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ABSTRACT

We previously identified the heterogeneous ribonu-
cleoprotein SAF-A/hnRNP U as a substrate for DNA-
PK, a protein kinase involved in DNA damage re-
sponse (DDR). Using laser micro-irradiation in hu-
man cells, we report here that SAF-A exhibits a two-
phase dynamics at sites of DNA damage, with a
rapid and transient recruitment followed by a pro-
longed exclusion. SAF-A recruitment corresponds to
its binding to Poly(ADP-ribose) while its exclusion
is dependent on the activity of ATM, ATR and DNA-
PK and reflects the dissociation from chromatin of
SAF-A associated with ongoing transcription. Hav-
ing established that SAF-A RNA-binding domain re-
capitulates SAF-A dynamics, we show that this do-
main is part of a complex comprising several mRNA
biogenesis proteins of which at least two, FUS/TLS
and TAFII68/TAF15, exhibit similar biphasic dynam-
ics at sites of damage. Using an original reporter for
live imaging of DNA:RNA hybrids (R-loops), we show
a transient transcription-dependent accumulation of
R-loops at sites of DNA damage that is prolonged
upon inhibition of RNA biogenesis factors exclusion.
We propose that a new component of the DDR is
an active anti-R-loop mechanism operating at dam-
aged transcribed sites which includes the exclusion
of mRNA biogenesis factors such as SAF-A, FUS and
TAF15.

INTRODUCTION

Deoxyribonucleic acid (DNA) double-strand break (DSB)
is the most toxic type of DNA damage. If improperly re-
paired, DSBs can cause cell death or mutations and gross
chromosomal rearrangements promoting cancer develop-
ment (1–4). In mammalian cells, DSBs initiate a global
DNA damage response (DDR) to overcome their toxicity
and maintain genome stability. DDR includes lesions detec-
tion, checkpoint activation, modulation of gene expression
and DNA repair (5–9). DDR defects manifest as a variety
of human diseases, including neurodegenerative disorders,
immunodeficiency, infertility and cancer (5).

Another component of the DDR is local transcription
arrest triggered by DNA breaks (10–13). More generally,
an expanding aspect of the DDR is its connection with ri-
bonucleic acid (RNA) metabolism. Indeed, the DNA dam-
age activated kinases ATM or ATR phosphorylate numer-
ous proteins involved in RNA metabolism (14,15) and links
with the DDR have been established for several members of
the heterogeneous ribonucleoprotein (hnRNP) family (16),
RNA-binding proteins (RBPs) (17–25) or pre-RNA pro-
cessing factors (26,27). Moreover, RNA-processing factors
are major mediators of genome stability, some of them by
preventing interactions between the nascent RNA and tem-
plate DNA (R-loops) (28–33) which are relevant source of
DNA breaks (33,34).

We and another group have identified SAF-A/hnRNP U
(hereinafter referred to as SAF-A), as a substrate for DNA-
PK, a key protein kinase involved in DSB repair by non-
homologous end-joining (NHEJ) (35,36). In NHEJ, DNA-
PK operates together with the DSBs sensor Ku70/80 het-
erodimer and the XRCC4/DNA ligase IV ligation com-
plex (37). SAF-A is an abundant nuclear protein found in
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hnRNP particles and contains both DNA-binding domain
(DBD) and RNA-binding domain (RBD) (38,39) (Figure
1A). The HNRNPU gene coding for SAF-A is essential
for cell viability (40) and the protein participates in chro-
matin organization and transcription repression in special-
ized territories (41,42). SAF-A is implicated in several as-
pects of RNA metabolism, including transcription elonga-
tion through interaction with nuclear actin and RNA poly-
merase II (43,44), RNA stability control (45) and alternative
splicing through regulation of U2 snRNP maturation (46).

Here, we investigate further the involvement of SAF-A in
the DDR. We document the local post-damage exclusion
of an RBP complex including SAF-A and at least two of its
partners FUS/TLS and TAFII68/TAF15, which is uncou-
pled from their initial poly(ADP-ribose) (PAR)-dependent
recruitment at these sites. In addition, we present several
results supporting that RBP exclusion is part of an anti-
R-loop mechanism operating at DNA damage sites. There-
fore, the present data further substantiate the links between
RBPs, the DDR and genome stability.

MATERIALS AND METHODS

Cell culture

Human HT1080 fibrosarcoma cells, human U2OS os-
teosarcoma cells (ECCAC, Salisbury, UK) and human
HEK293T were grown in Dulbecco’s modified Eagle’s
medium medium (Fisher Scientific, Illkirch, France) sup-
plemented with 10% foetal calf serum (Lonza, Basel,
Switzerland), 2-mM glutamine, 125-U/ml penicillin and
125-�g/ml streptomycin. All cells were grown in a humidi-
fied atmosphere, at 37◦C with 5% CO2.

Plasmids and DNA manipulations

A list of primers used in the study is provided in Sup-
plementary Table S1. All DNA constructs were confirmed
mutation free as tested by DNA sequencing. pEGFP-
N1-FLAG plasmid containing a FLAG tag with a start
codon and a strong kozak sequence between BamHI and
MluI was generated by insertion of annealed FLAG-S
and FLAG-AS oligonucleotides between BamHI and AgeI
restriction sites of pEGFP-N1 (Clontech). For expres-
sion of SAF-A-FLAG-GFP, SAFA was sub-cloned into
pEGFP-N1-FLAG between BamHI and MluI after am-
plification by polymerase chain reaction (PCR) with SAF-
A-F and SAF-A-R primers and using pcDNA3-SAF-A-
FLAG (36) as a matrix. Deletion mutants were derived from
this plasmid. Plasmids expressing SAF-A-dDBD, SAF-
A-dRBD and SAFA-RBD were generated by PCR us-
ing, respectively, SAF-A-dDBD-F and SAF-A-R, SAF-A-
F and SAF-A-dRBD-R, and SAF-A-RBD-F and SAF-
A-R as primer pairs. The resulting PCR products were
cloned between BamHI and MluI into pEGFP-N1-FLAG.
For FUS-FLAG-GFP expression, FUS was sub-cloned
by PCR using FUS-F and FUS-R primers and pOTB7-
FUS (IMAGE clone 7303359) as a matrix. The resulting
PCR product was cloned between BamHI and MluI sites
of pEGFP-N1-FLAG. For doxycycline-inducible expres-
sion of D10R E48R mutant of Escherichia coli mCherry-
NLS-RNaseHI, a codon optimized sequence of the mutant

RNase HI including a 5′ start codon in a strong kozak se-
quence and a 3′ in frame nuclear localization signal from
SV40 large T antigen (NLS) were generated by gene syn-
thesis (GeneArt, LIfe Technologies). The RNase HI-NLS
sequences were recovered by HindIII and AgeI digestion
and cloned together with AgeI and NotI-digested mCherry
from pmCherry-C1 (Clontech) between HindIII and NotI
restriction sites of pICE, a new synthetic plasmid allow-
ing doxycline-inducible expression and conferring to hu-
man cells resistance to puromycin (47). A control plas-
mid expressing NLS-mCherry was generated by replac-
ing RNase HI cDNA by annealed NLS-S and NLS-AS
oligonucleotides cloned between HindIII and AgeI.

PAR-binding assay

For experiments carried in HEK293T, 140-mm dishes were
seeded with 5 million cells 2 days before transfection with
lipofectamine 2000 (Thermo scientific) according to man-
ufacturer’s instructions using 20 �g of plasmid DNA cod-
ing for each FLAG-GFP tagged constructs. Two days af-
ter transfection, cells were collected, washed in phosphate-
buffered saline (PBS) and lysed 15 min on ice plus 5 min
at room temperature in 300 �l of lysis buffer [10-mM
Tris-HCl pH 7.8, 150-mM NaCl, 1-mM ethylenediaminete-
traacetic acid (EDTA), 0.5% NP-40] containing 0.2-mg/ml
RNase A and protease and phosphatase inhibitors (HALT,
Thermo Scientific). Extracts were then clarified by 4-min
centrifugation at 14 000 rpm at 4◦C. Supernatant diluted
with 400-�l dilution buffer (20-mM Tris-HCl pH 7.8, 150-
mM NaCl, 1-mM EDTA, 0.05% NP-40 containing pro-
tease and phosphatase inhibitors (HALT, Thermo scien-
tific) was incubated 4 h at 4◦C on gentle shaking with
50 �l of GFP-trap magnetic beads (Chromotek). Beads
were washed three times with 500-�l stringent washing
buffer (20-mM Tris-HCl pH 7.8, 500-mM NaCl, 1-mM
EDTA, 0.05% NP-40 buffer containing protease and phos-
phatase inhibitors (HALT) and once in dilution buffer.
For experiments carried in HT1080, two 140-mm dishes
were seeded with 2.5-million cells GFP-sorted for stable ex-
pression of FLAG-GFP, SAF-A-WT-FLAG-GFP, SAF-A-
dRBD-FLAG-GFP and SAF-A-RBD-FLAG-GFP. After
two days, cells were collected by scrapping and sonicated (24
pulses of 2 s and 30 of intensity, Vibra-cell sonicator) in 1 ml
of GFP-trap lysis buffer [20-mM Tris-HCl pH 7.8, 1-mM
EDTA, 150-mM NaCl, 0.1% NP-40 with HALT protease
and phosphatase inhibitors Cocktail (Thermo scientific)
and 1-mM fresh phenylmethylsulfonyl fluoride (PMSF)]
containing 0.1-mg/ml RNase A. Extracts were clarified by
a 20-min centrifugation at 4000 rpm at 4◦C. Sixty micro-
liter of GFP-trap magnetic beads (Chromotek) was incu-
bated 3 h with supernatants on gentle shaking at 4◦C. Beads
were washed three times with 1-ml washing buffer (20-mM
Tris-HCl pH7.8, 1-mM EDTA, 500-mM NaCl, 0.5% NP-
40) and once in 1-ml lysis buffer (50-mM Tris-HCl pH7.8,
1-mM EDTA, 150-mM NaCl, 1% Triton X-100). For both
for experiments in HEK293T and HT1080, beads were
boiled after immunoprecipitation (IP) in lysis buffer, super-
natant loaded on sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) gradient gels and trans-
ferred on polyvinylidene fluoride (PVDF, Millipore) or ni-
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Figure 1. SAF-A dynamics in response to laser micro-irradation. (A) Map of SAF-A domains and of the truncations used. The main domains are as follows:
the DNA-binding domain (DBD) that contains a SAP motif, a nuclear localization sequence (NLS), a SPRY (SPore lysis A and RYanodine receptor) domain
and the RNA-binding domain (RBD) that contains an RGG motif. The phosphorylation site (S59) is indicated by a black arrow. WT: wild-type SAF-A;
dDBD: deletion of the DNA-binding domain; dRBD: deletion of the RNA-binding domain; RBD: SAF-A RNA-binding domain only. (B) SAF-A-GFP
behavior after 800-nm pulsed-laser nuclear irradiation assessed in HT1080 cells by live cell imaging at the indicated time post-irradiation in the presence
or not of PARPi (DPQ). The white arrows mark the irradiated areas. Scale bar, 20 �m. (C) Dynamics of SAF-A-GFP at laser-damaged sites. Images were
obtained at 22-s intervals, and fluorescence intensities at the damage sites were quantified. Mean values of the fluorescence intensities with SEM were
calculated from 22 independent measurements. (D) Dynamics of SAF-A-GFP at laser-damaged sites in the presence of PARPi (DPQ or NU1025). Images
were obtained at 22-s intervals, and fluorescence intensities at the damage sites were quantified. Mean values of the fluorescence intensities with SEM
were calculated from 11 independent measurements under each condition. (E) PAR-binding assay. FLAG-GFP (Ctrl) or the indicated FLAG-GFP tagged
forms of SAF-A were purified from transiently transfected HEK293T cells, separated on SDS-PAGE and transferred on membrane. The membrane was
stained with Ponceau S to assess the quality of the purification. After incubation with purified PAR, retained PAR was detected using anti-PAR antibody.
After stripping, an anti-GFP immunodetection was performed.

trocellulose (Protran, Whatman) membranes. Membranes
were saturated with PBS-T containing 5% non-fat milk and
incubated 1 h with 10-nM PAR polymer (Trevigen) in PBS-
T. After extensive washes in PBS-T, the membrane was
processed as a regular western blot membrane using 0.5
�g/ml of anti-PAR polyclonal antibody (1/2000 dilution,
BD Pharmingen).

Transfection

HT1080 cells were seeded in 6-well plates until they reached
70–80% confluence. Transfection reactions were performed
with 3 �g of plasmid using JetPEI (Polyplus Transfection,
Illkirch, France) according to the manufacturer’s recom-

mendations. Cells were trypsinized and reseeded in 140-mm
dishes 24 h after transfection and selected over 2 weeks by
adding 500-�g/ml G418 (Fisher Scientific, Illkirch, France)
or 0.5-�g/ml puromycin (InvivoGen, San Diego, CA, USA)
for pEGFP-N1 or pICE vector backbones, respectively. In-
dependent resistant clones were then picked separately, am-
plified and maintained in culture medium supplemented
with 250-�g/ml G418 or 0.25-�g/ml puromycin. Expres-
sion of proteins of interest in the different clones was
checked by direct GFP or mCherry fluorescence under the
microscope when applicable and by western blot.

For inducible expression of RNaseHI-NLS-mCherry and
NLS-mCherry, U2OS T-REx (Life Technologies) were
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transfected using Lipofectamine 2000 (LIfe Technologies)
according to manufacturer’s instructions with pICE-NLS-
mCherry or pICE-RNaseHI-NLS-mCherry and selected
with puromycin at 0.25 �g/ml. Individual clones were iso-
lated and maintained in selective medium.

Live-cell microscopy, micro-irradiation and fluorescence re-
covery after photobleaching experiments

Cells were grown and observed in 35-mm glass-bottom cul-
ture dishes (MatTek). Experiments were carried out with
a ZEISS LSM 710 confocal laser scanning microscope
equipped with a coherent chameleon Vision II tunable laser
(690–1080 nm) and a 40X/1.3 oil immersion objective. GFP
was excited using a 488-nm Ar-laser line and mCherry with
a 561-nm Ne-laser line. The microscope was equipped with
a heated environmental chamber set at 37◦C in 5% CO2 at-
mosphere.

Confocal image series were recorded with a frame size of
512 × 512 pixels. Nuclei micro-irradiation was carried out
at 800 nm at 20% of max power (mean max power was 3600
mW) in spots of 5-�m diameter at 3X zoom during 22 s.
Before and after micro-irradiation, confocal image series of
one mid z-section were recorded at 60-s or 22-s time inter-
val (typically two pre-irradiation and 30–40 post-irradiation
frames). For evaluation of the recruitment kinetics, fluores-
cence intensities of the irradiated region were corrected for
total nuclear loss of fluorescence over the time course and
normalized to the pre-irradiation value. Data from micro-
irradiation of individual cells obtained in several indepen-
dent experiments performed on different days were aver-
aged, analyzed and displayed using PRISM software. Im-
ages of fixed cells were recorded with the same microscope.

For immunofluorescence experiments, irradiation was
carried out at 800 nm at X2 zoom, on multiple cell fields
(tile scan 3 × 3); the laser line step was set up to 7 and the
total irradiation time was 10 s. Images of fixed cells were
recorded with the same microscope.

Fluorescence recovery after photobleaching (FRAP) ex-
periments were performed with the Ar-laser line (GFP tag)
or Ne-laser line (mCherry tag) at 100% intensity. A single
optical section of a cell nucleus was acquired at 3× zoom.
Fifteen iterations were used for the bleach pulse on a strip
area (5 × 20 �m).

Fluorescence recovery was monitored using the same
laser with 0.4% laser intensity (GFP tag) or 1% intensity
(mCherry tag) to avoid bleaching during the time laps ac-
quisition. Typically 20 images with an interval of 487 ms
were taken before the bleach and during 50 or 100 s after.

Fluorescence intensities of the photo-bleached region,
the total nuclear region and the background outside the
nucleus were measured at each time point using the ‘mean
intensity’ analysis function of the Zeiss software. For the
quantitative evaluation of the fluorescence recovery, back-
ground value was first subtracted from raw mean fluores-
cence data series. Then the fluorescence signal measured in a
region of interest normalized to the change in total fluores-
cence was determined as previously described (48). An ad-
ditional normalization to the first post-bleach value allows
comparison of independent experiments. Data from three
to four independent experiments were averaged, analyzed

and displayed using PRISM software. Recovery half-time
was computed with Prism 5.0 through fitting of the nor-
malized data to a one-phase exponential association curve
of equation %Recovery(t) = Plateau x (1-exp (−K x t)) with
Half-time ( = ln(2)/K).

DNA-damaging treatments and inhibitors

Calicheamicin �1 (Cali), a generous gift from P.R. Hamann
(Wyeth Research, Pearl River, NY, USA), was dissolved at
4 mM in ethanol. Cali treatment was carried in medium for
1 h at 37 ◦C. Infrared (IR) treatments were carried using a
Faxitron RX-650 irradiator (Faxitron X-ray Corporation,
Buffalo Grove, IL, USA) at a dose rate of 0.92 Gy/min. In-
hibitors and concentrations used are listed in Supplemen-
tary Table S2.

Cell extraction

1.5 × 108 grown in culture plates were trypsinized, washed
twice in PBS at 4◦C. The cell pellet was resuspended in
2 packed cell volume (PCV) of lysis buffer (10-mM Tris-
HCl pH7.5, 150-mM NaCl, 0.5-mM EDTA, 0.1% NP40)
containing protease–phosphatase Halt Inhibitor Cocktail
(Pierce, Thermo Scientific) and 0.1-mg/ml RNase A and
processed by three freeze/thaw cycles with intermittent vor-
texing, followed by centrifugation at 14 000 rpm for 15 min
at 4◦C (Heraeus, Biofuge, primoR). Protein concentration
was measured in the supernatant using the Bradford assay
(Bio-Rad) and whole cell extracts were stored at −80◦C.

Biochemical fractionation and immunoblotting

After drug exposure, cells were washed with PBS and har-
vested. Pellets of about 1.5 × 106 cells were fractionated as
reported (49,50) with modifications as follows. Cells were
first resuspended for 5 min on ice in 200 �l of fraction-
ation buffer (50-mM Hepes pH 7.5, 150-mM NaCl, 1-
mM EDTA) containing 0.05% Nonidet P-40 (NP-40) and
supplemented with the Halt protease and phosphatase in-
hibitor cocktail (Pierce). Following centrifugation at 1000 x
g for 5 min, the supernatant was collected (fraction I), and
pellets were resuspended in 200 �l of the same buffer and
centrifuged as above. The supernatant was collected (frac-
tion 2), and the nuclear pellets were further extracted for 40
min on ice with 200 �l of fractionation buffer containing
0.5% NP-40. The extracts were clarified by centrifugation
at 16 000 x g for 15 min (fraction 3). The pellets were re-
suspended in 200-�l extraction buffer supplemented with
1% Triton X-100 and 0.45-M NaCl and sonicated (Vibra-
cel, Bioblock Scientific) (fraction 4).

Antibodies

Antibodies, origins, manufacturers, applications and dilu-
tions used are listed in Supplementary Table S3.

Immunofluorescence

Cells were grown overnight at 37◦C on glass coverslips
(Marienfeld) or 35-mm glass-bottom dishes (MatTek). Af-
ter chemical treatment or laser micro-irradiation, cells were
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fixed with 2 % paraformaldehyde (Electron Microscopy
Sciences) and permeabilized with 0.2% Triton-X-100 (Eu-
romedex) in PBS. For in situ detergent extraction exper-
iments, cells grown on glass coverslips, mock-treated or
treated with Cali at the dose indicated were pre-extracted
before fixation. Briefly, the coverslips were incubated in ex-
traction buffer containing 0.1% Triton X-100 diluted in
PBS, on ice for 3 min. Non-pre-extracted control cells were
incubated in PBS. Then fixation proceeded as above. In
the particular case of pre-extraction with RNase A, the
CSK+R method was used as described (47). After fix-
ation, samples were blocked by incubating cells in 5 %
bovine serum albumin (Euromedex) diluted in PBS, 1 h
at room temperature. Cells were then stained with pri-
mary and secondary antibodies coupled to Alexa Fluor 488
nm, 594 nm or 647 nm (Life Technologies). DNA stain-
ing was performed by incubating cells with 4’,6-diamidino-
2-phenylindole (DAPI, 0.01 �g/ml, 8 min, room tempera-
ture) or propidium iodide (1.75 �g/ml, 5 min, room tem-
perature). For RNA staining we used Click-It RNA Alexa
Fluor 594-nm Imaging kit from LIfe Technologies. Staining
of GFP was performed using GFP-booster (Chromotek).
Cells were mounted in Vectashield (Vector Labs). Confocal
images were captured on a Zeiss 510 or Zeiss 710 confocal
microscope, using a 40x oil objective.

Immunoprecipitation and mass spectrometry analysis

For mass-spectrometry analysis, immunoprecipitation was
performed for 14 h on 2 mg of whole cell extracts from
HT1080 cells stably expressing SAF-A-RBD-FLAG-GFP
or FLAG-GFP, in 1-ml lysis buffer on dry beads from
400-�l anti-FLAG magnetic beads suspension prepared
with 14-�g anti-FLAG antibody (M2, Sigma) according
to the manufacturer (M-280 anti-mouse magnetic beads,
LIfe Technologies). After two washes for 15 min at 4◦C
in lysis buffer on a rotating wheel, FLAG-tagged proteins
were eluted with 300-�g FLAG peptide (Sigma) in 0.4 ml
for 90 min at room temperature on a wheel. Then, super-
natants were incubated for 14 h at 4◦C with 80-�l anti-
GFP magnetic beads (GFP-Trap-M, Chromotek). After
two washes for 15 min at 4◦C in lysis buffer on a wheel,
the beads were incubated for 10 min at 100◦C in loading
buffer and then for 30 min at 25◦C in the dark after addi-
tion of 100-mM iodoacetamide, followed by neutralization
with a small amount of 1.5-M Tris-HCl, pH 8.8. Samples
were loaded on a 4–12% gradient precast-gel (NuPage, Life
Technologies), and staining was performed with Coomassie
Fast-blueR dye. Immunoprecipitated protein samples from
HT1080 cells expressing recombinant SAF-A RDB (two
biological samples) or FLAG-tagged GFP (Control) were
then analyzed as described in Supplementary material. Spe-
cific proteins pulled-down by the RBD domain of SAFA
in both immuno-precipitation experiments were queried in
STRING (http://string-db.org) to retrieve known physical
interactions between them and an interaction landscape was
generated using Cytoscape (http://www.cytoscape.org). Ad-
ditional editing was performed with Illustrator.

For validation of the interactions between SAF-A RBD,
FUS and TAF15 proteins found by mass-spectrometry
analysis, co-immunoprecipitations were performed as above

but on a smaller scale in extracts from HT1080 cells stably
expressing FLAG-GFP only or FLAG-GFP-tagged SAF-
A RBD or FUS proteins.

Survival and proliferation assays

HT1080 cells were seeded at low density in 6-well plates and
allowed to plate overnight. Cells were then exposed to X-
ray irradiation, post-incubated 5 days and stained with 2%
crystal violet solution for 10 min on an orbital shaker. After
extensive washes with distilled water, the dye was dissolved
with 10% acetic acid and absorbance at 570 nm was mea-
sured with a Titertek Multiskan Plus.

U2OS cells were seeded at low density in 60-mm plates
and allowed to plate for 6 h before a 16-h induction
with 2-�g/ml doxycycline followed by X-ray irradiation
at 2, 4 or 6 Gy. After additional 6-day incubation, MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) reagent (Sigma) at 1 mg/ml was added to each plate
and incubated for 1 h at 37◦C. Cells were incubated with
a solution containing 0.1% NP40 (Euromedex) and 4-mM
HCl (VWR) diluted in isopropanol (Fisher) and mixed 15
min on an orbital shaker. Absorbance was measured at 570
nm and 690 nm with a Titertek Multiskan Plus.

RESULTS

SAF-A exhibits a biphasic dynamics at site of laser-induced
DNA damage including a PAR-dependent transient recruit-
ment to damaged nuclear areas

To explore the link between SAF-A and the cell response
to DSBs, SAF-A mobilization after laser DNA micro-
irradiation was studied in nuclei of an HT1080 cell line
stably expressing an SAF-A fused to a carboxy termi-
nal FLAG-GFP tag. The laser micro-irradiation setup
used here produces single- and double-strand breaks in
DNA that promote accumulation in the irradiated areas of
base excision repair proteins including PAR polymerase 1
(PARP-1) and XRCC1 together with Ku70/80 and XRCC4
of the NHEJ pathway (51,52). Live-cell imaging showed
first a transient retention of SAF-A at the irradiated sites,
with a fast accumulation peaking at around 90 s followed
by a rapid decrease reaching the basal fluorescence level 5
min after irradiation (Figure 1B and quantification in Fig-
ure 1C; see Supplementary Movie 1). Surprisingly, the fluo-
rescence decrease in the irradiated area further went on, al-
though at a slower rate, and then stabilized around 10 min
after irradiation at a value below the mean nuclear basal
fluorescence so that a dark hole formed in the nuclear ir-
radiated area (Figure 1B and C; see Supplementary Movie
1). A similar dynamics was obtained after pulsed-laser ir-
radiation of another human cell line (MRC5SV, SV40-
transformed human lung fibroblasts) expressing the same
SAF-A GFP fusion (data not shown).

Although SAF-A is phosphorylated by DNA-PK in re-
sponse to DSB induction (35,36), we observed no effect of
separate or combined DNA-PK, ATM or ATR inhibition
on SAF-A accrual at laser-damaged sites (data not shown).

The transient recruitment phase of SAF-A biphasic dy-
namics after micro-irradiation is typical for proteins accu-
mulating at site of DNA damage through interaction with

http://string-db.org
http://www.cytoscape.org
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PAR. PAR is a polymer synthetized from nicotinamide ade-
nine dinucleotide by PAR polymerases, mainly PARP-1, ac-
tivated upon binding to DNA single-strand breaks (53,54).
For example, the chromatin remodeler ALC1 showed a
PAR-dependent recruitment to the irradiated site within
seconds followed by a release mostly complete within 10
min (55,56). Therefore, cells were pretreated with a concen-
tration of the PARP inhibitor (PARPi) 3,4-Dihydro-5-[4-
(1-piperidinyl)butoxy]-1(2H)-isoquinolinone (DPQ) able to
counteract efficiently PAR production in cells (Supplemen-
tary Figure S1A and data not shown). While the DSB repair
protein XRCC4 was still recruited at the damaged site un-
der PARP inhibition, as expected (52) (Supplementary Fig-
ure S1A), SAF-A-GFP fluorescence showed a rapid dropoff
in the damaged region which already reached a minimal
value 2 min after irradiation (Figure 1D and Supplemen-
tary Movie 2). An identical effect was obtained with another
PARPi, NU1025 (Figure 1D). SAF-A has DNA- and RNA-
binding properties, which rely on an amino-terminal DBD
and a carboxy-terminal RBD, respectively (39,57) (Figure
1A). To check directly the PAR-binding capacity of SAF-A,
various forms of SAF-A fused to GFP were immunoprecip-
itated from transiently transfected HEK293T cells, blotted
on membrane and incubated with purified PAR. As shown
in Figure 1E, full length SAF-A and the isolated carboxy-
terminal domain bound PAR, while PAR binding by the
carboxy-terminal-truncated form was not detected, indicat-
ing that the carboxy-terminal RBD is necessary and suf-
ficient for PAR binding in vitro. Identical results were ob-
tained with extracts from HT1080 cells stably expressing
the various FLAG-GFP-tagged constructs (Supplementary
Figure S1B).

DNA damage loosen SAF-A binding to nuclear insoluble
structures

As shown above, SAF-A-GFP recruitment at the damaged
nuclear sites was rapidly followed by a decrease of the lo-
cal fluorescence below the basal nuclear level. This hereafter
named exclusion of SAF-A-GFP clearly occurred at sites of
DNA damage as shown by colocalization of the exclusion
areas with the DSB marker �H2AX (Figure 2A). Exclusion
was not a photobleaching artifact since (i) under standard
conditions without PARPi, it was delayed by 5 min after
the initial irradiation, (ii) it was detected with an antibody
against the whole nuclear pool of SAF-A (Figure 2B) and
(iii) it did not affect the nuclear distribution of RNA pol
II (Supplementary Figure S1C). SAF-A degradation at the
irradiated sites is unlikely since SAF-A exclusion was pre-
served in the presence of the proteasome inhibitor MG132,
although recruitment of 53BP1 was impaired, as expected
(58) (data not shown). Indeed, the local fluorescence loss
was accompanied by a contemporary fluorescence gain out-
side the irradiated site, indicating that SAF-A was rather re-
distributed from the irradiated area to undamaged nuclear
regions (Supplementary Figure S1D). In addition, SAF-A
exclusion was uncoupled from the preceding recruitment
phase since abolition of SAF-A mobilization to the irra-
diated area upon PARP inhibition revealed a strong exclu-
sion, even earlier than without inhibitor (Figure 1D).

More importantly, SAF-A exclusion was not limited to
laser irradiation but was also observed with a fractionation
procedure based on successive detergent extractions follow-
ing cell treatment with a clastogenic molecule (fractions 1–
4) (49,59). We chose Cali as DNA breaking molecule be-
cause it yields a much higher ratio of DSBs to single-strand
breaks in vivo, compared to ionizing radiation (60). Using
this assay, a significant amount of SAF-A was associated
with fraction 4 (F4) in untreated cells, corresponding to pro-
teins tightly bound to nuclear structures such as heterochro-
matin protein HP-1� (Figure 2C). Strikingly, cell treatment
with Cali induced a clear shift of SAF-A from F4 to F1,
indicating conversion to a loosely bound nuclear protein
(Figure 2C). In contrast, a significant amount of the major
NHEJ protein Ku80 relocalized from F1 to F4 in response
to Cali indicating a damage-induced attachment to chro-
matin, as already published (50). SAF-A release from F4
was dose- and time-dependent (Figure 3F and Supplemen-
tary Figure S1E). After a 1-h treatment with 10-nM Cali,
exclusion of SAF-A from F4 lasted up to 5 h post-treatment
(Supplementary Figure S1E). In contrast to SAF-A, RNA
Pol II accumulated in the damaged chromatin (Figure 3F
and Supplementary Figure S1E). In a similar way, when
cells were pre-extracted with detergent before immunoflu-
orescence staining on glass slides, Cali treatment induced
a strong loss of SAF-A from the nucleus upon extraction
(Figure 2D).

SAF-A carboxy-terminal RBD domain recapitulates SAF-A
dynamics in response to DNA damage

In order to delineate the SAF-A subdomains necessary for
the dynamics described above, we tested by live imaging the
dynamics at site of laser-induced DNA damage of various
SAF-A truncations fused to GFP and stably expressed in
cells (Figure 1A). As shown in Figure 2E, truncation of
the amino-terminal DBD preserved the biphasic dynam-
ics while truncation of the carboxy-terminal RBD strongly
affected both the recruitment and exclusion phases. More-
over, the isolated RBD region was sufficient to recapitulate
SAF-A biphasic dynamics in response to micro-irradiation
(Figure 2E). Altogether these data show that the RBD of
SAF-A is necessary and sufficient to promote its biphasic
dynamics at sites of DNA damage. That the residue phos-
phorylated by DNA-PK (S59) is not located in the RBD but
in the N-terminal DBD [Figure 1A; (36)] suggests that S59
phosphorylation is not responsible for SAF-A recruitment
or exclusion. This was confirmed by studying the dynam-
ics of a non-phosphorylatable form of SAF-A mutated on
S59 which was identical to the one recorded for wild-type
SAF-A (data not shown).

SAFA and its interactors FUS and TAF15 show similar dy-
namics at sites of DNA damage

Since the FLAG-GFP-tagged RBD domain of SAF-A re-
capitulated the dynamics of the full-length protein (Fig-
ure 2E), we used HT1080 cells stably expressing this con-
struct, or FLAG-GFP as a control, to perform tandem im-
munoprecipitation and analysis by mass spectrometry of
this domain and of associated proteins (Supplementary Fig-
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Figure 2. Analysis of SAF-A exclusion from chromatin following DNA damage. (A) Colocalization of SAF-A-GFP exclusion areas and �H2AX at stripes
of laser damage 10 min after micro-irradiation in HT1080 cells. Scale bar, 20 �m. (B) Analysis by immunofluorescence of endogenous SAF-A and �H2AX
10 min after laser micro-irradiation in HT1080 cells. Scale bar, 20 �m. (C) HT1080 cells were mock-treated or treated with Cali for 1 h, fractionated as
described in the Materials and Methods section, leading to fractions 1–4 (F1–F4) corresponding to proteins of decreasing solubility. Protein samples were
denatured and separated on SDS-PAGE gel, followed by electrotransfer and blotting as indicated. (D) HT1080 cells grown on glass slides were mock-treated
or treated with 10-nM Cali for 1 h at 37◦C in medium. Cells were pre-extracted or not with Triton X-100 prior to fixation. Then cells were immunostained
with anti-SAF-A primary and appropriate secondary antibodies and the DNA stained with propidium iodide. Scale bar, 20 �m. (E) Dynamics of various
forms of SAF-A-GFP at laser-damaged sites. Images were obtained at 22-s intervals, and fluorescence intensities at the damage sites were quantified. Mean
values of the fluorescence intensities with SEM were calculated from 26, 24, 29 and 16 independent measurements for RBD, WT, dDBD and dRBD forms,
respectively. WT: wild-type SAF-A; RBD-only: SAF-A RNA-binding domain; dDBD: DNA-binding domain deletion; dRBD: RNA-binding domain
deletion.

ure S1F). Beside dimethylated arginine sites, as already de-
scribed (61), no constitutive or induced post-translational
modifications were detected (data not shown). More inter-
estingly, analysis of the co-immunoprecipitated proteins re-
vealed that most of them were involved in transcription and
mRNA processing, in agreement with the RNA-binding
property of the RDB domain (Figure 3A and Supplemen-
tary Table S1). Of note, full-length endogenous SAF-A was
co-precipitated with SAF-A RDB. Among the coprecipi-
tated proteins, FUS/TLS and TAF15/TAFII68 were cho-
sen for further analysis.

First, results of the mass-spectrometry analysis were eval-
uated by western blotting after reciprocal immunoprecipita-
tion of the SAF-A and FUS proteins. As shown in Figure
3B and C, both FUS and TAF15 were coprecipitated with
the SAF-A RBD domain, together with endogenous full-
length SAF-A. In addition, SAF-A and TAF15 were co-
precipitated with FUS, thus validating results of the mass-
spectrometry analysis and suggesting a tripartite complex
of these proteins in cell extracts. Notably, the interaction
between SAF-A, FUS and TAF15 with the SAF-A RBD
was resistant to RNase A and DNAse I treatments (data
not shown).

Second, in nuclei of HT1080 cells stably expressing an
FUS GFP fusion, FUS showed a rapid recruitment at dam-
age sites followed by an exclusion phase, mimicking the
biphasic dynamic observed with SAF-A (Figure 3D and

Supplementary Movie 3). As for SAF-A, PARP inhibition
completely abolished the recruitment of FUS which then
showed only the exclusion phase already detectable 60 s af-
ter irradiation, up to the last time point registered (Figure
3D, +PARPi and Supplementary Movie 4). For TAF15,
immunodetection of the endogenous protein shows also a
biphasic response to laser irradiation with an initial recruit-
ment on laser-irradiated areas labeled by �H2AX, followed
by local exclusion of the protein (Figure 3E).

Third, cell fractionation showed a striking shift of both
TAF15 and FUS proteins from the F4 insoluble fraction
in non-treated cells to the F1 soluble nuclear fraction after
treatment with Cali (Figure 3F), similarly to SAF-A (Figure
2C). As for SAF-A, FUS and TAF15 release from F4 was
dose- and time-dependent (Figure 3F and Supplementary
Figure S1E) and after a 1-h treatment with 10-nM Cali, it
lasted for up to 5 h (Supplementary Figure S1E). In agree-
ment with these results, immunofluorescence staining af-
ter Cali treatment and detergent pre-extraction revealed a
strong reduction in the amount of both FUS and TAF15
proteins present in the chromatin fraction compared to non-
extracted or non-treated cells (Figure 3G and H).

Active transcription is necessary for SAF-A release from the
damaged area

To further characterize how DNA damage impacted on
SAF-A nuclear dynamics, we used FRAP (62). SAF-A-
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Figure 3. Identification of SAF-A RBD partners and analysis of their dynamics in response to DNA damage. (A) Interaction landscape representing pro-
teins reproducibly co-immunoprecipitated with the RBD domain of SAF-A. (B,C) Co-immunoprecipitation analysis in extracts from HT1080 cells stably
expressing FLAG-GFP, SAF-A-RBD-FLAG-GFP or FUS-FLAG-GFP. Immunoprecipitates were loaded on SDS-PAGE gel, followed by electrotransfer
and blotting as indicated. (D) Effect of PARPi (DPQ) on the dynamics of FUS-GFP at laser-damaged sites. Images were obtained at 60-s intervals, and
fluorescence intensities at the damage sites were quantified. Mean values of the fluorescence intensities with SEM were calculated from 30 and 20 inde-
pendent measurements for conditions without and with PARPi, respectively. (E) Analysis by immunofluorescence of endogenous TAF15 and �H2AX 5
and 25 min after laser micro-irradiation in HT1080 cells. (F) HT1080 cells were mock-treated or treated with increase doses of Cali for 1 h, fractionated
as described in the Materials and Methods section, leading to fractions 1–4 (F1–F4). Protein samples from fraction F4 were denatured and separated on
SDS-PAGE gel, followed by electrotransfer and blotting as indicated. (G,H) HT1080 cells grown on glass slides were mock-treated or treated with 10-nM
Cali for 1 h at 37◦C in medium. Cells were pre-extracted or not with Triton X-100 prior to fixation. Then cells were immunostained with anti-FUS (G) or
anti-TAF15 (H) primary and appropriate secondary antibodies and the DNA stained with propidium iodide. Scale bar, 20 �m.
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Figure 4. Effect of transcription inhibition on SAF-A mobility and dy-
namics in response to DNA damage. (A) Effect of DNA damage by cali-
chemicin �1 (Cali) and/or transcription inhibition (actinomycin D) on
FRAP curve for SAFA-GFP. Images were obtained at 487-ms intervals.
The data were normalized to the prebleach fluorescence level. The graph
shows FRAP curves of mean values with SEM of 52, 52, 28 and 52 inde-
pendent fluorescence measurements for conditions with actinomycin D,
actinomycin D + Cali, Cali and no agent, respectively. (B) Effect of a
PARPi (DPQ) and a transcription inhibitor (DRB) on the dynamics of
SAF-A-GFP at laser-damaged sites. Images were obtained at 22-s inter-
vals, and fluorescence intensities at the damage sites were quantified. Mean
values of the fluorescence intensities with SEM were calculated from 12, 14,
17 and 17 independent measurements for conditions without inhibitor and
with DRB, DRB+PARPi and PARPi, respectively. (C) Effect of a PARPi
(DPQ) and a transcription inhibitor (�-amanitin) on the dynamics of SAF-
A-GFP at laser-damaged sites. Images were obtained at 22-s intervals, and
fluorescence intensities at the damage sites were quantified. Mean values of
the fluorescence intensities with SEM were calculated from 12, 17, 17 and
25 independent measurements for conditions without inhibitor and with
�-amanitin, �-amanitin+PARPi and PARPi, respectively.

GFP fluorescence was bleached in a small region of the nu-
cleus and the fluorescence recovery was subsequently moni-
tored by time-lapse microscopy (Figure 4A). When fluores-
cence recovery was monitored in cells treated or not with
Cali, we found that most of the original relative GFP sig-

nal recovered within 1 min. However, fluorescence recovery
was much faster in cells treated with Cali, indicating an in-
creased mobility of SAF-A after DNA damage. Similarly,
when laser micro-irradiation was used as DNA damaging
source, an increased mobility of SAF-A was observed in the
damaged area (Supplementary Figure S2A).

The requirement of the RBD for exclusion post-DNA
damage and the similar pattern of three proteins involved
in RNA metabolism following DNA damage prompted us
to explore the link between SAF-A dynamics and tran-
scription by using transcription inhibitors. First, analysis
of transcription by incorporation of the uridin analog 5-
ethynyl-uridin (EU) into nascent RNA (63) showed that
three different transcription inhibitors, actinomycin D, 5,6-
dichloro-1-beta-ribo-furanosyl benzimidazole (DRB) and
�-amanitin, efficiently inhibited transcription in our cellu-
lar model (Supplementary Figure S2B). Strikingly, FRAP
analysis revealed that SAF-A mobility was significantly
faster in the presence of actinomycin D and not further in-
creased by Cali treatment (Figure 4A; recovery half-time
was determined to be 2.916, 1.912, 1.724 and 1.657 s for
conditions without treatment, and treatment with Cali, acti-
nomycin D or Cali+actinomycin D, respectively). Similar
results were obtained in the presence of DRB (Supple-
mentary Figure S2C). Together, these data indicate that
transcription is necessary to reveal a change in the mobil-
ity of SAF-A in the presence of DNA damage, suggest-
ing that it concerns the protein pool associated with tran-
scription. Thus, we checked the effect of transcription in-
hibitors on SAF-A dynamics after laser irradiation. DRB
or �-amanitin did not prevent SAF-A PAR-dependent re-
cruitment on the irradiated area but prolonged local resi-
dence time, showing that SAF-A recruitment is independent
of transcription (Figure 4B and C). Accordingly, inclusion
of RNaseA during pre-extraction did not affect SAF-A la-
beling on damaged stripes, although it efficiently removed
the control nucleolin protein from nucleoli (Supplementary
Figure S2D and E). In sharp contrast, DRB or �-amanitin
completely abolished the exclusion phase of SAF-A from
the damaged site, as revealed in the presence of PARPi (Fig-
ure 4B and C). Identical results were obtained with acti-
nomycin D (Supplementary Figure S2F). Similarly, FUS-
GFP exclusion from the laser-irradiated area was prevented
by DRB (Supplementary Figure S2G). These data support
that SAF-A and FUS exclusion concerns the pool of pro-
tein engaged in transcribed RNA metabolism.

Phosphatidylinositol 3-kinase-related kinases trigger SAF-A
release from the damaged area

DDR is initiated by activation of the phosphatidylinositol
3-kinase-related kinases (PIKKs) ATM, ATR and DNA-
PK that directly phosphorylate many substrates with a
frequent redundancy (14,20). Therefore, we tested the ef-
fect of inhibition of these kinases on SAF-A exclusion. As
shown in Figure 5A, treating cells with a combination of
inhibitors of the three kinases largely prevented the release
of SAF-A from the irradiated area, whereas single treat-
ments yielded only partial inhibition of SAF-A exclusion
(data not shown). Monitoring transcription through EU in-
corporation in the presence of these kinase inhibitors ex-
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Figure 5. Effect of inhibitors of phosphatidylinositol 3-kinase-related ki-
nases (PIKKs) on SAF-A exclusion from and transcription at laser damage
sites. (A) Dynamics of SAF-A-GFP at laser-damaged sites was measured
in the presence of a PARPi (DPQ) and without or with the combination of
PIKKs inhibitors NU7441 (PKi, DNA-PK inhibitor), KU55933 (ATMi,
ATM inhibitor) and VE821 (ATRi, ATR inhibitor). Images were obtained
at 22-s intervals, and fluorescence intensities at the damage sites were quan-
tified. Mean values of the fluorescence intensities with SEM were calcu-
lated from 16 and 39 independent measurements for conditions without
and with PIKKs inhibitors, respectively. (B) Monitoring transcription fol-
lowing laser irradiation by incorporation of EU in HT1080 cells in the pres-
ence of PARPi (DPQ) and PIKKs inhibitors. Irradiation stripes were vi-
sualized by �H2AX immunostaining (note the strong decrease on PIKKs
inhibition). Scale bar, 20 �m.

cluded a transcription defect at the time of irradiation which
would mimic the DRB- or �-amanitin-mediated inhibition
of SAF-A exclusion (Supplementary Figure S2H). Local
transcription inhibition at endonuclease- or laser-induced
DSB sites has been previously published (11–13). Since we
observed that indeed de novo incorporation of EU was in-
hibited at damaged sites after laser irradiation (Figure 5B),
a possibility was that exclusion of SAF-A may be a readout
of local damage-induced reduction of transcription. How-
ever, we found that transcription was still inhibited despite
inhibition of PIKKs, clearly indicating that SAF-A exclu-
sion is uncoupled from transcription inhibition at damage
sites (Figure 5B).

A mechanism antagonizing R-loop formation after DNA
damage

Various abnormal transcription conditions from bacteria
to mammals have been shown to promote interactions
between the nascent RNA and template DNA (R-loops)

which are prone to genomic instability (29–30,33). Thus,
we checked whether there was a link between SAF-A dy-
namics post-damage and R-loop formation. Although we
could visualize a faint staining at laser tracks by immunoflu-
orescence with the DNA–RNA hybrid-specific monoclonal
antibody S9.6 (64), the high background precluded a fine
analysis (S. Britton, C. Delteil and P. Calsou, unpublished
data). Therefore, we established an HT1080 cell line ex-
pressing the D10R E48R mutant of E. coli RNaseHI, fused
to the mCherry fluorescent protein. This mutant RNaseHI
displays a high affinity for RNA:DNA hybrids but is cat-
alytically inactive (65). Laser micro-irradiation induced a
recruitment of mutant RNaseHI at site of DNA damage,
as shown by live-cell imaging (Figure 6A). This transient
recruitment was enhanced upon PARP inhibition, indicat-
ing that, contrarily to SAF-A, FUS or TAF15, mutant
RNaseHI recruitment at the irradiated site was not de-
pendent on PARP activity (Figure 6B). Consistent with
the idea that this recruitment reflects the transcription-
dependent accumulation of R-loops at site of damage, mu-
tant RNaseHI recruitment was abolished by actinomycin
D treatment (Figure 6B). FRAP experiments performed on
cells treated or not with actinomycin D showed an identi-
cal mobility of mutant RNaseHI under both conditions,
ruling out that a side effect of actinomycin D on the pro-
tein mobility could account for these results (Supplemen-
tary Figure S3A). To further establish that recruitment of
mutant RNaseHI reflects R-loops at damage sites, we used
diospyrin D1. This natural compound has been shown to
interfere with the assembly of the spliceosome (66) and
thereby to induce replication defects and genomic instabil-
ity that rely on R-loop production (67,68). Notably, mutant
RNaseHI recruitment was strongly enhanced in the pres-
ence of diospyrin D1 (Supplementary Figure S3B).

If there was a link between R-loops and SAF-A dy-
namics, R-loop levels may affect SAF-A behavior and vice
versa. Strikingly, combined PIKK inhibitors that largely
blocked release of SAF-A from the damage site after laser
irradiation (Figure 5A) induced a prolonged local mutant
RNaseHI recruitment (Figure 6B). Moreover, cell treat-
ment with diospyrin D1 negatively impacted on SAF-A ex-
clusion post-laser irradiation (Supplementary Figure S3C
and D).

Inactive RNaseHI could itself interfere with resolution
of laser-induced RNA:DNA hybrids. Therefore, we estab-
lished and selected inducible constructs for equal level of
expression of wt or mutated RNaseHI in U2OS cells (Fig-
ure 6C) and analyzed their dynamics at laser-damaged sites
(Figure 6D). Similar to data in HT1080 cells, PARP in-
hibition enhanced the recruitment of either WT or mu-
tant RNaseHI, confirming that it was not PARP mediated.
Strikingly, the recruitment of mutant RNaseHI was con-
stantly stronger than that of WT RNaseHI; indeed, WT
RNaseHI accumulation at laser-induced damage was barely
detectable without PARPi and, with PARPi, remained at a
level still below that of mutant RNaseHI without PARPi
(Figure 6D). These data further argue for the presence of
R-loops at laser-damaged sites, the resolution of which
might be helped by WT RNaseHI and impaired by mutant
RNaseHI.
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Figure 6. (A) Colocalization of mutant RNaseHI and �H2AX at stripes of laser damage 1 min after micro-irradiation in HT1080 cells. Scale bar, 20
�m. (B) Dynamics of mutant RNaseHI at laser-damaged sites in HT1080 cells was measured in the presence of a combination of PARPi (DPQ), PIKKs
inhibitors and transcription inhibitor (actinomycin D) as indicated. Images were obtained at 22-s intervals, and fluorescence intensities at the damage sites
were quantified. Mean values of the fluorescence intensities with SEM were calculated from 48, 35, 47 and 31 independent measurements for conditions
with no agent, PARPi (DPQ), PARPi and PIKKs inhibitors (PARPi/ATMi/PKi/ATRi) and the combination of PARPi, PIKKs and transcription in-
hibitors (PARPi/ATMi/PKi/ATRi+ actinomycin D), respectively. (C) Analysis by western blot of the kinetics of expression of mCherry (Ctrl, control)
and mCherry-wild-type (WT) or mutant (Mut) RNaseHI in U2OS cells treated with doxycycline for 24 h. Ku80 is used as loading control. (D) Dynamics of
WT or mutant RNaseHI at laser-damaged sites was measured in the presence or not of PARPi (DPQ) as indicated, in U2OS cells pretreated with doxy for
20 h. Images were obtained at 7.75-s intervals, and fluorescence intensities at the damage sites were quantified. Mean values of the fluorescence intensities
with SEM were calculated from 23, 15, 25 and 10 independent measurements for conditions with mutant RNaseHI + PARPi, mutant RNaseHI, WT
RNaseHI + PARPi and WT RNaseHI, respectively. (E) Exponentially growing HT1080 cells expressing mutant RNaseHI or mCherry as control (Ctrl)
were exposed to the indicated dose of X-rays. Surviving cell population was measured after 5 days by cell staining. Each point represents the mean of six
experiments ± SD. (F) U2OS cells containing a construct for inducible expression of mutant RNaseHI or mCherry as control (Ctrl) were preincubated or
not with doxycycline for 16 h (+Dox) and then irradiated with the indicated dose of X-rays. Cell viability was measured after 6 days with the MTT assay.
Each point represents the mean of four experiments ± SD.
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Finally, we tested whether interfering with R-loops reso-
lution following DNA damage would impact cell survival.
We used our two different human cell models (HT1080 and
U2OS cell lines) for RNaseH overexpression. Despite sev-
eral attempts, we could not assess the consequence of an
overexpression of active RNaseHI on cell survival to IR due
to the intrinsic cellular toxicity of an excess of this activ-
ity, as already reported in yeast (28). Nevertheless and as
shown in Figure 6E and F, we found that overproduction
of a catalytically inactive RNaseHI, which likely interfered
with R-loops resolution as shown above, induced a signifi-
cant radiosensitization in two different human cell models.

DISCUSSION

Our results point out two independent aspects of the in-
volvement of a set of RBPs in DDR. First, we report the
PAR-dependent recruitment of several RBPs to DNA dam-
age sites and second, we characterize the exclusion of this
set of RNA-binding proteins from the damaged areas. Ad-
ditionally, we propose that exclusion relies on a local mech-
anism counteracting deleterious effects of R-loops.

Recruitment of RBPs to DNA damage areas

We observed that SAF-A, FUS and TAF15 were recruited
to laser-irradiated areas in a PAR-dependent manner. We
also observed an RNAse-resistant and PAR-dependent
fraction of endogenous SAF-A in chromatin soon after
H2O2 treatment (S. Britton and P. Calsou, unpublished re-
sults). Accordingly, in a large-scale analysis in human cells
of PAR-binding proteins following treatment with a DNA
alkylating agent, FUS and SAF-A were identified among
proteins exhibiting the highest recruitment score upon 5-
min exposure (69). Several RBPs including FUS were pre-
viously reported to be recruited on damaged DNA areas in
a PAR-dependent manner (19,21–25). Interestingly, several
of these proteins were isolated here by mass spectrometry
in a complex with the carboxy-terminal domain of SAF-
A (Supplementary Figure S1G). Furthermore, in addition
to TAF15 and FUS as shown here, EWSR1, the third mem-
ber of the TET family of RBPs, was very recently reported
to be recruited at laser-damaged sites in a PAR-dependent
manner (23).

We report a direct binding of the carboxy-terminal RBD
of SAF-A to PAR in vitro. In addition, we showed that dele-
tion of this domain abrogated SAF-A recruitment while,
conversely, this domain alone was sufficient for recruitment
to damaged DNA sites. This suggests that a direct interac-
tion with PAR may at least contribute to SAF-A recruit-
ment to PAR-enriched areas following DNA damage. In-
deed, hnRNPs have been previously identified as a family
of PAR-binding proteins (70). The characterization of the
interaction of the SAF-A RNA-binding region with PAR is
consistent with other studies on ASF/SF2 (71), hnRNPA1
(70), NONO (25) and FUS (23,24). Together, these results
may indicate a more general trend for an affinity of RNA-
binding motifs for PAR which may deserve further explo-
ration.

Function of RBPs recruited at DNA damage sites

Given that PAR shares biochemical properties with nucleic
acids, the potential competition for the same protein do-
main between RNA and PAR may serve biological pur-
poses in the DDR for a subset of RBPs. For example, PAR
binding to the splicing factor ASF/SF2 has been shown
to regulate RNA splicing (71). Also, the mobilization of
these proteins via PAR in close vicinity to PARP activ-
ity may favor their poly(ADP-ribosyl)ation and therefore
may regulate their function in RNA metabolism. Indeed,
poly(ADP-ribosyl)ation of hnRNPs in Drosophila modu-
lates their RNA-binding ability and splicing function (72).
Since SAF-A is a major regulator of alternative splicing
(46), its PAR binding and possibly PAR-modification may
contribute to the global change in splicing observed un-
der stress conditions, including DNA damage (73). Indeed,
EWSR1 that is also recruited to laser-damaged sites (23) is
a key player in the regulation of alternative splicing follow-
ing DNA damage (74,75). More generally, the recruitment
onto PAR at sites of DNA damage of proteins involved in
RNA biogenesis may regulate the balance between their role
in RNA metabolism and a function in DDR and/or DNA
repair (21–23,25,76–78). In that view, one repair function
of SAF-A could rely on interaction with and stimulation of
NEIL2, which has been shown to be particularly relevant to
repair of oxidized base damage in transcribed genes (79).

Independent recruitment and exclusion of RBPs at DNA
damage sites

We observed a biphasic dynamics of SAF-A, FUS and
TAF15 after laser micro-irradiation, with a transient re-
cruitment, as discussed above followed by a prolonged ex-
clusion from the damaged chromatin areas. Despite requir-
ing the same domain of SAF-A, several lines of evidence in-
dicate that both phases are independent. First, SAF-A and
FUS were excluded but not recruited upon PARP inhibition
while they were recruited but no more excluded upon tran-
scription inhibition. Second, the recruitment was enhanced
and prolonged upon inhibition of the exclusion phase and
conversely, the exclusion was detectable earlier upon inhi-
bition of the recruitment phase, arguing for independent
events superimposed under normal conditions. Third, the
fraction of SAF-A recruited was not sensitive to RNaseA
and preserved upon transcription inhibition while the exclu-
sion concerned a fraction of SAF-A engaged in transcrip-
tion. Fourth, the recruitment relied on PARP activity while
exclusion depended on PIKKs. Notably, phosphorylation
of the major DNA-PK target site in SAF-A that we iden-
tified previously (36) was not necessary for exclusion since
a non-phosphorylatable mutant of SAF-A on this site was
still excluded (data not shown). SAF-A is highly abundant
(estimate 2 × 106 copies per nucleus) of which about half
is soluble and half insoluble (57). Independent recruitment
and exclusion post-DNA-damage most probably reflect dif-
ferential effects of DNA damage on the two pools of SAF-
A, the soluble fraction being recruited while the insoluble,
mostly transcription-linked fraction was excluded. Interest-
ingly this behavior is reminiscent of the independent exclu-
sion and recruitment phases reported for hnRPUL1 which
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were similarly attributed to two protein pools (21,22). Fi-
nally, SAF-A protein mobilization to and from DNA dam-
age sites both rely on its RNA binding domain. This sus-
tains the notion that these responses may be mutually exclu-
sive according to whether this domain is engaged in RNA
transactions or not.

PIKKs-dependent exclusion of RBPs from damaged chro-
matin

Regarding SAF-A, TAF15 and FUS long-lasting exclusion
from chromatin mediated by DNA damage as observed
here, it was confined to sites of laser irradiation but was not
limited to laser-induced DNA damage. Indeed, it was re-
produced with the radiomimetic molecule Cali as shown by
FRAP experiments, western blotting of the chromatin frac-
tion and immunofluorescence after in situ cell extraction.
Protein exclusion was immediate post-damage and pro-
longed up to several hours. Several data argue against a pro-
tein degradation as the basis of exclusion. First, exclusion
persisted upon proteasome inhibition. Second, in laser ir-
radiation experiments, SAF-A-GFP was redistributed from
the irradiation sites to non-irradiated areas. Third, in west-
ern blot experiments, the fraction of endogenous SAF-A
lost from chromatin accumulated in the supernatant with-
out massive loss of overall protein amount.

Our FRAP experiments in the laser-damaged areas or
in cells damaged with Cali showed that exclusion corre-
sponded to a DNA damage-induced solubilization of the
proteins otherwise attached to chromatin. Since after ex-
clusion, SAF-A mobility as detected by FRAP mostly su-
perimposed with the one obtained upon transcription in-
hibition, this strongly supports that exclusion concerns the
RNA-associated pool of SAF-A. Indeed, exclusion of SAF-
A and FUS was abolished upon transcription inhibition.
Notably, RNA Pol II was not excluded from chromatin
damaged with laser or Cali.

In addition to FUS and TAF15, several RBPs or pro-
teins involved in RNA metabolism that we identified here
in SAF-A co-precipitates were recently reported to exhibit
a similar rapid and prolonged exclusion from laser-micro-
irradiated sites distinct from protein degradation (Sup-
plementary Figure S1G); these include hnRPUL1 (21),
THRAP3 and BCLAF1 (20), hnRNPC (together with hn-
RNPK and RBMX/hnRNPG) (19). We observed that a
combination of DDR PIKK inhibitors largely prevented
SAF-A exclusion from the laser-damaged sites. Interest-
ingly, Beli et al. also found that combined inhibition of
PIKKs impaired THRAP3 localized exclusion after laser
irradiation (20). Moreover, like for SAF-A as shown here,
deletion of the RBD of hnRPUL1 and THRAP3 was re-
ported to impair exclusion from the DNA damage regions
(20,21). Together, these data likely uncover a general phe-
nomenon in the DDR concerning the PIKK-dependent ex-
clusion of a whole RBP complex but not RNA Pol II from
damaged transcription areas.

A PIKKs-dependent anti-R-loop mechanism as a new compo-
nent of the DDR

We report conditions (PIKK inhibition) under which ex-
clusion of the RBPs SAF-A and FUS was prevented while

RNA synthesis was still inhibited at damaged sites. This un-
coupling between RBP exclusion and transcription arrest
at DNA damage sites suggests that rather than reflecting
damage-induced transcription arrest, exclusion accompa-
nies a specialized mechanism mediated by DNA damage
and leading to destabilization of ribonucleoprotein com-
plexes (RNPCs). Moreover, we provide evidence that this
localized post-damage destabilization of RNPCs is linked
to R-loop avoidance. First, when an inactive form of bacte-
rial RNaseHI was used as R-loop reporter in cells, a strong
but transient recruitment at laser micro-irradiation tracks
was observed, which was strictly dependent on transcrip-
tion and enhanced under conditions favoring R-loop pro-
duction (diospyrin D1). Second, the active form of the bac-
terial enzyme was less and more transiently recruited at
laser damage sites when compared to the inactive RNaseHI.
Third, recruitment of inactive RNaseHI at damage sites
was significantly prolonged under PIKK inhibition that
prevented RNPC destabilization and, conversely, R-loop
overproduction negatively impacted on RNPC exclusion.
Fourth, overproduction of catalytically dead RNaseHI in
human cells negatively impacted on cell survival to IR, al-
though we cannot rule out an indirect effect. Collectively,
these data support that R-loops are produced upon DNA
damage at transcription sites. If improperly resolved, they
impair cell survival possibly by promoting genome instabil-
ity.

Laser irradiation or radiomimetics produce nicks in
DNA. Thus, R-loop occurrence following DNA damage
may rely on the fact that nicks in the non-template strand
greatly favor hybridization between the RNA transcript and
the template DNA strand (80,81). Alternatively, damage-
dependent inhibition of DNA topoisomerase I (82) may
also be R-loop-prone. Nevertheless, the precise mechanism
of R-loop formation following DNA damage deserves fur-
ther investigations.

The mechanism removing R-loops secondary to DNA
damage may be necessary in transcribed regions to en-
sure cell viability, as supported by our data, and to pre-
vent genome instability, as described under other conditions
(29,30,33,34). It is therefore a critical and new component
of the DDR. We report that PIKKs are implicated in this
mechanism. Although PiKKs have previously been impli-
cated in splicing regulation following DNA damage (83,84),
their precise function in R-loop removal and whether this
removal relies on RNA degradation or active release remain
to be established. A simple explanation could be the activa-
tion of endogenous RNaseH activity or of a dedicated heli-
case or nuclease through PIKK-mediated phosphorylation
or PIKK-dependent chromatin remodeling. Nevertheless,
our results uncover a bimodal response to DNA damage of
a set of proteins involved in RNA biogenesis which empha-
sizes a complex intrication between RNA metabolism and
the DDR that deserves further investigation.
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