Relative quantification of MRE11/RAD50/NBS1 protein level normalized to o-tubulin. Ratio in uninduced condition was arbitrarily assigned the
value 1. Mean + SD. n = 3. Paired t-test, *P < .05, ns: not significant. (B) A representative experiment out of three is illustrated. Numbers represent the
guantification of densitometric signals according to histone H3 signal. (C) Representative immunoblots of indicated proteins in A549 or H1299 cells
transfected for 72 h either with control (Ctrl) or Srsf2 siRNA in chromatin-enriched fractions (upper panels) and WCEs. Numbers represent the
quantification of the densitometric signals according to histone H3 signal. n = 3. (D) Co-IP of SRSF2-HA or SRSF2(P95H)-HA with MRE11, RAD50, or
NBS1 proteins in A549 cells transiently transfected for 24 h with pcDNA3.1 (Ctrl), pcDN3.1-SRSF2-HA, or pcDNA3.1-SRSF2(P95H)-HA plasmid. Input
represents 10% of the immunoprecipitates. A representative experiment out of three is presented. (E) Biolayer interferometry using recombinant
MRE11 as a bait and in vitro transcribed/translated pcDNA3.1 (lysate), SRSF2-HA (SRSF2), or SRSF2(P95H)-HA (SRSF2-P95H) plasmid. Upper panel:
Western blotting of in vitro transcribed/translated recombinant proteins using anti-HA antibody. Ctrl: pcDNA3.1. (F) Upper panel: PLA for the detection of
endogenous SRSF2 and MRE11 interaction in Ab49 cells. Ctrl — (negative control): PLA with mouse anti-SRSF2 antibody only. Scale bar = 10 um. Lower
panel: Quantification (mean + SD) of the number of PLA spots/nucleus. n = 3 performed in duplicate (30-40 cells/condition). Mann-Whitney t-test, **P
< .01. (G) Representative immunoblots of indicated proteins in chromatin-enriched or RIPA extracts from A549 cells transiently transfected for 24 h with
the indicated constructs. n = 2. (H) Upper panels: PLA for the detection of endogenous SRSF2 and MRE11 interaction in A549 cells treated or not (NT)
with DRB (50 uM) for 6 h. Ctrl — (negative control): PLA with mouse anti-SRSF2 antibody only. SRSF2/MRE11: PLA with mouse anti-SRSF2 and rabbit
anti-MRE11 antibodies. Scale bar = 10 um. Lower panel: Quantification (mean + SD) of the number of PLA spots/nucleus. n = 3 performed in duplicate
(30-40 cells/condition). Mann-Whitney ttest, **P < .01. In data, o-tubulin, and histone H3 were used as loading controls for whole cell and
chromatin-enriched fractions, respectively.



SRSF2 and MRE11 promote lung cancer progression 13

A H358-SRSF2 B siRNA Ctrl Srsf2
1077 107,
siRNA Ctrl Mre11 Nbs1 Rad50 3 10% 106
3 108 108,
- . . - 7RV, - E
Dox + + + + < 103 - 103] 4
- 87 1024 102
SRSF2 T 101 A 108 .
1 22 08 24 08 32 07 27 5 0 5x10°10x10%16.7x105 0 5x10810x1096.7x108
w
MRET! | et Su i i 75 10 1075
108§ 1084
1 11 02 03 07 08 07 05 E 185 185 ‘
q o
RADS0 s ot e e s — [0 R e I S
+ 107 102
1 09 05 06 09 1.1 05 06 107 10!
NBS1_>| S EE — |—95 0 5x10%10x10%16.7x105 0 5x10%10x10616.7x10°
FSC-H
1 14 12 1.2 05 03 13 09
15 . H1299-pBL174
yH2AX | e a-—-’r <
3 Q Q ~ 5 *k
; T 6 O 0 ok
113 09 12 1 144 17 109 15 siRNA 365385 g 4
H2AX | e | 37
20 e snue 9 SRSF2 !-":i—q 2,
111 16 12 15 1.7 1 09 i E=
Cleaved |‘ = e b - __|_15 1-Scel-HA - | 26 g 2 7
caspase 3 — e - — - moat, o 1
115 09 53 12 64 13 48 a-tubulin [ s s o - 55 &
o-tubulin |-_m|—55 ) 0
+1-Scel siRNA N
RIPA extracts Srsf2

-1-Scel +1-Scel

C D

H1299-pBL174

2
H1299-pBL174 2 3 H358-SRSF2
+I-Scel ° 2 DAPI  RADS51
= k7]
SRSF2-HA pfmmfy- 37 3 A
I-Scel-HA > —_—2% 0 o
a-tubulin 55 & Q
pcDNA- - + -« Z 3
SRSF2-HA g - o
° £ D NT Mirin DRB 8,
= %) -2 9
© o :‘|: - . 0 £ [} 40
n I-Scel g 2 3
+ SRSF2 5 2 20
+I-Scel 8=
0.
F G Dox
H358-SRSF2 H358-SRSF2
ReA DAPI RPA
- Dox S T - Dox s
2 @ 40
8 — 3
2 g 30
+ Dox a + Dox 2 90
o Q.
S s 8o
x <
+ Dox x 0 + Dox g 0
+ mirin Dox - + - + +DRB Dox - + - 4
Mirin DRB

Figure 5. SRSF2 promotes DNA repair by HR. (A) H358-SRSF2 cells were transfected with mismatch (ctrl), mre71, nbs1, or rad50 siRNA for 48 h and
treated (+) or not (—) with doxycycline (Dox) (1 ug/ml) for additional 24 h. Representative immunoblots of indicated proteins are shown. Numbers
represent densitometric quantification of specific protein signal normalized to o-tubulin signal. n = 3. (B-D) Quantification of DSB-induced HR in H1299
clones stably expressing the pDR-GFP (pBL174) plasmid. When these cells are transfected with the pBL133 plasmid encoding the |-Scel restriction
enzyme, efficient recombination restores a functional GFP-coding sequence. (B) Quantification of DSB-induced HR in H1299-pBL174 cells transfected
with control (Ctrl) or Srsf2 siRNAs and either pcDNA3.1 (—I-Scel) or pBL133 (+I-Scel). Upper panels: Representative FL1-H versus FSC-H dot plots of
GFP-positive (FL1-H +) and —negative (FL1-H —) cells. Lower left panel: Western blotting of SRSF2 and I-Scel-HA. Lower right panel: Percentage of
GFP-positive cells. n = 4. Unpaired ttest, ***P < .001, **P < .01. (C) Quantification of DSB-induced HR in H1299-pBL174 cells co-transfected with
pBL133 (+I-Scel) and either pcDNA3.1 (Ctrl) or pcDNA3.1-SRSF2-HA. Left panel: Western blotting of HA-tagged SRSF2 and I-Scel proteins. Right panel:
Percentage of HA-/GFP-positive transfected cells determined by flow cytometry. n = 6. Paired ttest, * P < .05. (D) Quantification of DSB-induced HR in
H1299-pBL174 cells co-transfected with pBL133 (+I-Scel) together with pcDNA3.1-SRSF2-HA (SRSF2) and treated or not (NT) with mirin (40 wM) or DRB
(50 uM). Percentage of HA-/GFP-positive transfected cells was determined by flow cytometry. n = 4. Paired t-test, *P < .05. (E) H358-SRSF2 clones
were cultured with (+) or without (—) doxycycline (Dox) (1 png/ml) for 24 h. Upper panels: Representative images of RAD51 immunostaining. DAPI was
used to counterstain nuclei. Scale bar = 10 um. Lower panel: Quantification of the number of RAD51 foci/nucleus. Mean + SD. n = 3. Mann-Whitney
ttest, ****P < .0001. (F, G) H358-SRSF2 cells were cultured with (+) or without (=) doxycycline (Dox) (1 pug/ml) for 48 h in the presence or absence of
mirin (40 uM, 24 h co-treatment, panel F) or DRB (50 uM, 6 h co-treatment, panel G). Left panels: Representative images of RPA IF Scale bar = 20 pum.
Right panels: Quantification (mean £ SD) of RPA-positive cells (%) in each condition. n = 3. Unpaired ttest, ****P < .0001, ***P <. 001, **P < .01, *P
< .05, ns: not significant. All data, o-Tubulin was used as a loading control.
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suggesting that MRN serves to lower DSBs and prevent apop-
tosis when SRSF2 is overexpressed. MRE11 is a key protein
regulating DNA repair in several contexts [66], and defec-
tive DNA repair could also account for increased DSBs in
SRSF2-overexpressing cells. Therefore, to disentangle the con-
tribution of SRSF2 together with MRE11 in DSB produc-
tion and repair, we analyzed the effects of SRSF2 on the two
main DSB repair pathways, HR and ¢c-NHE]. To study HR
repair, we generated clones of H1299 LUAD cells stably ex-
pressing the pBL174-pDR-GFP plasmid (referred as H1299-
pBL174 clones). This substrate allows the monitoring of HR
repair of a DSB induced by the nuclease I-Scel through the re-
creation of a functional GFP (see the “Materials and methods”
section). In these cells, siRNA-mediated depletion of endoge-
nous SRSF2 decreased the percentage of GFP-positive cells in
response to I-Scel expression (Fig. 5B). Conversely, overex-
pression of SRSF2 following transfection with a SRSF2-HA-
encoding plasmid in H1299-pBL174 cells increased the per-
centage of GFP-positive cells (Fig. 5C). Such increase was pre-
vented by inhibiting MRE11 exonuclease activity with mirin
(Fig. 5D), consistent with the known function of MRE11 in
resecting DNA to promote HR and DSB repair [63]. Overex-
pression of SRSF2 in H358 cells also resulted in an increased
number of cells positive for the HR repair factors RADS51 (Fig.
SE) and RPA (Fig. 5F and G), and mirin prevented RPA foci
formation in H358 cells overexpressing SRSF2 (Fig. SF). In
SRSF2-overexpressing cells, all RPA-positive cells were also
YH2AX-positive but not all yYH2AX-positive cells were RPA-
positive. However, the percentage of RPA-positive cells among
YH2AX-positive cells was increased upon SRSF2 induction
as compared with control cells (Supplementary Fig. S6). Al-
though the number of YH2AX-positive cells in control con-
dition was low, this might be consistent with SRSF2 favor-
ing HR. We also tested whether transcription could play a
role in SRSF2-induced HR. As for mirin, DRB treatment de-
creased the percentage of GFP-positive H1299-pBL174 cells
co-expressing SRSF2-HA and I-Scel-HA (Fig. 5D), and the
number of RPA-positive cells in SRSF2-overexpressing H358
cells (Fig. 5G). Therefore, active transcription appears to be
required for SRSF2-induced HR although we cannot fully ex-
clude that the decreased number of RPA-positive cells detected
upon DRB treatment in SRSF2-overexpressing cells somewhat
reflects DRB inhibitory effects on DNA damage production
(Fig. 3C and D).

Next, to analyze DSB repair by c-NHE], we established sta-
ble clones by transfecting A549 cells with the pBL230 plas-
mid that allows to monitor repair of I-Scel-induced DSBs by
¢-NHE] through the expression of CD4 (see the “Materials
and methods” section). In these clones, depletion of SRSF2
with siRNAs increased the percentage of CD4-positive cells
(Fig. 6A and B). To investigate the mechanism underlying the
inhibitory effect of SRSF2 on ¢-NHE], we analyzed the ex-
pression of a key ¢-NHE] protein, 53BP1. In both A549 and
H1299 cells, the knockdown of SRSF2 by siRNA increased
53BP1 protein level (Fig. 6C), while both immunoblotting
(Fig. 6D) and IF microscopy (Fig. 6E) revealed a strong and
significant decrease of 53BP1 protein levels in response to
SRSF2 overexpression in H358 cells. This correlated with a
slight decrease of $3BP1 mRNA levels as quantified by RT-
qPCR (Fig. 6F). Mirin prevented the decreased expression
of 53BP1 upon SRSF2 overexpression in H358 cells as de-
tected by IF (Fig. 6G) and immunoblotting (Fig. 6H), suggest-
ing that the exonuclease activity of MRE11 is required for

SRSF2-induced 53BP1 down-regulation. Overall, our data re-
veal a role of SRSF2 in DSB repair, which involves MRE11,
and which results in increased HR and decreased c-NHE] in
lung cancer cells. This suggests that accumulation of DNA
damage in SRSF2-overexpressing cells may be caused by both
increased DSB production following TRCs, as well as de-
creased repair by c-NHE]. Although it does not fully compen-
sate for the defective c-NHE], the SRSF2-mediated increase
in HR, along with MRE11, likely maintains genomic insta-
bility below a level compatible with the survival of SRSF2-
overexpressing cells.

High levels of SRSF2 and MRE11 correlate with
tumor progression in LUAD patients

We previously reported that SRSF2 is overexpressed in LUAD
patients and that high levels of SRSF2 are associated with
more advanced stages [27]. Given the direct cross talk be-
tween SRSF2 and MRE11 proteins and its functional rele-
vance in lung cancer cells (Figs 4-6), we analyzed MRE11 ex-
pression by IHC in a series of 77 human NSCLCs, including
41 LUADs and 36 LUSC in which we had previously analyzed
SRSF2 expression by IHC [27]. We showed that MRE11 was
highly expressed in most of these tumors (Fig. 7A). We also
found a positive correlation between MRE11 and SRSF2 THC
scores in tumors (Fig. 7B, r = 0.2693, P = .0186, Spearman).
To go further, we took advantage of various publicly avail-
able transcriptomic cohorts of LUAD patients. In the TCGA
LUAD cohort (7 = 524 patients), we found that primary lung
tumors displayed higher levels of Srsf2 and Mrel1l mRNAs
compared with normal lung tissues (Fig. 7C). We also found
a positive correlation between Srsf2 and Mrell mRNA lev-
els in primary tumors but not in normal lung tissues (Fig.
7D upper panel, r = 0.23, P < .0001), which was consis-
tent with our IHC results. Interestingly, an inverse relation-
ship was also found between Srsf2 and $3BP1 mRNA levels
both in primary tumors (Fig. 7D lower panel, » = —0.1944, P
< .0001) and normal lung tissues (r = —0.2831, P = .0298)
which was consistent with our i vitro data in LUAD cells (Fig.
6F). These results regarding Srsf2 and Mrell mRNA levels
were confirmed using another database (GSE72094; n = 442
patients; Supplementary Fig. S7). More importantly, when
clinico-pathological parameters were considered, we found
that among early-stage LUAD patients from TCGA with high
levels of Srsf2 mRNA (up to the median, n = 134), those
with the highest levels of Mrell mRNA (>75th percentile,
n=435) displayed the worse prognosis (Fig. 7E; P = .0357, log-
rank test). Similar results were found by using another dataset
(GSE68465; n = 442 patients; Supplementary Fig. S8). In this
later cohort, among LUAD patients with high levels of Srsf2
(up to the median, 7 = 221), those with the highest levels of
Mrell mRNA (>75th percentile, 4th quartile, 7 = 58) ex-
hibited a poorest prognosis whatever the stage (P = .0213,
Gehan-Breslow—Wilcoxon test). Taken together, these results
suggest that SRSF2 and MRE11 contribute together to LUAD
progression.

SRSF2 knockdown impacts late DSB repair in
response to IR in LUAD cells

We finally wondered whether SRSF2 could also play a
role in DSB repair in response to other DSB inducers.
Hence, we previously reported that SRSF2 accumulates in re-
sponse to cisplatin in H358 cells [30] and PLA experiments
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Figure 6. SRSF2 inhibits Nonhomologous End Joining (c-NHEJ) which correlates with down-regulation of 53BP1 protein level. (A, B) A549-pBL230
clones were transfected with control (Ctrl) or Srsf2 siRNAs for 24 h and then transfected with pcDNA3.1 or pBL133 plasmid for 4 additional days. (A)
Representative dot plots of CD4-positive transfected cells in two different clones using flow cytometry. (B) Percentage of CD4-positive recombinant cells
in control or Srsf2 knockdown cells. Mean + SD. n = 9. Mann-Whitney t-test, ***P < .001. (C) A549 or H1299 cells were transfected with Ctrl or Srsf2
siRNA for 72 h. Representative immunoblots of indicated proteins in WCEs. n = 3. o-Tubulin or Ku80 was used as a loading control. Numbers represent
densitometric quantification of specific protein signal normalized to a-tubulin or Ku80 signal. (D) Left panel: Representative immunoblots of indicated
proteins in H358-SRSF2 cells cultured with or without doxycycline (1 pg/ml) for indicated times. o-Tubulin was used as a loading control. Right panel:
Relative 53BP1/ a-tubulin ratios are represented in comparison to the untreated condition which was arbitrarily assigned to 1. n = 3. Unpaired t-test, **P
< .01. (E-H) H358-SRSF2-inducible cells were cultured or not for 24 h in the presence or absence of doxycycline (1 ug/ml). In some experiments, mirin
(40 uM) was added. (E) Upper panel: Representative images of 53BP1 immunostaining. Scale bar = 10 um. Lower panel: Quantification of 53BP1
foci/nucleus with values obtained in none-induced cells being arbitrarily assigned to 100%. Mean £ SD. n = 3. Unpaired t-test, **P < .01. (F) 53BP1
mMRNA level (fold change + SD compared with control). n = 4. Unpaired ttest, *P < .05. (G, H) H358-SRSF2 cells were cultured with (+) or without (—)
doxycycline (Dox) (1 pg/ml) for 24 h and co-treated or not with mirin (40 uM) as indicated. (G) Left panels: Representative images of SRSF2 and 53BP1
immunostainings. DAPI was used to counterstain the nucleus. Scale bar = 10 um. Right panel: Quantification (mean £ SD) of 53BP1-positive cells (%)
defined as cells with >5 foci/nucleus. n = 3 (60-60 nuclei/condition/experiment). Unpaired t-test, *p < .05, **p < .01, ***p < .001. (H) Left panels:
Representative immunoblots of indicated proteins. o-Tubulin was used as a loading control. n = 3. Right panel: Relative level of 53BP1 protein
according to o-tubulin signal. Values obtained in noninduced conditions were arbitrarily assigned to 1. Unpaired ttest, **P < .01, ns: not significant.
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demonstrated increased SRSF2/yH2AX and SRSF2/MRE11
closed proximity in response to cisplatin in A549 cells (Fig.
1F and Supplementary Fig. S4). IRs are strong and rapid in-
ducers of DSBs. Interestingly, in H358 and A549 cells, SRSF2
protein levels tended to increase 24 h after IR, mainly at high
doses (8-10 Gy) (Fig. 8A). To deepen the impact of SRSF2
on the repair of IR-induced DSBs, the kinetic of YH2AX foci
formation and recovery was followed by IF at different time-
points (2, 4, 6, 24 h) after 3 Gy irradiation in A549 cells de-
pleted or not of SRSF2 by siRNA. As compared with con-
trol cells, SRSF2-depleted cells retained a higher number of
YH2AX nuclear foci 24 h after IR although no significant
difference was observed at earlier timepoints (Fig. 8B). Sim-
ilar results were obtained in another LUAD cell line, H1299
cells (Fig. 8C), as well as using another siRNA against Srsf2
(Supplementary Fig. S9). These data indicate that the knock-
down of SRSF2 delays late repair of DSBs induced by IR. Of
note, in untransformed RPE cells, IR did not reproducibly in-
crease SRSF2 protein level (Supplementary Fig. SI0A) and the
knockdown of SRSF2 by using two distinct siRNAs did not
significantly impact clonogenic survival whatever the doses of
IR (Supplementary Fig. S10B).

Discussion

We have previously shown that the splicing factor SRSF2, a
key member of SR protein family, is overexpressed in NSCLC
and is associated with advanced stages in LUAD patients [27].
Deepening how altered SRSF2 expression impacts its func-
tions is thus crucial to better understand the contribution of
SRSF2 to tumor progression. Here, we provide molecular in-
sights into the oncogenic functions of SRSF2. We report that
SRSF2 overexpression in lung cancer cells leads to increased
transcription, enhanced replicative stress, and accumulation
of DNA damage, notably DSBs. We also provide evidence that
SRSF2 regulates DNA repair by promoting HR while inhibit-
ing c-NHE]. At the molecular level, we highlight a closed in-
terplay between SRSF2 and MRE11 or 53BP1 proteins. Cop-
ing with continued replicative stress and generation of DSBs,
which contribute to mutations and chromosomal rearrange-
ments [55], while maintaining a threshold of genomic insta-
bility compatible with survival represents an advantageous
strategy for cancer progression. We propose that the fine con-
trol of DSB accumulation and repair by SRSF2, together with
MREL11, is part of this strategy that allows lung cancer cell
survival and thus promotes lung tumor progression (Fig. 9).
DNA damage induced by replication stress, in particu-
lar upon oncogene activation, is a fundamental step of tu-
morigenesis [67]. Replication fork slowing or stalling acti-
vates the replication stress response and the replication fork
collapse can ultimately lead to DSB formation [10]. In this
study, we showed that SRSF2 overexpression leads to replica-
tive stress and replication-dependent DSBs, supporting onco-
genic properties of SRSF2. A number of mechanisms can in-
duce replication stress in response to oncogene activation, in-
cluding deregulated replication initiation, increased reactive
oxygen species, TRCs, altered nucleotide metabolism, or in-
creased RNA synthesis [67]. This last mechanism, referred
as “hypertranscription”, has been described in response to
activation of the oncogenes H-RASY!? and EWS-FLI1 or to
estrogen-induced signaling [11, 52, 55, 68]. In this study, we
showed that SRSF2 overexpression increases global transcrip-
tion. Replicative SRSF2-overexpressing cells exhibited higher
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transcriptional increase compared with non-replicative cells.
As we also showed that both replication and active tran-
scription are required for SRSF2-induced DSBs, our results
are consistent with TRCs inducing DNA damage in SRSF2-
overexpressing cells. SRSF2 has been reported to play multiple
roles in transcription, such as during elongation [48, 51], or
release of paused RNA Polymerase II on active gene promot-
ers where it collaborates with the noncoding RNA 7SK and
promoter-associated nascent RNA [49]. Whether alteration of
SRSF2 expression in our cells increases global RNA synthe-
sis by impacting these processes remains to be deepened. R-
loop formation is favored by increased RNA synthesis [52,
55]. We also provide evidence that SRSF2 overexpression in
LUAD cells promotes R-loop accumulation. This was some-
what counterintuitive as previous studies have shown that in-
activation of various components of the spliceosome machin-
ery, including SR proteins, is associated with abnormal accu-
mulation of R-loops [23, 56, 57]. Thus, these and our data
suggest that SRSF2 protein level might be tightly controlled to
prevent R-loop formation. Interestingly, R-loops also accumu-
late in response to SRSF2(P95H) mutation that frequently oc-
curs in myelodysplastic syndromes and some leukemia but not
in solid tumors [60]. R-loops can be either a source or a con-
sequence of TRCs [69]. In SRSF2-overexpressing cells, we ob-
served that yH2AX accumulation, DSBs, enhanced transcrip-
tion, and slowing down of replication fork progression some-
what precede R-loop accumulation. Although the impact of
R-loops in genomic instability in SRSF2-overexpressing cells
remains to be deepened, these results suggest that they may
not be the major source of DSBs in our cells, at least at early
timepoints.

In addition to promoting DSBs, SRSF2 could favor DSBs
accumulation by interfering with their repair. Some studies
have already reported a link between the SR proteins SRSF1,
SRSF3, or SRSF10 and DNA repair through the regulation of
the expression/splicing of DNA repair factors, such as LIG-1,
BRCA1, BRIP1, and RAD51 [70-73]. SRSF3 also promoted
gemcitabine resistance in pancreatic cancer by enhancing DSB
repair by HR through regulation of the splicing of IncRNA
ANRIL [74]. Importantly, SRSF2 deficiency in primary hu-
man keratinocytes and oral squamous cell carcinoma was very
recently found to cause DNA damage due to inefficient bi-
directional transcription of DNA replication and repair genes,
notably those involved in recombinational repair and DSB re-
pair via HR [51]. In this study, we add further evidence that
SRSF2 influences DSB repair by promoting HR in LUAD cell
lines, which correlated with increased percentage of RPA- and
RADS51-positive cells upon SRSF2 overexpression. Whether
this is accompanied by enhanced transcription of HR repair
genes remains to be determined. In addition, as we did not an-
alyze in our cellular models the consequences of SRSF2 over-
expression or knockdown on splicing changes, we cannot ex-
clude that SRSF2-regulated splicing of genes involved in DNA
repair or DDR might also contribute to some of the pheno-
types we observed. We also provide additional results of a
role of SRSF2 in inhibiting DSB repair by ¢c-NHE], which is
associated with decreased $3BP1 mRNA and protein levels.
These data further support that a tight control of SRSF2 pro-
tein level might be required to regulate DNA repair, genomic
stability, and cancer cell survival, as both SRSF2 knockdown
and overexpression, which is often seen in solid tumors, are
able to induce DNA damage. Furthermore, and supporting
more enlarged functions of SRSF2 in DNA repair, we also
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Figure 9. Model for SRSF2-induced lung tumor progression. High level of
SRSF2 induces a global transcriptional increase in LUAD cells. This leads
to enhanced replicative stress and DNA DSBs, likely as a result of
conflicts between transcription and replication machineries. SRSF2 also
controls DSB repair. SRSF2 inhibits c-NHEJ that correlates with a
decrease of 53BP1 mRNA and protein levels. Conversely, a cross talk
between SRSF2 and MRE11 proteins, which are both commonly
increased in LUAD patients and are found in closed proximity in LUAD
cells, increases DSB repair by HR. We propose that a high level of
SRSF2, along with MRE11, tightly controls the balance between DSB
production and repair helping to maintain genome instability below a
threshold compatible with tumor cell survival, and thus, contributing to
lung tumor progression.

provide evidence that SRSF2 knockdown in LUAD cells im-
pacts the late repair of DSBs induced by IR. This suggest that
SRSF2-deprived cells might be less prone to repair replication-
associated DSBs that are secondary induced following IR and
repaired by HR [75, 76].

Mechanistically, we unravel a strong interplay between
SRSF2 and MREI11 proteins by showing that SRSF2 and
MRE11 can directly interact iz vitro, are in closed proximity
in LUAD cells, and that SRSF2 regulates MRE11 recruitment
to chromatin. MRE11 nuclease activity is required for SRSF2
functions in DNA repair as mirin prevents SRSF2-induced
HR as a well as the decrease of the ¢-NHE] protein 53BP1.
Nonetheless, the role in DNA repair of the direct interaction
between SRSF2 and MRE11 proteins remains to be elucidated
further. We also showed that inhibiting RNA Polymerase 11
activity by using DRB decreases SRSF2/MRE11 PLA inter-
actions in A549 cells, SRSF2-induced HR in H1299 pBL174
cells, as well as SRSF2-induced RPA foci accumulation. Al-
though we cannot exclude that the negative effects of DRB
in this last context somewhat reflect the decreased produc-
tion of DSBs, our data support the idea that SRSF2, similar to
H-RASV!? and EWS-FLI1, which enhance transcription and
impact DSB repair pathways [77], could exert its oncogenic
properties by interfering with DSB repair pathways and the
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recruitment of DNA repair components (e.g. MRE11) in re-
sponse to enhanced TRCs.

We found that the knockdown of MRN with siRNA in
SRSF2-overexpressing cells strongly enhances YH2AX accu-
mulation and leads to apoptosis. More importantly, in LUAD
patients, we found that MRE11 protein is highly expressed
and that patients with high Srsf2 and Mrell mRNA levels
have the worse prognosis. Similar to other DNA repair pro-
teins, MRE11 plays a pivotal role in preventing the deleteri-
ous effects of oncogene-induced replication stress [9, 10, 78—
81]. By this way, MRE11 acts as a gatekeeper against tumor
progression [82-84]. On the other hand, and supporting a
more complex relationship between MRE11 expression and
carcinogenesis, MRE11 is also highly expressed and predicts
bad prognosis in breast cancers [85] or MYCN-amplified neu-
roblastoma in which MRE11 knockdown induces accumula-
tion of replication stress and DNA damage biomarkers [86].
In addition, in a mouse model predisposed to spontaneous
B-cell lymphomas, MRE11 promotes tumorigenesis by facili-
tating resistance to oncogene-induced replication stress [87].
Based on these previous studies and our data, we propose that
MRE11 could attenuate TRCs induced by SRSF2 overexpres-
sion contributing, by this way, to the maintenance of genomic
instability below a threshold compatible with the survival of
SRSF2-overexpressing cells (Fig. 9).

In summary, we unravel a new oncogenic role of overex-
pressed SRSF2 involving both DSB production, as a result
of increased transcription, enhanced replication-stress, and
altered DNA repair, which may underlie lung tumor pro-
gression. Deciphering the molecular mechanisms controlling
genome integrity in cancer cells may help providing new av-
enues for cancer treatment. Our data point towards the tar-
geting of the SRSF2/MRE11 signaling node as a novel po-
tential therapeutic strategy in NSCLC patients. In addition,
as SRSF2 protein also accumulates in other cancer types, in-
cluding breast, colon, ovarian, head and neck, glioblastoma
and liver cancers compared with normal tissues [UALCAN
database, [88]], it will be interesting to investigate further
whether the consequences of SRSF2 overexpression detected
in lung cancer might be relevant in other cancers.
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