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SUMMARY
PARP-1 activation at DNA damage sites leads to the synthesis of long poly(ADP-ribose) (PAR) chains, which
serve as a signal for DNA repair. Here we show that FUS, an RNA-binding protein, is specifically directed to
PAR through its RNA recognition motif (RRM) to increase PAR synthesis by PARP-1 in HeLa cells after gen-
otoxic stress. Using a structural approach, we also identify specific residues located in the FUS RRM, which
can be PARylated by PARP-1 to control the level of PAR synthesis. Based on the results of this work, we pro-
pose a model in which, following a transcriptional arrest that releases FUS from nascent mRNA, FUS can be
recruited by PARP-1 activated by DNA damage to stimulate PAR synthesis. We anticipate that this model
offers new perspectives to understand the role of FET proteins in cancers and in certain neurodegenerative
diseases such as amyotrophic lateral sclerosis.
INTRODUCTION

In cells, DNA insults need to be fixed continuously.1,2 In the case

of single-strand breaks, two abundant enzymes of the PARP

family, PARP-1 and PARP-2, quickly recognize DNA damage

sites. Within seconds, once positioned on DNA breaks,

PARP-1 and PARP-2 synthesize poly(ADP-ribose) (PAR) using

NAD+ as a substrate. PARP-1 and, to a lesser extent, PARP-2

account for most of the PAR synthesis in the nucleus. PAR is a

long, negatively charged sugar-phosphate chain covalently

attached to an acceptor protein.3,4 Acceptor proteins include

PARP-1 itself, histones, DNA repair factors, or other proteins

located in the vicinity of the PARP catalytic domain. Many roles

have been attributed to PAR, such as opening the chromatin by

displacing histones to facilitate DNA repair5,6 and recruiting DNA

repair factors.7,8 Long PAR chains have a very short life, from

seconds to minutes, because poly(ADP-ribose) glycohydrolase

(PARG) rapidly hydrolyzes PAR.3 The hydrolysis of PAR is impor-

tant to release DNA repair factors after DNA damage repair.

During PARP-1 activation, many recruited protein factors have

already been identified from large-scale analyses. Either their

affinity for PAR (PAR reader)9 or their PARylation (PAR

acceptor)10–13 has been used for this purpose. The identified

proteins include DNA repair factors such as XRCC1, whose

PAR binding domain is known,14 but also proteins whose link

with DNA repair is less clear. Among them, RNA-binding proteins

(RBPs) provide a possible link between transcription and DNA
This is an open access article und
repair when DNA damages halt mRNA transcriptions.15 Some

RBPs interact with RNA polymerase II16,17 to potentially regulate

the transcription status. RNA-binding proteins also have the abil-

ity to form liquid-like condensates via their low-complexity

domains.18,19 Therefore, RBPs could stimulate the compartmen-

talization of DNA repair sites to allow the recruitment of DNA

repair factors. In addition, RBPs can also recruit RNA, notably

non-coding RNA, which may also play a role in DNA repair.20,21

In this context, the role of many RBPs in DNA repair has

already been investigated, such as for TDP-43,22 FUS,23–26

HuR,27 and NONO.28 However, if we consider PARP-dependent

DNA repair, members of the FET family, FUS, TAF15, and

EWSR1, occupy a central position. FET proteins were repeat-

edly identified in independent large-scale analyses of PARylated

proteins.10,12 They are also rapidly recruited at DNA damage

sites after laser beam damage.29,30 Accordingly, FET proteins

were identified as PAR readers.31,32 Such accumulation of

experimental evidence is not shared by most RBPs, such as

TDP-43, HuR, and NONO. The present study is centered on

FUS, which has an even closer link with neurodegenerative dis-

eases than TAF-15 and EWSR1. Many pathological mutations

were indeed identified in FUS.33 FUS is also frequently detected

in the cytoplasmic inclusions in neurons of amyotrophic lateral

sclerosis (ALS) patients.33 The interaction between FUS and

PAR is mainly orchestrated by its unstructured arginine-

glycine-rich (RGG) domains.31,34 In addition, FUS N-terminal

domain is composed of repetitive self-adhesive sequences of
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Figure 1. PARP-1 preferentially interacts and mixes with FUS in cells, and PARP-1-mediated PAR synthesis prevents aberrant FUS self-

assemblies after transcription inhibition

(A) PARylation among the 1,542 knownRNA-binding proteins after cell exposure to hydrogen peroxide. Upper panel: proportion of RBPsPARylated. Lower panel:

overlap between the RBPs identified as PARylated from the two indicated independent studies. List of PARylated RBPs in common and PAR readers is given.

(B) Principle of the microtubule bench assay used to measure the mixing/demixing score of two different proteins. The analysis of their respective fluorescence

shows a mixing of PARP-1 with FUS but not with TDP-43. MBD, microtubule-binding domain. Scale bar: 5 mm.

(C) Mixing scores for different pairs of proteins with an automated pipeline. Upper panel: mixing score of different RBP-PARP-1 wild types and RBP-PARP-1

(K893I), a PARylation-defective mutant. Lower panel: mixing score of FUS-FUS and FUS- DNA repair factors interactions. Each dot is the result of single-cell

analysis in a single well (see Figure S1 for details).

(legend continued on next page)
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QGSY residues. Together with the RGG domains, the QGSY

domain promotes the formation of liquid-like condensates with

increased efficiency in the presence of PAR31,32,35 and RNA.36

FUS has also been shown to be recruited to DNA damage sites

after PARP-1 activation to form PARG-reversible DNA damage-

enriched compartments.37 Furthermore, the involvement of FUS

in the repair of different types of DNA damage has also been

largely documented.23–26,38 Therefore, a possible link between

DNA repair deregulation and neurodegenerative mechanisms

was proposed.23,39

Several questions remain, however, unanswered about the

biological functions of FUS in PARP-1-dependent DNA repair

mechanisms. Hints may be found in the differences between

FUS and other RBPs regarding their role in RNA processing.

Interestingly, in RNA cross-linking and immunoprecipitation

(CLIP) profiles, FUS but also TAF15 bind to introns with a limited

sequence specificity compared, for example, to U2AF65 and

TDP-43.40,41 FUS CLIP profile also displays a typical saw-tooth

pattern,40,41 which indicates that FUS preferentially binds to

nascent mRNA during transcription. As most DNA damages

occur in open, transcriptionally active chromatin,42–44 FUS can

rapidly shuttle from nascent mRNAs to DNA damage sites.

Another question is how FUS could interact specifically with

PAR in cells. Indeed, other RBPs that bear repeats of RG-,

RGG-, or SR- and KR-rich residues could bind to PAR as well

as FUS.32

Here, using a structural approach, we demonstrated that FUS

RNA recognition motif (RRM) interacts specifically with protein-

free PAR. The RRM of FUS lacks several aromatic residues

that generally interact with RNA bases,45,46 which leads to its

similar interaction with RNA and PAR. We also found that FUS

can significantly increase the level of PARylation in HeLa cells

exposed tomild concentrations of hydrogen peroxide. Hydrogen

peroxide is an oxidative stress agent known to generate rapidly

repairable DNA breaks, which strongly activates PARP-1.47 In

agreement with a link between transcription and DNA repair,48,49

stalling transcription significantly increases the capacity of FUS

to increase PAR level in HeLa cells exposed to hydrogen

peroxide. We also show that certain FUS RRM residues previ-

ously identified as PARylated12 control the auto-PARylation of

PARP-1 in vitro and the level of PARP-1 activity in cells. FUS

PARylation by PARP-1 may thus provide an additional layer of

DNA repair regulation.

Altogether the data presented point toward the following

notion. The known dynamical50 and unspecific binding of FUS

to nascent mRNA40 allows it to be located in close proximity

to open, transcriptionally active chromatin.40 Upon DNA breaks,

mRNA transcription is locally halted.51 Then, FUS is released

from nascent mRNAs to be directed to activated PARP-1 at

DNA damage sites owing to its interaction with PAR regulated

by its RRM. At DNA damage sites, FUS increases PAR levels,

which should promote the formation of liquid-like compart-
(D) Upper panel: representative immunofluorescence images of HeLa cells and

hibition (ActD, 5 mg/mL, 1 h) and/or PARP-1 inhibition (olaparib, 2 mM, 1 h). mRN

shows the presence of FUS condensates after simultaneous inhibition of transc

tification of the number of condensates per nucleus or FUS enrichment in nuclear c

against indicated proteins and under indicated conditions. **p < 0.01, paired t te
ments and the recruitment of additional acceptor proteins for

PARylation, including FUS itself. These results provide the basis

for better understanding the specific role of FET proteins in

PARP-1-related DNA repair mechanisms and the role of FET

proteins in cancers and neurodegenerative diseases such

as ALS.

RESULTS

FUS is commonly identified as PARylated
During genotoxic stress, PARylation preferentially takes place on

charged residues, Glu, Asp, Lys,10,12 or Ser residues whose

PARylation is promoted in the presence of histone PARylation

factor 1 (HPF1).52 We consider two unbiased studies that used

hydrogen peroxide to activate PARP-1.11,12 DNA damages

generated by hydrogen peroxide are rapidly repaired, in contrast

with dimethyl sulfate, an alkylating agent, also used to activate

PARP-1 in cells.47 Among the 1,542 proteins previously identi-

fied as partners of RNA in human cells,53 only 17 of them were

detected to be PARylated in the two large-scale studies consid-

ered here11,12 (Figure 1A; Table S2). Out of these 17 proteins,

there are two FET proteins, TAF15 and FUS. Since many PARy-

lated proteins are themselves PAR readers, it is not surprising

that a large majority of the PARylated RBPs are considered as

PAR readers (13 out of 17), including TAF15 and FUS. In addition

to their presence in this short list of RBPs interacting with

PARP-1, FUS is one of the first proteins to be recruited via

PARP-1 activation at DNA damage sites.25,30

FUS interacts with PARylated PARP-1 in cells
In view of the link between FUS and PARP-1, we explored the

probability of formation of compartments in which PARP-1 and

FUS would be mixed. For this, we used the microtubule bench

assay.54,55 Briefly, two different RFP- or GFP-labeled proteins

are brought onto microtubules thanks to a fusion with a microtu-

bule-binding domain (MBD). Their mixing score is thenmeasured

by automatically recording the relative fluorescence of the two

proteins along the microtubules with an automatic high-content

screening (HCS) imager operating in confocal mode at high res-

olution to obtain robust data (Figures 1B, S1A, and S1B). When

RBPs are confined along microtubules, they can form compart-

ments through their self-adhesive low-complexity domains but

also throughmRNA, which can be used as scaffold for higher-or-

der assemblies of RBPs.54 Our results obtained by confining

PARP-1 and different RBPs (FUS, TAF15, EWSR1, SAM68,

TDP-43, HuR, G3BP1) on microtubules show that PARP-1 mixes

much better with FUS than with TDP-43 and HuR, two other

RBPs that are not listed as particularly PARylated proteins

(Figures 1C, S1C, and S2B). In fact, all three FET proteins mix

pretty well with PARP-1 compared to non-FET RBPs, most prob-

ably, because PARP-1 is activated on microtubules. It has

already been shown that PARP-1 can be activated by nuclear
nuclear distribution of FUS, TDP-43, HuR, and PARP-1 after transcription in-

A was not detected in FUS condensates (Figure S4A). Zoom in on the nucleus

ription and PARP-1 activity. Scale bars: 20 mm and 8 mm. Lower panel: quan-

ondensates versus nucleoplasm automatically detected with antibodies raised

st; n.s., non-significant.
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small nucleolar RNA 56 in vivo and RNA oligonucleotides

in vitro.57 We then devised that it may also be the case with cyto-

plasmic RNA. In agreement with this hypothesis, we detected

the presence of PAR on microtubules when PARP-1 is brought

onto microtubules but not in control cells (Figure S1D). Further-

more, a PARylation-defective PARP-1 mutant (K893I) poorly

mixes with FUS in contrast with wild-type PARP-1 (Figure 1C).

To further probe the relevance of our results, we also measured

the mixing of FUS with itself, PARP-1, and other DNA repair fac-

tors, including apurinic/apyrimidinic endonuclease 1 (APE1),

DNA ligase 1 (LIG1), X-ray repair cross complementing 1

(XRCC1), and DNA topoisomerase I (TOP1). The results of the

microtubule bench assay show a strong mixing of FUS with itself

but also with PARP-1 and XRCC1 (Figures 1C, S1C, and S2A).

On the other hand, a marked demixing was observed with

APE1, LIG1, and TOP1. FUS, therefore, seems to have a partic-

ular miscibility for PARP-1 but also XRCC1, in keeping with the

reported interaction between XRCC1 and FUS.24

To obtain cellular data independently of themicrotubule bench

assay, we tested PARP-1-FUS interaction by measuring the co-

localization between endogenous PARP-1 and FUS in the nu-

cleus using a PLA assay (proximity ligation assay; Figure S3A).

Our results indicate that FUS and PARP-1 are close to each other

in the nucleus. The occurrence of this spatial proximity is,

however, more pronounced when cells are treated with H2O2

to activate PARP-1. As cell pretreatment with olaparib, a

PARP-1 inhibitor, together with H2O2 (Figure S3A) significantly

decreases the colocalization between PARP-1 and FUS, we infer

that PARP-1 and FUS are in close proximity thanks to PAR syn-

thesized by PARP-1. We also noticed that PARP-1 interacts with

FUS even in the absence of oxidative stress, which could be due

to basal PARylation of PARP-1 under physiological conditions.58

PAR prevents aberrant FUS self-assemblies in the
nucleus after transcription inhibition
RNA is a major factor in limiting the aberrant formation of liquid

phases of FUS in the nucleus.19 We then inhibited transcription

with actinomycin D (ActD) for 1 h to release FUS from nascent

mRNA but observed no visible changes. Endogenous FUS re-

mained homogeneously distributed (Figure 1D). We then also in-

hibited the synthesis of PAR by PARP-1 with olaparib. While ola-

parib alone does not generate any change in the spatial

distribution of FUS, the simultaneous inhibition of PARylation

and transcription generates the appearance of FUS-rich nuclear

granules. The same results were obtained with two different anti-

FUS antibodies (Figure 1D). In addition, the presence of similar

granules was not observed with TDP-43 and HuR. In agreement

with the dissociation of FUS from nascent mRNAs after tran-

scription inhibition, mRNA was not present in the FUS granules

(Figure S4A). The formation of FUS nuclear granules could there-

fore result from the presence of mRNA- and PAR-free FUS.

HA-FUS expression increases the PAR level in H2O2-
treated cells in a transcription-dependent manner
Since there is a specific link between FUS and PARP-1

(Figures 1C and 1D), we then asked whether FUS may regulate

PARP-1 activity in response to genotoxic stress. The point is

that PAR readers are also potent acceptor proteins themselves.
4 Cell Reports 42, 113199, October 31, 2023
We devised that the presence of acceptor proteins may control

the PAR level in cells.59 To address this point, HeLa cells treated

with siNeg or FUS siRNA (siFUS) were exposed to H2O2 for

15 min. This short-time exposure is sufficient to generate PAR

synthesis in cells (Figure 2A). Using an HCS imager, we indeed

detected a significant increase of PAR levels in the nuclei of

H2O2-treated cells (Figure 2A). In addition, nuclear PAR synthe-

sis no longer increased when HeLa cells were treated with

H2O2 and a PARP inhibitor, olaparib. However, no difference in

the overall PAR level was detected by comparing siFUS- with si-

Neg-treated in cells exposed to H2O2 (Figures 2A, S4B, and

S4D). We suggested that compensatory regulation among FET

proteins may hinder the putative role of FUS in regulating

PARP-1 activity.

Indeed, reducing the expression of FUS changes the expres-

sion of other RBPs, notably TAF15,41,60 which potentially can

substitute FUS in the network of proteins interacting with

PARP-1 (Figure 1A). As we cannot silence the expression of all

FET proteins without dramatically interfering with cellular func-

tions, we decided to overexpress HA-tagged FUS in HeLa cells.

Interestingly, a significant increase in nuclear PAR level was de-

tected in HA-FUS-expressing cells treatedwith H2O2 (Figure 2C).

This pattern was not detected in HA-HuR- or HA-TDP-43-ex-

pressing cells and with the same window of nuclear HA expres-

sion at the single-cell level (Figures 2B and 2C), the nuclear

overexpression of HA-RBP corresponds in average to that of

endogenous FUS in the cell selected for the analysis (Fig-

ure S4C). An increased PAR level in HA-FUS-expressing cells

is also observed at different time points after H2O2 treatment

(Figure S5C). Importantly, when transcription is blocked with

ActD, the level of nuclear PAR increases significantly in HeLa

cells expressing HA-FUS but not HA-HuR or HA-TDP-43

(Figures 2B and 2C). In addition, the relative increase of PAR level

in HA-FUS-expressing cells is more significant with 100 mM than

with 300 mMof H2O2 (Figures 2C, S5A and S5B). FUS thus better

contributes to PAR levels when DNA is not too extensively

damaged. Finally, we observed that cells expressing HA-FUS,

as well as control cells, do not display increased levels of DNA

damages (Figure S5D).

Inhibiting mRNA transcription increases PAR level in
HA-FUS-expressing cells
To better understand the mechanism behind the dramatic in-

crease of nuclear PAR level in HA-FUS-expressing cells under

ActD/H2O2 treatment (Figure 2C), we measured PAR levels after

different times of ActD pretreatments (Figure S6). The increase of

PAR level is more pronounced when HA-FUS-expressing cells

were treated for at least 45 min with ActD before H2O2, which

may correspond to the time required for releasing FUS from its

mRNA targets after transcription inhibition (Figures S6A and

S6C). Consistently, the nucleocytoplasmic shuttling of mRNA-

binding proteins such as FUS, TDP-43, and HuR, which relies

on their binding to nuclear mRNAs,61 occurs after ActD treat-

ment (Figure S6B).

To explore the link between RNA transcription and PAR syn-

thesis in HA-FUS-expressing cells, we detected the incorpora-

tion of 5-bromouridine (BrU) into RNA at the single-cell level.

We found that the concentrations of H2O2 (100–300 mM) indeed



Figure 2. Overexpression of FUS increases nuclear PAR level, and recombinant FUS is highly PARylated by PARP-1 in vitro

(A) Left panel: scatterplot showing the level of nuclear PAR synthesis versus FUS expression level at the single-cell level in control and HeLa cells transfected with

siFUS without or with H2O2treatment (300 mM, 15 min). Middle panel: representative immunofluorescence images under indicated treatments and antibodies.

Scale bar: 25 mm. Right panel: violin plots representing the relative increase in nuclear PAR synthesis in control and cells transfected with siFUS under indicated

treatment conditions. n.s., non-significant.

(B) Left panel: nuclear PAR level expressing HA-FUS treated with actinomycin D (ActD, 5 mg/mL, 1 h) or ActD and then H2O2 (100 mM, 30 min). Right panel:

representative immunofluorescence images of cells expressing HA-tagged FUS, TDP-43, or HuR and exposed to ActD andH2O2with anti-PAR/MAR and anti-HA

antibodies. Scale bars: 25 mm or 50 mm.

(C) The relative increase in nuclear PAR level expressing HA-RBP versus control cells under indicated treatment conditions.

(D) Western blot analyses of protein PARylation of free fractions obtained from HEK293 cells transfected with siFUS or overexpressing HA-FUS and exposed to

H2O2 (200 mM, 30min) in the absence or presence of olaparib (2 mM, 1 h). Upper gel: antibodies for HA-tag and indicated proteinswere used. Lower gel: antibodies

to PAR/MAR were used. Note the overall increase in PAR level in HA-FUS-expressing cells.

(E) Upper panels: kinetics of PARP-1 and FUS PARylation in vitro at different FUS:PARP-1 concentration ratios. The overall PARylation levels of PARP-1 and FUS

(upper panel) and FUS/PARP-1 PARylation ratio (lower panel) were measured from the bands presented on the gels (Figure S15.) The histogram presents the

means ± SD of three independent experiments. Lower panel: PARP-1 auto-PARylation and FUS trans-PARylation detected by SDS-PAGE and subsequent

phosphorimaging. Increasing FUS:PARP-1 ratios from left to right (see Figures S14 and S15 for details).
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progressively decrease but do not totally suppress transcription

in cells (Figure S7B). In addition, moderate H2O2 concentrations

(%300 mM) did not cause major cell death (Figure S7A).

As ActD blocks both RNApolymerase I and II at the concentra-

tions used in our experiments, we repeated the same experi-

ments with 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole

(DRB), an inhibitor of the phosphorylation of P-TEFb that

promotes mRNA transcription elongation,62 and oxaliplatin, an

inhibitor of rRNA transcription. DRB, but not oxaliplatin, suc-

cessfully increased the level of PAR in HA-FUS-expressing cells

(Figures S8A and S8B).

We, therefore, conclude that expressing HA-FUS and inhibit-

ing mRNA transcription significantly increase the nuclear PAR

level in ActD/H2O2-treated cells.

FUS is significantly PARylated in cells
Given the significant increase in PAR level observed in HA-FUS-

expressing cells, we asked whether FUS is PARylated and alters

the level of PAR synthesis in cells. To this end, we detected the

PARylation of proteins in HEK293 cells exposed to H2O2 in the

presence or absence of olaparib to prevent PARP-1 activation

(Figures S9A and S9B). In agreement with the recruitment and

activation of PARP-1 at DNA damage sites, using an anti-PAR/

MAR antibody, we observed in the chromatin-bound fraction a

band that corresponds to PARylated PARP-1. In addition, we

also noticed a band that could correspond to endogenous

PARylated FUS because of its increased intensity in the absence

of olaparib. A similar bandwas not observed for TDP-43 andHuR

(Figure S9B). To ensure that this band corresponds to PARylated

FUS, we expressed HA-FUS or silenced the expression of

endogenous FUS to induce a measurable difference in FUS

expression level. In nuclear cell extracts, we noticed an

increased intensity of the band corresponding to PARylated

FUS in HA-FUS-expressing cells compared to siRNA-treated

cells (Figure 2D). Thus, FUS PARylation level correlates with

FUS expression level. The ease with which we detected FUS

PARylation from cell extracts may indicate that FUS PARylation

is significant. However, FUS PARylation only represents a small

fraction of the overall PARylation level (Figure 2D). Of note, we

also noticed a slightly larger fraction of FUS detected in the chro-

matin-bound fraction in the absence than in the presence of ola-

parib, which indicates that PARP-1 activation may at least partly

direct FUS onto chromatin (Figure S9A).

FUS enhances PARylation in vitro by serving as a PAR
acceptor protein
Having shown an increase in PAR level observed in HA-FUS-ex-

pressing cells, we wondered what mechanism could be respon-

sible for such an increase. An increased PAR level could be due

to (1) an increased catalytic activity of PARP-1 in the presence of

FUS, (2) FUS or other proteins attracted by FUS can serve as

acceptor proteins, or (3) PARG activity that hydrolyzes PAR

can be inhibited through the binding of FUS to PAR. To address

this issue, we considered whether FUS can be PARylated and

whether FUS can also stimulate PARylation in a reconstituted

system in the absence of PARG. Using recombinant PARP-1

and damaged DNA, we first controlled that PARP-1 auto-PARy-

lation increased with time in the absence of FUS (Figure 2E). In
6 Cell Reports 42, 113199, October 31, 2023
the presence of FUS up to a FUS:PARP-1 molar ratio of 8:1,

the overall PARylation rate steadily increases, and then it de-

creases for the highest ratio of 30:1 (Figure 2E). Importantly,

FUS is itself significantly PARylated by PARP-1, which accounts

for most of the increase in PAR level. Therefore, FUS is an

acceptor protein, which increases the number of additional tar-

gets on which PAR can be attached, but it does not significantly

increase PARP-1 auto-PARylation. Finally, in a previous study,

FUS did not significantly inhibit PAR hydrolysis compared to

other RBPs that do not interact in vitro with PAR, such as HuR.37

Structural basis of the recognition of PAR by FUS RRM
Since FUS promotes PAR synthesis in cells and is effectively

PARylated in vitro (Figures 2C and 2E), we focus our attention

on the molecular interaction between PARP-1 and FUS. PAR is

a long chain resembling RNA but with two phosphate groups

in between consecutive bases instead of one for RNA. PAR is

thus highly negatively charged, which may explain the affinity

of arginine-rich domains for PAR. Most previous studies indicate

that FUS RGG domains, notably those located in the C terminus

domain of FUS, are responsible for the high affinity of FUS for

PAR.31,34 However, repeats of RG, RGG, or SR domains are

quite abundant in many different RBPs.63,64 Therefore, we

wondered whether a structured domain might secure the spec-

ificity of FUS toward PAR in cells. RNA-binding domains and

notably RRMs have already been proposed as PAR readers for

several RBPs such as NONO.28 Interestingly, among the 17

RBPs that were previously identified as PARylated in two inde-

pendent studies11,12 (Figure 1A), only FUS and TAF15 have

PARylated residues located in their RRM domain. In addition,

in the study of Zhang et al.,12 the three FET proteins RRMs,

TAF15, EWSR1, and FUS, were PARylated in two conserved

negative residues, Asp-Asp or Asp-Glu, located in the short

loop connecting b3 and b4 sheets (Figure 3A). This analysis

thus also indicates a putative PARylation of the RRM of FET

proteins.

To document whether FUS RRM specifically interacts with

PAR, we first compared the amino acid sequences of FET pro-

tein RRMs with sequences of canonical RRMs of non-FET pro-

teins like HuR, TDP-43, RMB-45, and MSI-1 (Figure 3A). One

discrepancy is the presence of a long Lys-Lys loop (KK loop) in

between b1(RNP2) and b2(RNP3) sheets. In addition, FUS

RRM has a non-canonical b3(RNP1) sheet, an amino acid

sequence involved in the binding to RNA. There are no aromatic

residues in the RNP1 motif of FET proteins.45,46 In contrast, ca-

nonical RNP1 of most RBPs has some aromatic residues, Y or F,

to initiate stacking interactions with RNA bases (Figure 3A).

Then, we observed the chemical shift perturbations (CSPs) of

the RRM residues in the presence of protein-free PAR (Fig-

ure S10). In the presence of PAR, we noticed significant CSPs

in the three RNP motifs and in the KK loop of FUS RRM. Under

the same condition, PAR interacts with HuR RRM1 weakly and

induces limited CSPs with TDP-43 RRM2 (Figures 3B and 3C;

we had solubility issues with TDP-43 RRM1). Therefore, FUS

RRM interacts more strongly with PAR than TDP-43 and HuR

RRM. The binding of PAR to FUS RRM is very similar to that of

a structured RNA loop (hnRNP RNA loop; key resources table)

known to bind to FUS with a high affinity,46 as most of the



Figure 3. Structural basis of the interaction of FUS RRM with PAR, RNA, and DNA

(A) Sequence alignment of different RRMs of human RBPs.We noticed a lack of aromatic residues in RNP1and a long KK loop in FET proteins. The colors indicate

a decreasing degree of conservation from green to red.

(B) Upper panel: 2D NMR spectra of the 15N-labeled FUS RRM residues in the apo state (black) and in the presence of PAR or RNA loop (hnRNP RNA loop) with a

FUS:RNA or DNAmolar ratio of 1:1.8. Abscissa and ordinate: 1H and 15N chemical shift (in ppm), respectively.Middle panel: standard deviation of the CSP values

of RBP RRM residues in the presence of indicated ligands (see also Figures S10 and S11). A20r and A20d correspond to 20 nt-long poly(A) RNA and DNA,

respectively. Lower panel: zoom in on CSPs of selected RRM residues to show the similar mode of interaction of FUS RRM with PAR and RNA.

(C) Histograms displaying the CSPs of the indicated RRM residues for FUS RRM, HuR RRM1, and TDP-43 RRM2 in the presence of PAR compared to FUS RRM,

HuR RRM1, and TDP-43 RRM2 alone. Note the significant CSPs observed with FUS RRM. A20r and A20d: 10-nt-long poly(A) RNA and DNA. T10, 10-nt-long

poly(T) DNA.

(D) FUS RRM structure (PDB: http://doi.org/10.2210/pdb2LCW/pdb) in which the CSPs in presence of hnRNP RNA loop and PAR are indicated by colors ac-

cording to their amplitude (s of the CSP values). A similar CSP pattern is observed when FUS RRM interacts with RNA or PAR. Note the same CSP signatures

when FUS RRM interacts with RNA or PAR.
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CSPs occurred in the very same residues (Figures 3B and 3D). In

summary, the results indicate a similar mode of binding of FUS

RRM to PAR and RNA.

We then compared the binding of FUS RRM, TDP-43 RRM2,

and HuR RRM1 to unstructured 20-nt-long poly(A) RNA (A20r)

or poly(dA) DNA (A20d), 10-nt-long poly(T) DNA (T10), and the

structured RNA (hnRNAP RNA loop) (key resources table).

Poly(A) nucleotides are structurally closer to linear poly(ADP-

ribose) than structured RNA (Figure S9C). Again, on average,

PAR induces stronger CSPs in the RRM of FUS than of TDP-

43 and HuR. In contrast, TDP-43 RRM2 interacts more with

A20r and T10 than the other RRMs tested (Figures 3B, S10A,

and S10B). HuR RRM1 barely interacts with A20r, A20d and

PAR. Limited CSPs were also observed for HuR RRM1 with

the structured RNA, whereas FUS RRM and TDP-43 RRM2 pre-

sent strong CSPs with this RNA (Figure S11). These results indi-

cate that FUS RRM does not display a marked preference for

linear polymer compared with TDP-43 RRM2, which would

have explained its strong interaction with PAR.

Point mutations were then used to probe the contribution of

two residues in the KK loop previously shown to reduce the affin-

ity of FUS for RNA (K315A/K316A), one residue (N284A) in the C

terminus of the RRM, which displays significant CSPs with PAR,

and the two Asp residues that are PARylated in cells (D342A and

D343A, Table S2). None of the mutations change the overall

RRM structures except some CSPs in region around the muta-

tions (Figure S12). Based on the analysis of the CSPs

(Figures S13A and S13B), the results also indicate a significant

decrease in the binding of K315A/K316A to PAR, a slight

decrease for N284A, and no effect for D342A/D343A RRM mu-

tants (Figures 4A, S13A, and S13B). It is likely that the side chains

K315 andK316may contact the phosphate backbone of PAR, as

observed with RNA.46 Therefore, the KK loop, which is only

found in FET proteins, is partly responsible for the strong interac-

tion of FUS RRM with PAR, together with the lack of aromatic

residues in the RNP1 motif.

PAR interacts specifically with FUS RRM and can
compete with nucleic acids for the binding to FUS RRM
Pronounced PAR-induced CSPs in FUS RRM residues may

enable PAR to compete with nucleic acids for binding to FUS

RRM. To test this hypothesis, we chose a 10-nt-long poly(T)

DNA (T10) because T10 induces similar CSPs in TDP-43- and

FUS- RRM residues (Figure 4C). However, with an equimolar

mixture of PAR and T10, we noticed that the CSPs of some

FUS RRM residues (T326 and K315) were very similar to those

observed with PAR alone as if PAR outcompetes T10 for the

binding to FUS. On the other hand, TDP-43 RRM2 CSPs rather

correspond to those observed with T10 alone in the presence

of a mixture of T10 and PAR. To clarify whether PAR dislodges

T10 from FUS RRM, we performed a WaterLOGSY assay65

from the ligand’s side. In a mixture of PAR and T10 at equimolar

concentration, we clearly detected a preferential binding of FUS

RRM to PAR, while TDP-43 RRM2mostly interacts with T10 (Fig-

ure 4B). In addition, WaterLOGSY analysis indicates a specific

binding of FUS RRM to H8 and H2 atoms of ADP-ribose, which

is not the case for TDP-43 RRM2. To further explore the ability of

FUS to bind to PAR, we probed whether FUS prevents PAR from
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interactingwith TDP-43 RRM2. PAR induces someCSPs in TDP-

43 RRM2 residues in the absence of FUS RRM. However, the

addition of an equimolar concentration of non-labeled FUS

RRM dramatically reduced the CSPs induced by PAR in TDP-

43 RRM2 residues (Figure 4D). Altogether, our nuclear magnetic

resonance (NMR) data indicate that FUSRRM ismore likely to be

directed to PAR compared to other canonical RRMs.

FUS RRM is important for increasing PAR levels in H2O2-
treated HeLa cells
To explore whether the RRM of FUS plays a specific role in the

increase of PAR level in cells exposed to H2O2, we created a

construct encoding chimeric FUS protein in which FUS RRM is

replaced with the RRM1 of TDP-43 (key resources table). We

preferred to use TDP-43 RRM1 rather than RRM2, which has

two Asp residues located in the short loop in between b3 and

b4 sheets like in FUS and TAF15 proteins. TDP-43 RRM1, like

RRM2, also has the typical features of canonical RRMs with ar-

omatic residues in RNP1 motifs and no KK loop (Figure 3A).

Endogenous FUS levels were decreased to better capture the

impact of the FUS RRM replacement with TDP-43 RMM on

PAR level in HeLa cells treated with H2O2 or/and ActD. HA-

tagged wild-type and mutant FUS were then expressed in

HeLa cells pretreated with siRNA targeting the 50 UTR of endog-

enous FUS transcripts. Importantly, the overall PAR level in

nuclei was measured with anti-PAR and anti-PAR/MAR, two

different antibodies that we validated under our experimental

conditions (Figure 5A). In addition, we compared the PAR signal

in nuclei expressing the same level of nuclear HA-tagged RBPs,

whatever their capacity to translocate in the cytoplasm under our

experimental conditions. The level of PAR again strongly in-

creases in HeLa cells expressing wild-type HA-FUS when

treated with H2O2 (Figure 5B). Replacement of FUS RRM with

the RRM-1 of TDP-43 completely alleviated the increase of

PAR level (Figure 5B). When TDP-43 RRM1 replaces FUS

RRM in full-length FUS, FUS may be routed on other nuclear

RNA rather than nascent mRNA and/or lose its ability to bind

to PAR.

D343A mutation significantly decreases PAR level in
H2O2-treated cells
To further confirm our results and scrutinize how FUS RRM may

control PARP-1 activity, we tested whether specific mutations in

residues located in the RRM influence PAR level in ActD/H2O2-

treated HeLa cells (Figure 5C). We considered the mutations

K315A/K316A, N284A, D342A, or D343A, whose impact on

RRM interaction with PAR was already assessed by NMR spec-

troscopy (Figures S12 and S13). To this end, we performed add-

back experiments in which endogenous FUS expression was

reduced before expressing FUS mutants in HeLa cells (Fig-

ure 5C). Even if K315A/K316A and N284A mutants of FUS

RRM have decreased CSPs in the presence of PAR compared

to wild-type RRM (Figures S10A, S10B, and S13B), adding

back the expression of these FUS mutants (K315A/K316A or

N284A) in FUS siRNA-pretreated cells did not affect the PAR

level. In contrast, compared to wild-type FUS, adding back

FUS D343A or D342A led to significantly lower PAR levels in

ActD/H2O2-treated cells (Figure 5C).



Figure 4. PAR interacts with FUS RRM and can outcompete DNA T10

(A) CSPs fromNMR spectra of two FUS RRMmutants, D343A and K315A/K316A, in the presence of PAR. The FUS RRM non-conserved residues are depicted in

red. Lines and numbers in green correspond to s (standard deviation) of the CSP values.

(B) Upper panel: structural unit of PAR (iso-ADP-ribosemotif) and T10. Lower panels: WaterLOGSY analyses of the interaction of PAR and T10, separately or in an

equimolar mixture, with FUS RRM and TDP-43 RRM2. An interaction with RRM is detected when more positive ligand resonance peaks are observed in

WaterLOGSY spectra in presence of RRMs compared to the spectra recorded with PAR and T10 alone. **, interactions with indicated RRMs with PAR (blue) and

T10 (green). Note that PAR H8 and H2 atoms interact with FUS but not TDP-43 RRM2.

(C) NMR competition assays in the presence of PAR and/or T10 DNA for FUS RRM or TDP-43 RRM2. In specific residues, the direction or amplitudes of the CSPs

varies for T10 and PAR. Zoom in on these residues indicates the preference for T10 (TDP-43 RRM2) or PAR (FUS RRM).

(D) TDP-43 RRM2 and PAR were left to interact before the addition of an equimolar concentration of unlabeled FUS RRM. The CSPs of TDP-43 are displayed for

representative residues.
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Figure 5. FUS RRM is implicated in the regulation of nuclear PAR level in ActD/H2O2-treated HeLa cells

(A) Immunofluorescence images of cells expressing HA-tagged FUS and treated with H2O2 (100 mM, 30min), ActD (5 mg/mL, 1 h), or ActD/H2O2. The nuclear PAR

was detected with two different antibodies. Cell treatment with ActD did not affect the PAR level (Figure S8). Scale bar: 50 mm.

(B) Upper panel: the domain structures of FUS, TDP-43, and chimeric form of FUS in which RRM is replaced with the RRM1 of TDP-43. Lower panels: violin plots

representing the relative increase of nuclear PAR level in HeLa cells expressing indicated HA-tagged RBP versus control cells (left) and corresponding repre-

sentative immunofluorescence images (right). The quantitative results are shown for the two different antibodies. t test versus FUS-HA expressing cells. Note the

high PAR level in cells expressing FUS-HA (shown by white arrows). Scale bar: 50 mm.

(C) Upper panel: FUS RRM structure (PDB: http://doi.org/10.2210/pdb2LCW/pdb) in which the positions of N284, K315, K316, D342, and D343 residues are

indicated. Lower panel: violin plots representing the relative increase of nuclear PAR level in HeLa cells treated with siFUS and expressing indicated FUS-HA

mutants versus control HeLa cells. n.s., non-significant, *p < 0.05; **p < 0.01; t test versus WT FUS-HA expressing cells. Right panel: representative immuno-

fluorescence images. Scale bar: 30 mm.
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D343A mutation interferes with the interaction of FUS
RRM with activated PARP-1 in vitro

The data obtained in cells expressing the FUS D343A mutant

cannot show whether D343A directly impaired the interaction

between activated PARP-1 and FUS. A doubt remains since

FUS D343A RRM interaction with purified PAR and RNA is

very similar to that of wild-type FUS RRM (Figures S10 and

S13A). We then devised to perform an assay in which the inter-

action of FUS RRM with PARP-1 activated by damaged DNA

can be captured by NMR spectroscopy. To this end, we first

controlled that PARP-1 consumption of NAD+ upon its activa-

tion by damaged DNA can be followed by NMR spectroscopy

using recombinant PARP-1 and DNA duplexes (30 bp) contain-

ing one nucleotide gap. After the addition of DNA duplex, the

synthesis of poly(ADP-ribose) was clearly evidenced in 1D

NMR spectra through the progressive decrease in NAD+ proton

intensities and the increase of those of nicotinamide with

time (Figure 6A). Then, we analyzed NMR spectra of wild-

type FUS and D343A RRM residues after PARP-1 activation

by DNA duplex. Unexpectedly, we found a significant differ-

ence. D343A RRM mutant interacted strongly with activated

PARP-1 with the appearance of double peaks or their disap-

pearance, which was not observed in the same conditions

with wild-type FUS RRM (Figure 6B). Residue disappearance

may be consecutive to changes in the exchange dynamics be-

tween free and bound states. The presence of double peaks is

rather related to a slow exchange between two different states,

which may be due to the PARylation of a fraction of these RRM

residues. Further analysis of the CSPs reveals the presence of

many double peak residues, notably from charged residues

that can be potentially PARylated, E294, K315, K316, R328,

K334, and D355 (Figures 6C and 6D).

D343A increases PARP-1 auto-PARylation in vitro

As NMR data reveal an increased interaction of D343A RRM

with activated PARP-1 (Figure 6B), we then directly measured

whether D343A FUS RRM is hyper-PARylated in vitro. We first

remarked the low PARylation level of the FUS RRM and TDP-43

RRM2 in vitro (Figure 6E). In contrast, the PARylation of full-

length FUS is very significant but not that of full-length TDP-

43 (Figure S14E). Therefore, RRM fragments could not capture

the significant PARylation of full-length FUS in vitro, which may

mostly rely on the presence of other FUS domains, such as the

RGG domains. However, D343A RRM, but not wild-type FUS

RRM or TDP-43 RRM2, is strongly PARylated (Figure 6E). We

also note that none of the other mutations (K315A/K316A,

N284A) affect the PARylation of FUS RRM except D342A,

which increases PARylation level but to a lesser extent than

D343A.

To document why nuclear PAR levels are reduced in FUS

D343A-expressing cells compared with wild-type FUS-express-

ing cells (Figure 5C), we analyzed the PARylation of full-length

wild-type and D343A FUS in vitro (Figures 6F andS14). Wild-

type FUS was strongly PARylated, but PARP-1 auto-PARylation

was then slightly reduced (Figures S14 and S15). In contrast, full-

length mutant D343A significantly increased PARP-1 auto-PAR-

ylation level (Figures 6F , S14, and S15). Therefore, the mutation

D343Amay promote the release of PARP-1 from damaged DNA.
DISCUSSION

The pathway bywhich FUS, a nuclearmRNA-binding protein, par-

ticipates in DNA repair has not yet been clearly established. FUS

interacts with PAR, the polymer produced by PARP-1 after the

recognition of DNAbreaks.30,34,66 The interaction of FUSwith pro-

tein-free PAR, mostly with its RGG domains, promotes the forma-

tion of compartments behaving like liquid phases.35 FUS can also

form dynamic and PARG-reversible compartments in the pres-

ence of damaged DNA following PARP-1 activation, bringing

this model even closer to physiological conditions.37 Here, we

show that FUS interacts in a specific way with PAR thanks to its

RRM domain, which shares specific characteristics with other

FET proteins, TAF15 and EWSR1. First of all, some aromatic res-

idues that are present in RNP1 of canonical RRMs motif are ab-

sent in FUS RRM46 (Figure 3A). Their absence contributes to the

low binding specificity of FUS regarding mRNA sequences that

has been observed in genome-wide CLIP data.40 PAR resembles

RNA from a structural point of view, but the bases are separated

by two negatively charged phosphate groups instead of one for

RNA. Therefore, the lack of aromatic residues of the RNP1 motif

could explain the similar interaction of FUS with PAR and

mRNA, while canonical RRMs with their aromatic residues prefer

to bind to RNA. Finally, to compensate for the loss of interaction

due to the missing aromatic residues, FUS harbors a long posi-

tively charged KK loop45 to interact electrostatically with PAR or

RNA (Figures 3B and 3C). The dual and competitive interactions

of PAR and RNA with FUS RRM provide a rational explanation

for the high occurrence of FUS in proteomic data generated to

identify PARylated proteins following oxidative stress.10,12 Of

note, arginine-rich low-complexity domains in FUS have also

been shown to interact with PAR with likely important functions

in DNA repair. However, the presence of arginine-rich low-

complexity domains, which is quite common among RBPs,67 is

not sufficient to explain FUS preference for PARylated PARP-1.

The expression of HA-FUS, but not HA-HuR or HA-TDP-43,

increases the level of PAR synthesis in cells subjected to

oxidative stress (Figure 2B). The most significant increase in

the level of PAR is observed when transcription is stalled

and when oxidative stress does not exceed a certain level

(H2O2 < 300 mM). These two points are important. The need

to stop transcription reflects a competition between the bind-

ing of FUS to nascent mRNA and PAR. However, the binding

of FUS to nascent mRNA may turn into an advantage to direct

FUS to PARP-1 at DNA damages. Indeed, DNA damages

more likely occur in transcription-active open chromatin

where there are many nascent mRNAs.68,69 When few DNA

damages take place, transcription is locally stalled,15 which

may release protein factors, such as FUS, associated with

nascent mRNA near the site of DNA damages. While higher

concentrations of H2O2 (�300 mM) allow more DNA damages

and an increase in overall PAR level (Figures S5A and S5B),

the capacity of FUS to increase PAR level is altered signifi-

cantly. Under these conditions, many PARP-1 proteins are

activated in the nucleus, which could disperse FUS proteins

over a large number of DNA damage sites and prevent several

FUS proteins from being directed to the same DNA damage

site. Consistently with this model, we show that FUS has the
Cell Reports 42, 113199, October 31, 2023 11



Figure 6. D343A mutation impairs the interaction of FUS RRM with PARylated PARP-1 in vitro
(A) 1D NMR spectra showing the gradual consumption of NAD+ upon the activation of PARP-1 in the presence of damaged DNA. Upper: scheme of PARP-1

catalyzed reaction that leads to hydrolysis of NAD+ to nicotinamide and ADP-ribose (ADP-r). P1 is PARP-1. NAD+ and nicotinamide signals are labeled with

red and blue numbers, respectively.

(B) NMR spectra of wild-type and D343A FUSRRM in the presence (red) or absence (black) of damaged DNA to activate PARP-1. Note in the inset the broadening

of some D343A RRM residues after the activation of PARP-1 but not for wild-type FUS RRM.

(C) Intensity ratio of the resonance peaks of RRM residues for wild-type and D343A FUS RRM before and after PARP-1 activation. In yellow, residues have

doubling peaks. Blue arrows show residues in close proximity to disappearing/doubling peak residues. Red asterisk shows mutated residue, D343.

(D) Zoom in on several residues experiencing doubling peaks in D343A FUS RRM after PARP-1 activation.

(E) PARylation of FUS RRM WT, its indicated mutants, and TDP43 RRM2 detected by SDS-PAGE with subsequent phosphorimaging and Coomassie staining.

Note the increase in the level of RRM PARylation in the case of D343A mutant and, to a lesser extent, in the case of D342A mutant.

(F) Upper panel: kinetics of PARP-1 and FUS wild type (WT) and FUS (D343A) mutant in vitro PARylation at different FUS:PARP-1 concentration ratios. The

histogram presents the means ± SD of three independent experiments. Lower panel: PARylation of FUS WT and FUS (D343A) mutant detected by SDS-PAGE

with subsequent phosphorimaging. (see Figures S14 and S15 for details).
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Figure 7. Schematic view of the role of FUS in PARP-1-mediated DNA repair

When RNA polymerase II transcription is taking place, FUS is bound to nascent mRNA (1). After stress, PARP-1 recognizes DNA damage to activate PAR

synthesis. If transcription is also stalled, FUS is released from nascent mRNA. FUS is recruited via its RRM and RGG domains to PARylated PARP-1 (2). FUS

stimulates PAR synthesis acting as PAR acceptor protein (3) and facilitates the formation of FUS-rich compartments due to FUS-FUS and FUS-PAR interactions

(4). Other DNA repair factors such as XRCC1 can be recruited in these compartments (4). After DNA is repaired, the compartments are dissociated due to PAR

degradation catalyzed by PARG.
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ability to significantly increase the level of PARylation in vitro

at elevated FUS:PARP-1 ratios by serving as a PAR acceptor

(Figure 2E). In cells, additional protein partners are recruited

in a compartment formed by FUS following the activation of

PARP-1 to be themselves PARylated such as XRCC1. All

these results lead us to propose the following scheme (Fig-

ure 7). After genotoxic stress, PARP-1 recognizes DNA dam-

ages, which leads to its activation and auto-PARylation. Tran-

scription is also stalled,15 which releases FUS from nascent

mRNA in the vicinity of auto-PARylated PARP-1. FUS is then

becoming a PAR acceptor to stimulate the overall rate of

PARylation process, as observed in vitro (Figure 2E). As FUS

PARylation itself cannot fully account for the increase

in PAR level in cells, other proteins recruited by FUS at DNA

damage sites can also serve as acceptor proteins to increase

PARP-1 activity. Increasing PAR level may facilitate the forma-

tion of FUS/PAR-rich compartments enriched in DNA damage

sites (Figure 7).34,37

In this study, we also documented the role of D343 residue pre-

viously identifiedaspotentially PARylatable in theRRMofFETpro-

teins.12 D343A mutation does not change the FUS RRM structure

(Figure S12). The interaction of FUS RRM with nucleic acids and
protein-free PAR is also not altered (Figure S13A). However,

D343A mutation drastically modifies the interaction of FUS RRM

with PARP-1 following its activation by damaged DNA in vitro

(Figures 6B and 6C). Importantly, the D343A mutation reduces

the PAR level in cells overexpressing HA-FUS and exposed to

ActD and H2O2 (Figure 5C). In vitro, full-length D343A increases

PARP-1 auto-PARylation (Figure 6F). Since PARP-1 auto-PARyla-

tion promotes the release of PARP-1 from DNA damage, D343A

may reduce PAR synthesis70 in cells by increasing PARP-1 auto-

PARylation.4,71 These results open up the possibility that PARyla-

tionofFUSRRMmaybeusedasanother layer of regulation tocon-

trol PARP-1 activation in cells. Even if we focus our attention on

FUS RRM in this study, additional residues located in FUS low-

complexity domains havebeen identified as targets of PARylation,

including serine residues whose PARylation is controlled by

HPF1.12,72 Their PARylation may also play a role in the cell

response to DNA damage that deserves to be investigated.

We anticipate that the result presented here will provide a ba-

sis for understanding the role of FUS in the regulation of PARP-1

activity, notably in cancers for which PARP-1 is an important

target, with several FDA-approved drugs being already available

for different indications.73 Other perspectives of this work are
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obviously associated with neurodegenerative diseases such as

ALS in which pathological FET protein mutations have been

identified.74 We did not investigate whether pathological FUS

mutations or posttranslational modifications (phosphorylation

or methylation75,76) may interfere with the capacity of FUS to

regulate PARylation, which may be interesting to address in

the future. In addition, the C-terminal RG-rich domains are

known to interact with PAR and to be the recipient of many path-

ological mutations in ALS77 aswell as posttranslational modifica-

tions,75 whose roles within the frame of our model also deserve

to be explored. Finally, the model we have proposed also high-

lights a possible coordination between mRNA transcription and

PARP-1-related DNA repair orchestrated by FET proteins.

Limitations of the study
Our study has certain limitations. Most cellular results were ob-

tained after overexpressing or after adding back the expression

of wild-type or mutant FUS, which may not totally reflect the

behavior of endogenous FUS in animals. Hydrogen peroxide

has been used to activate PARP-1, thus allowing to quantify

PAR level at the single-cell level. Although our work demon-

strates that FUS can increase PAR levels in vitro and in cells after

hydrogen peroxide treatment, we didn’t demonstrate whether

FUS could play a similar role when DNA damages are occurring

locally in open chromatin.
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Fused in sarcoma (FUS) in DNA Repair: Tango with poly (ADP-ribose) po-

lymerase 1 and compartmentalisation of damaged DNA. Int. J. Mol. Sci.

21, 7020.

39. Wang, H., and Hegde, M.L. (2019). Newmechanisms of dna repair defects

in fused in sarcoma–associated neurodegeneration: Stage set for dna

repair-based therapeutics? J. Exp. Neurosci. 13, 1179069519856358.

40. Rogelj, B., Easton, L.E., Bogu, G.K., Stanton, L.W., Rot, G., Curk, T., Zu-

pan, B., Sugimoto, Y., Modic, M., Haberman, N., et al. (2012). Widespread

binding of FUS along nascent RNA regulates alternative splicing in the

brain. Sci. Rep. 2, 603–610.

41. Kapeli, K., Pratt, G.A., Vu, A.Q., Hutt, K.R., Martinez, F.J., Sundararaman,

B., Batra, R., Freese, P., Lambert, N.J., Huelga, S.C., et al. (2016). Distinct

and shared functions of ALS-associated proteins TDP-43, FUS and TAF15

revealed by multisystem analyses. Nat. Commun. 7, 12143.

42. Pankotai, T., and Soutoglou, E. (2013). Double strand breaks: hurdles for

RNA polymerase II transcription? Transcription 4, 34–38.

43. Dinant, C., Houtsmuller, A.B., and Vermeulen, W. (2008). Chromatin struc-

ture and DNA damage repair. Epigenet. Chromatin 1, 9–13.
Cell Reports 42, 113199, October 31, 2023 15

http://refhub.elsevier.com/S2211-1247(23)01211-1/sref8
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref8
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref8
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref8
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref9
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref9
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref9
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref10
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref10
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref10
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref10
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref11
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref11
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref11
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref11
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref12
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref12
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref12
https://doi.org/10.1093/nar/gks486
https://doi.org/10.1093/nar/gks486
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref14
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref14
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref14
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref14
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref15
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref15
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref16
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref16
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref16
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref17
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref17
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref17
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref18
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref18
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref18
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref18
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref19
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref19
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref19
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref19
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref20
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref20
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref21
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref21
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref22
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref22
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref22
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref22
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref23
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref23
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref23
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref23
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref23
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref24
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref24
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref24
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref24
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref25
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref25
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref25
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref25
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref25
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref26
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref26
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref26
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref26
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref27
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref27
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref28
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref28
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref28
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref28
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref28
https://doi.org/10.1016/j.celrep.2015.04.053
https://doi.org/10.1093/nar/gkt835
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref31
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref31
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref31
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref31
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref32
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref32
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref33
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref33
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref34
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref34
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref34
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref34
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref35
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref35
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref35
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref35
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref36
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref36
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref37
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref37
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref37
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref37
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref38
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref38
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref38
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref38
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref39
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref39
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref39
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref40
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref40
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref40
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref40
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref41
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref41
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref41
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref41
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref42
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref42
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref43
http://refhub.elsevier.com/S2211-1247(23)01211-1/sref43


Article
ll

OPEN ACCESS
44. Van Attikum, H., and Gasser, S.M. (2009). Crosstalk between histone

modifications during the DNA damage response. Trends Cell Biol. 19,

207–217.

45. Liu, X., Niu, C., Ren, J., Zhang, J., Xie, X., Zhu, H., Feng, W., and Gong, W.

(2013). The RRM domain of human fused in sarcoma protein reveals a non-

canonical nucleic acid binding site. Biochim. Biophys. Acta 1832, 375–385.

46. Loughlin, F.E., Lukavsky, P.J., Kazeeva, T., Reber, S., Hock, E.-M., Co-

lombo, M., Von Schroetter, C., Pauli, P., Cléry, A., M€uhlemann, O., et al.
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Antibodies

Rabbit polyclonal anti-PARP1 Abcam Cat#ab227244

Rabbit polyclonal anti-gamma H2A.X

(phosphor S139)

Abcam Cat#ab11174

Rabbit polyclonal anti-FUS Novus Biologicals Cat#NB100-565

Mouse monoclonal anti-Histone H3 Santa Cruz Biotechnology Cat#sc-517576

Mouse monoclonal anti-HA-Tag (F-7) Santa Cruz Biotechnology Cat#sc-7392

Rabbit polyclonal anti-TDP43 (C-terminal) Proteintech Cat#12892-1-AP

Mouse monoclonal anti-PCNA (PC10) Novus Biologicals Cat#NB500-106SS

Rat monoclonal anti-BrdU [BU1/75 (ICR1)] Abcam Cat#ab6326

Mouse monoclonal anti-TARDBP Abnova Cat#H00023435-M01

Mouse monoclonal anti-HuR (3A2) Invitrogen Cat#39-0600

Rabbit monoclonal anti-HUR (D9W7E) Cell Signaling Technology Cat#12582

Mouse monoclonal anti-FUS (CL0190) Novus Biologicals Cat#NBP2-52874

Rabbit monoclonal anti-Poly/Mono-ADP

Ribose (E6F6A)

Cell Signaling Technology Cat#83732

Rabbit polyclonal anti-PAR R&D Systems Cat#4336-BPC-100

Mouse monoclonal anti-b-tubulin antibody Produced from E7 hybridoma

clone from ATCC.

N/A

IRDye� 800CW Goat anti-Rabbit IgG

Secondary Antibody

LI-COR Cat#926-32211

IRDye� 680RD Goat anti-Mouse IgG

Secondary Antibody

LI-COR Cat#926-68070

Goat anti-Rabbit IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa FluorTM 594

Invitrogen Cat#A-11012

Goat anti-Mouse IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa FluorTM 594

Invitrogen Cat#A-11005

Goat anti-Rat IgG (H + L) Cross-Adsorbed

Secondary Antibody, Cyanine3

Invitrogen Cat#A10522

Donkey anti-Rabbit IgG (H + L) Cross-

Adsorbed Secondary Antibody, DyLightTM 488

Invitrogen Cat#SA5-10038

Donkey anti-Mouse IgG (H + L) Highly

Cross-Adsorbed Secondary Antibody,

Alexa FluorTM 594

Invitrogen Cat#A-21203

Bacterial and virus strains

Escherichia coli BL21(DE3) Invitrogen Cat#C600003

RosettaTM(DE3)pLysS Competent Cells Novagen Cat#70956

TOP10 Chemically Competent E. coli Invitrogen Cat#C404010

Chemicals, peptides, and recombinant proteins

Restriction Enzyme AscI Thermo Fisher Scientific Cat#FD1894

Restriction Enzyme DpnI Thermo Fisher Scientific Cat#

Restriction Enzyme EcoRV Thermo Fisher Scientific Cat#FD0303

Restriction Enzyme PacI Thermo Fisher Scientific Cat#FD2204

Restriction Enzyme NdeI Thermo Fisher Scientific Cat#FD0583

Restriction Enzyme XhoI Thermo Fisher Scientific Cat#FD0694

PhusionTM High-Fidelity DNA Polymerase Thermo Fisher Scientific Cat# F530S

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Lipofectamine 2000 Thermo Fisher Scientific Cat#11668019

Paraformaldehyde, 16% w/v aq. soln.,

methanol free

Thermo Fisher Scientific Cat#043368

Actinomycin D (ActD) Thermo Fisher Scientific Cat#11805017

Olaparib (AZD2281, Ku-0059436) Apexbio Technology Cat#A4154

5-Bromouridine Sigma-Aldrich Cat#850187

5,6-Dichlorobenzimidazole

1-b-D-ribofuranoside (DRB)

Sigma-Aldrich Cat#D1916

Oxaliplatin Sigma-Aldrich Cat#O9512

DAPI/Antifade Solution Sigma-Aldrich Cat#S7113

DNase I, RNase-free Thermo Fisher Scientific Cat#EN0521

Ribonuclease Inhibitor Euromedex Cat#09-0312

PARG inhibitor (PDD00017273) Sigma-Aldrich Cat#SML1781

cOmplete ULTRA Tablets, Mini, EASYpack

Protease Inhibitor Cocktail

Roche Cat#5892970001

PMSF Sigma-Aldrich Cat#93482

BSA Sigma-Aldrich Cat#A2153

b-Nicotinamide mononucleotide Sigma-Aldrich Cat#N3501

NAD+, Free Acid Sigma-Aldrich Cat#481911

Solution ATP Thermo Fisher Scientific Cat#R0441

a[32P]ATP (3000 Ci/mmol) Laboratory of Biotechnology

(ICBFM SB RAS, Novosibirsk,

Russia)

N/A

Nicotinamide mononucleotide adenylyl

transferase (NMNAT)

Dr. S. I. Shram (Institute of

Molecular Genetic RAS, Moscow)

N/A

HisTrap Fast Flow GE Healthcare Cat#GE17-5255-01

HiTrap Heparin High Performance GE Healthcare Cat#GE17-0407-01

Ni-NTA Agarose Quiagen Cat#30210

PD-10 desalting columns GE Healthcare Cat#17085101

Critical commercial assays

GatewayTM LR ClonaseTM II Enzyme mix Invitrogen Cat#11791

QuikChange II Site-Directed Mutagenesis Kit Agilent Cat#200523

Duolink� In SituPLA�Probe Anti-Rabbit PLUS Sigma-Aldrich Cat#DUO92002

Duolink� In Situ PLA� Probe Anti-Mouse

MINUS

Sigma-Aldrich Cat#DUO92004

Duolink� In Situ Detection Reagents Red Sigma-Aldrich Cat#DUO92008

Experimental models: Cell lines

Human: HeLa ATCC Cat#CRM-CCL-2

Human: HEK-293 ATCC Cat#CRL-1573

Oligonucleotides

Primers for PCR This paper Table S1

AllStar Negative Control siRNA QIAGEN Cat#1027281

siRNA targeting sequence: FUS: 5’-

(AAUAACGAGGGUAACACUGGG)dTdT-30
Eurofins Genomics N/A

siRNA targeting sequence: TDP-43: 5’-

(GCUCUAAUUCUGGUGGAGCAA)dTdT-30
Eurofins Genomics N/A

siRNA targeting sequence: HuR QIAGEN Cat#SI00300139

DNA oligonucleotide: A20d Eurofins Genomics N/A

DNA oligonucleotide: T10 Eurofins Genomics N/A

RNA oligonucleotide: A20r Eurogentec N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RNA oligonucleotide: hnRNP RNA loop:

GGCAGAUUACAAUUCUAUUUGCC

Eurogentec N/A

Calf thymus DNA Sigma-Aldrich Cat#D4522

Recombinant DNA

pEGFP(C1)-PP1alpha Addgene Cat#44224

pCDNA3-HA-PSPC1 Addgene Cat#101764

pcDNA3.1-HA-NONO Addgene Cat#127655

pGEX4T-hLIG3 Addgene Cat#81055

pQE30-hPolB Addgene Cat#70761

pET16b -XRCC1 Dr. Pablo J. Radicella

(Institute of Molecular and

Cellular Radiobiology,

Fontenay aux Roses,

France)

N/A

pET15b-hLigI N/A N/A

pET32a-PARP1 Dr. M. Satoh (Laval University,

Canada)

N/A

pXC53-hAPE1 Dr. S.H. Wilson (NIEHS,

NIH, USA)

N/A

PEF-DEST51-PARP1-RFP-MBD This paper N/A

PEF-DEST51-LIG3-RFP-MBD This paper N/A

PEF-DEST51-XRCC1-RFP-MBD This paper N/A

PEF-DEST51-POLB-RFP-MBD This paper N/A

PEF-DEST51-NONO-RFP-MBD This paper N/A

PEF-DEST51-PP1a--RFP-MBD This paper N/A

PEF-DEST51-LIG1-RFP-MBD This paper N/A

PEF-DEST51-APE1-RFP-MBD This paper N/A

PEF-DEST51-TOP1-RFP-MBD This paper N/A

PEF-DEST51-FUS-RFP-MBD (Maucuer et al.) N/A

PEF-DEST51-EWSR1-RFP-MBD This paper N/A

PEF-DEST51-TAF15-RFP-MBD This paper N/A

PEF-DEST51-G3BP1-RFP-MBD This paper N/A

PEF-DEST51-LIN28-RFP-MBD (Maucuer et al.)54 N/A

PEF-DEST51-SAM68-RFP-MBD (Maucuer et al.)54 N/A

PEF-DEST51-HuR-RFP-MBD (Maucuer et al.)54 N/A

PEF-DEST51-TDP-43-RFP-MBD (Maucuer et al.)54 N/A

PEF-DEST51-PARP1-GFP-MBD This paper N/A

PEF-DEST51-PARP1(K893I)-GFP-MBD This paper N/A

PEF-DEST51-FUS-GFP-MBD This paper N/A

pcDNA3.1-FUS-HA This paper N/A

pcDNA3.1-FUSDRRMTDP43-HA This paper N/A

pcDNA3.1-FUS(K315A/K316A)-HA This paper N/A

pcDNA3.1-FUS(N284A)-HA This paper N/A

pcDNA3.1-FUS(D342A)-HA This paper N/A

pcDNA3.1-FUS(D343A)-HA This paper N/A

pcDNA3.1-TDP-43-HA This paper N/A

pcDNA3.1-HuR-HA This paper N/A

pET-28-a-FUS_275-385 This paper N/A

pET-28-a-TDP-RRM2_176-277 (Rengifo-Gonzalez et al.)55 N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pET-22-b-FUS-FL (Singatulina et al.)37 N/A

pET-22-b-FUS-FL-D343A This paper N/A

Software and algorithms

ImageJ 1.50i (Java 1.8.0_131 (32-bit)) Wayne Rasband, NIH, USA https://imagej.nih.gov/ij/

Quantity One 1-D Analysis Software Bio-Rad Laboratories https://www.bio-rad.com/fr-fr/product/

quantity-one-1-d-analysis-software?

ID=1de9eb3a-1eb5-4edb-82d2-68b91bf360fb

MATLAB R2022a The MathWorks, Inc. https://fr.mathworks.com/products/matlab.

html

Harmony High-Content Imaging and

Analysis Software

Perkin Elmer Inc. https://www.perkinelmer.com/product/

harmony-4-8-office-hh17000001
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources reagents should be directed to and will be fulfilled by the Lead Contact, David Pastré

(david.pastre@univ-evry.fr).

Materials availability
Plasmids generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture
Human Embryonic Kidney 293, (HEK293) and HeLa cell lines (American Type Collection, USA) were cultured at 37�C in a humidified

atmosphere with 5% CO2 and maintained in high glucose formulation of DMEM (Life Technologies) supplemented with penicillin G

100U/mL, streptomycin 100 mg/mL and fetal bovine serum (FBS) 10% (Thermofisher). The cells were cultured in 96-well plates

(PhenoPlate-96, PerkinElmer) at a density of 1.33104 for immunofluorescence or in 10-cm Petri dishes for the cell extract

preparation.

METHOD DETAILS

Preparation of plasmids for expression in mammalian and E.coli cells
Plasmids harboring cDNA of the full length FUS, TDP43, HuR, G3BP1, Lin28a, SAM68 genes fused with RFP-MBD (Microtubule-

Binding Domain of Tau) and/or GFP-MBD were obtained previously.54 The constructs with C-terminal RFP-MBD fusion harboring

cDNA of the full length PARP1, Lig3, XRCC1, POLb, NONO, PP1a, Lig1, APE1, TOP1, EWSR1 or TAF15 genes were engineered using

the gateway strategy as previously described.54 In brief, cDNAs encoding the proteins were amplified using primers containing PacI

and AscI restriction sites and inserted into the backbone entry plasmid RFP-MBD-pCR8/GW/TOPO previously digestedwith the cor-

responding restriction enzymes. Sequences encoding gene of interest fused with RFP-MBD were cloned from pCR8/GW/TOPO

plasmids into the Gateway pEF-Dest51 plasmid (Invitrogen) using LR recombination reactions (Invitrogen) according to the manu-

facturer’s protocol.

Mutations K893I within the PARP-1 coding sequence was carried out by site-directed mutagenesis directly on the PARP1-RFP-

MBD-PEF-DEST51 expression plasmid using the ‘‘Quikchange II XL site-directed mutagenesis kit’’ (Stratagene) and appropriate ol-

igonucleotides (Eurofins Genomics). The sequence of mutant PARP1 gene was confirmed by DNA sequencing (Eurofins Genomics).

To produce the plasmids encoding the full length FUS, TDP43 or HuR fused to HA-tag, the corresponding cDNAswere amplified by

PCR using primers containing NdeI and XhoI restriction sites and inserted into HA-pcDNA3.1 vector (Table S1). For the preparation of

K315A/K316A, N284A, D342A andD343A FUSmutants site-directedmutagenesis of FUS coding genewas performed directly on the
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HA-FUS-pcDNA3.1 expression vector by using the ‘‘Quikchange II XL site-directed mutagenesis kit’’ (Stratagene) and appropriate

oligonucleotides (Eurofins Genomics). The introduced mutations were verified by DNA sequencing (Eurofins Genomics).

For the preparation of HA-FUSDRRMTDP43-pcDNA3.1 plasmid, first, the cDNAs encoding amino acids 1–275 and 385–526 were

amplified by PCR using primers containing NdeI, EcoRV and EcoRV, XhoI restriction sites respectively and inserted into HA-

pcDNA3.1 vector previously digested with the NdeI and XhoI restriction enzymes. Then the cDNA encoding RRM1 domain of

TDP43 was amplified by PCR using primers containing EcoRV restriction sites and inserted into HA-FUS-pcDNA3.1 plasmid with

insertions encoding amino acids 1–275 and 385–526. The inserted cDNAs and reading frames for all prepared plasmids were verified

by DNA sequencing (Eurofins Genomics).

Site-directed mutagenesis of the FUS RRM was carried out directly on the pET-28-a-FUS_275–385 or pET-22-b-FUS-FL expres-

sion plasmid by using the ‘Quikchange II XL site-directed mutagenesis kit’ (Stratagene) and appropriate oligonucleotides (Eurofins

Genomics). The introduced mutations (N284A, K315A/K316A, D342A, and D343A) were checked by DNA sequencing (Eurofins

Genomics).

Plasmid transfection, siRNA treatment and addback experiments
HeLa cells were grown in 96-well plates and were transiently transfected with 0.2 mg of recombinant plasmid for each well using lip-

ofectamine 2000 (Thermofisher) transfection reagent for 24–48 h according to the manufacturer’s instructions. For the silencing of

FUS, TDP-43 or HuR, HeLa cells were transfected with 0.15 mg of corresponding small interfering RNA (siRNA) duplex using Lipofect-

amine 2000 for 24 h. A non-targeting sequence siRNA (AllStars Negative Control siRNA) was used as a negative control. For the add-

back experiments, firstly, HeLa cells were transfected with siRNA targeting endogenous FUS for 24 h and, secondly, the cells were

transfected with the plasmid encoding wild type or mutant FUS, as indicated. The efficiency of transfection with HA-FUS overex-

pressing plasmid was measured at the single-cell level using antibodies to FUS and HA-tag and was calculated as the increase

of total FUS expression for the HA-FUS overexpressing cells compared to the cells with endogenous FUS expression level (Fig-

ure S4C). The efficiency of transfection with siRNA was calculated as the difference in FUS expression for the cells treated with a

non-targeting sequence siRNA and siRNA targeting FUS (Figure S4D).

For oxidative stress induction, HeLa cells were treated with 10, 30, 100 or 300 mMhydrogen peroxide (H2O2) and incubated at 37�C
for 30 min. When indicated, cells were pre-treated with 5 mg/mL actinomycin D (ActD) at 37�C for 30 min before H2O2 treatment.

Microtubule bench assay
HeLa cells were grown in 96-well plates andwere co-transfectedwith 0.4 mgGFP expression plasmid or 0.2 mgRFP expression plasmid

using lipofectamine 2000 (Thermofisher) transfection reagent for 24 h according to the manufacturer’s instructions. After 24 h of trans-

fection cells were fixed first with ice-cold methanol for 10 min at �20�C, then with 4% paraformaldehyde (PFA) in PBS for 10 min at

37 �C. The cells were washed 3 times with PBS and stained with 300 nM DAPI to visualize the nuclei. The cell images were obtained

with the Opera Phenix Plus High Content Screening System (PerkinElmer) on 40x magnification with a liquid-immersed lens.

High-content imaging assay and analysis
Cells were washed with PBS, fixed first with ice-cold methanol for 10 min at�20�C, then with 4% paraformaldehyde (PFA) in PBS for

10 min at 37 �C. After washing with PBS, cells were kept with blocking buffer (50 mM Tris pH 7.5, 100 mM NaCl, 2% BSA, 0.15%

Triton X-100) for 30 min at 37 �C to permeabilize the cells and reduce nonspecific recognition by antibodies. Blocking buffer was

removed and cells were washed and then incubated with corresponding primary antibodies overnight at 4 �C. After that, the cells

were washed 3 times with PBS and incubated for 1 h with fluorochrome (Alexa Fluor488 and �594)-coupled secondary antibodies

in blocking buffer. After final washing with PBS, the cells were stained with 300 nM DAPI to visualize the nuclei. The cell images were

obtainedwith theOpera Phenix Plus HighContent Screening System (PerkinElmer) on 20x or 40xmagnification in the confocal mode.

Image capture was performed using three channels.

a. DAPI (excitation 405 nm; emission 435–480 nm);

b. Cy3 (excitation 561 nm; emission 570–630 nm);

c. EGFP (excitation 488 nm; emission 500–550 nm).

Images were analyzed using the PerkinElmer Harmony v4.8 software. DAPI signal was used for nuclei detection. The signal fluores-

cence intensity of silenced/overexpressed proteins or PAR was measured in the nucleus. The relative increase in nuclear PAR level in

protein overexpressing cells was calculated as the ratio of the nuclear PAR level in cells overexpressing HA-tagged protein (HA-signal

>6.8 and <9 in log scale) to the nuclear PAR level in cells with low level of protein expression (HA-signal <6.5 in log scale). The corre-

sponding scatterplots and violin plots were created using MATLAB R2022a software (Figures 1D, 2A–C, 5B, C, and Figures S3–S8).

In situ RNA hybridization
To visualize poly(A) mRNA using in situ hybridization, after fixation HeLa cells were incubated with Cy3-labelled poly(dT) in hybrid-

ization buffer (23SSC buffer, 1 mg/mL yeast tRNA, 0.005% BSA, 10% dextran sulfate, 25% formamide) for 2 h at 37�C. Wash steps

were performed using 43 and then 23 SSC buffer (0.88% sodium citrate, 1.75% NaCl, pH 7.0).
Cell Reports 42, 113199, October 31, 2023 21



Article
ll

OPEN ACCESS
5-Bromouridin (BrU) incorporation analysis
After 24 h of transfection with FUS-HA expressing plasmid HeLa, cells were incubatedwith 5mMBrU for 35min at 37�CandH2O2 (30,

100 or 300 mM) for 30 min. Cells were fixed with ice-cold methanol for 10 min at �20�C, washed with PBS and fixed with 4% para-

formaldehyde (PFA) for 10 min at 37�C. After cells were washed 3 times with PBS and kept with blocking buffer (50 mM Tris pH 7.5,

100 mM NaCl, BSA 2%, 0.15% Triton X-100) for 30 min at 37�C. The primary anti-BrdU monoclonal rat antibodies (ab6326, Abcam)

recognising both BrdU and BrU were diluted 1:1000 in blocking buffer and applied to cells for incubation overnight at 4 �C. After PBS
washings, the secondary goat anti-rat antibody (Alexa 594, Invitrogen) were diluted 1:1000 in blocking buffer and added to cells for

1 h at room temperature. After final washes with PBS, the cells were stained with 300 nM DAPI to visualize the nuclei. The anti-BrdU

fluorescence was detected andmeasured automatically using Opera Phenix Plus High Content Screening System (PerkinElmer) and

the Harmony v4.8 software (Figure S7B).

Proximity ligation assay (PLA)
Proximity ligation assay was performed using Duolink PLA technology Kit (Sigma) according to the manufacturer’s recommenda-

tions. HeLa cells were grown in a 96-well plate at a density of 1.33104 cells per well and transfected with corresponding plasmids

for 24 h. The cells were washed with PBS for 5 min, then fixed with 4% PFA for 30 min at 37�C and washed with PBS. The cells were

permeabilized using 0.2% Triton X-100 in PBS for 10 min and incubated with blocking solution for 60 min at 37�C. The samples were

incubated with anti-HA and anti-PARP1 primary antibodies in the supplied buffer at 4�C overnight, then washed 3 times with 0.2%

Triton X-100 in PBS. The PLUS and MINUS PLA probes were diluted 1:5 in corresponding buffers, provided by manufacturer, and

incubated with cells for 60 min at 37�C, then the samples were washed 3 times with PBS. The DNA ligase was diluted 1:40 in the

ligation buffer (diluted 1:5) and added to the samples followed by incubation for 30 min at 37�C, then the samples were washed 2

times with PBS. The samples were incubated in the amplification solution (1:80 DNA polymerase in the amplification solution diluted

1:5) for 100min at 37�Candwashed 2 timeswith PBS for 10min. The samples were stained with DAPI. The cell imageswere obtained

with the Opera Phenix Plus High Content Screening System (PerkinElmer) and analyzed with Harmony v4.8 software.

Isolation of chromatin-bound proteins and Western blot analysis
HEK293 cells were grown on 10 cm Petri dishes, transfected and treated with plasmids and reagents as indicated in the Fig-

ure Legends. The preparation of chromatin bound fraction and soluble fraction was performed as described previously.78 Briefly, sol-

uble proteins of HEK293 cells were isolated by extracted with Triton X-100, namely, the cells were incubated with 3 volumes of 0.5%

Triton X-100 in CSK buffer (10 mM PIPES pH 7, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 1mM DTT, protease inhibitors) for

20 min on ice, and then were centrifuged for 5 min at 1500 g, the supernatant was collected and used for WB as a free fraction.

The pellet was washed with 0.1% Triton X-100 in CSK buffer, resuspended in DNase I digest buffer (10 mM Tris-HCl pH 7.8,

10 mM NaCl, 5 mM MgCl2, protease inhibitors), incubated with DNase I (35U in 50 mL of DNase I digest buffer) for 20 min at 37�C
and centrifuged for 10 min at 16000 g; the supernatant was used for WB as a chromatin bound fraction.

For Western blot analysis, first, proteins were separated on 10% SDS-PAGE and transferred onto a PVDF membrane. After that,

the membrane was stained with 0.2%Ponceau-S red to detect proteins. The stainedmembrane waswashedwith 1%CH3COOH for

fixation, then washed with TBS-Tween buffer (20 mM Trizma Base, 143 mM NaCl, pH 7.6, 1% Tween 20) and blocked with 5% non-

fat dry milk for 1 h at room temperature. Then, the membrane was washed again with TBS-Tween buffer and incubated overnight at

4 �C with indicated primary antibodies. After a wash step, the secondary antibody (LI-COR IRDye, IRDye 800CW goat-anti-rabbit

1:5000, IRDye 680RD goat-anti-mouse 1:5000) was added to the membrane in TBS-Tween buffer for 45 min at room temperature.

The membrane was washed with TBS-Tween buffer, bound antibodies were detected with Amersham Typhoon Bioimager.

Recombinant protein production and purification
Recombinant PARP1 was overexpressed in E. coli Rosetta (DE3) pLysS (Novogen, catalog # 70956-3) and purified by Ni-NTA

agarose (GE Healthcare United States, catalog # GE17-5255-01) affinity chromatography, HiTrap Heparin High Performance (GE

Healthcare, United States, catalog # GE17-0407-01) affinity chromatography, and deoxyribonucleic acid�cellulose (single-stranded

calf thymus DNA) (Sigma-Aldrich, United States, catalog #D8273) affinity chromatography as described previously.71 The recombi-

nant His6-tagged FUS-RRM fragment (aa 275–385) from the human full-length FUS was first cloned into the pET-28-a expression

vector while the recombinant His6-tagged TDP-RRM2 (aa 176–277) fragment was cloned as previously described.55 BL21 (DE3)

competent E. coli cells were transformedwith the constructed plasmid pET-28-a-FUS_275–385 or pTDP-RRM2_176–277 and grown

at 37�C in minimal mediumM9 supplemented with 15NH4Cl and 50 mg/mL of kanamycin. The protein expression was induced by the

addition of IPTG to a final concentration of 1 mM at OD600 = 0.7. The culture was grown at 37�C for 4 h and cells were harvested and

washed with 20 mL of cold buffer consisting of 30 mM Tris-HCl, pH 7.6, and 100mMKCl. The cell pellet was resuspended in 20 mL of

buffer A (20 mM Tris-HCl, pH 7.6, 1.5 M KCl, 1 mM TCEP, 1 mM PMSF, and EDTA-free protease inhibitor Cocktail (Roche)) and cells

were disrupted by sonication on ice (Bioblock Vibracell sonicator, model 72412). The cell lysate was centrifuged at 4�C for 30 min at

150,0003g in a TL100 Beckman centrifuge. The supernatant was used for purification experiments.

The FUS RRM (WT and N284A, K315A/K316A, D342A, D343A mutants) and TDP-43 RRM fragments were purified following the

manufacturer’s recommendations (Qiagen). Briefly, the supernatant was incubated with Ni2+ - NTA-agarose (Qiagen) (20 mg of pro-

teins/mL of resin) pre-equilibrated in buffer A for 2 h at 4�C. The resin was then washed extensively with buffer A, containing 10 mM
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and 20 mM imidazole. The protein was eluted with an imidazole linear gradient (50–500 mM) in buffer A. Pure protein fractions were

pooled and buffer exchanged against NMR buffer (15 mM K2HPO4/KH2PO4, pH 6.8, 25 mM KCl and 1 mM TCEP) by using a PD-10

column (GE Healthcare). The final preparations were snap-frozen and stored at - 80�C.
Recombinant full-length FUS WT or FUS D343A mutant were overexpressed in E. coli BL21(DE3) and purified as previously

described.37

The purity of the proteins was monitored at all stages of the purification by SDS-PAGE (Laemmli, 1970).

Radioactive assay of protein PARylation in vitro

[32P]-NAD+ labeled on the adenylate phosphate was synthesized in a reaction mixture (100mL) containing 2 mM b-Nicotinamide

mononucleotide, 1 mM ATP and 0.25 mCi of [a-32P]-ATP (1000 Ci/mmol), 1.5 mg/mL nicotinamide mononucleotide adenylyl trans-

ferase (NMNAT), 25mMTris- HCl (pH 7.5), and 20mMMgCl2 was incubated for 1 h at 37�C. The enzymewas denatured by heating at

65�C for 10 min and precipitated proteins were removed by centrifugation.

An in vitro poly(ADP-ribosyl)ation of full-length FUS WT, FUS D343A mutant assay was performed in the reaction mixtures (12 mL)

containing 20 mM Tris-HCl, pH 7.5, 25 mM NaCl, 1 mM DTT, 400 mM Urea, 0.1 OD260/mL of DNase I-activated calf thymus DNA,

100 nM PARP-1, 0.3 mMNAD+, 0.4 mCi [32P]-NAD+ and 50, 200, 800 or 3000 nM of FUSWT or FUS(D343A). The reactions were initi-

ated by the addition of NAD+. The reaction mixtures were incubated at 37�C for 1, 3, 7, 15 or 30 min and stopped by adding SDS-

sample buffer and heating for 5 min at 90�C.
An in vitro poly(ADP-ribosyl)ation of RRM fragmentswas performed in the reactionmixture (15 mL) containing 20mMTris-HCl, pH 7.5,

25mMNaCl, 1 mMDTT, 0.1 OD260/mL of DNase I-activated calf thymus DNA, 100 nMPARP-1, 0.3 mMNAD+, 0.4 mCi [32P]-NAD+ and

4, 8, or 16 mMofRRM fragment as indicated. The reactionswere initiated by the addition of NAD+. The reactionmixtureswere incubated

at 37�C for 30 min and stopped by adding SDS-sample buffer and heating for 5 min at 90�C.
The reaction mixtures were analyzed by 10% SDS-PAGE and the PARylated proteins were visualised by phosphorimaging by

means of Typhoon FLA 7000 (GE Healthcare, Chicago, IL, USA) and/or colloidal Coomassie staining.

PAR used for NMR analysis was synthesized in the reaction mixture (3 mL) consisting of 50 mM Tris- HCl (pH 7.5), 2 mM DTT,

4 mM MgCl2, 1 mM DNA duplex (30 bp), 0.35 mM PARP1 and 0.5 mM NAD+ + 0.05 mCi [32P]-NAD+ (was added for the visualisa-

tion). The mixture was incubated at 37�C for 1 h. After that, the purification of PAR was processed as described previously.79 The

bulk PAR was analyzed by gel electrophoresis using modified DNA sequencing gels as described.80 PAR concentration was esti-

mated by measurement of absorbance at 258 nm (A258) and application of an extinction coefficient of 13.5 mM�1cm�1 for ADP-

ribose (ADPr).

NMR analysis
All NMR Experiments were performed on 60 mL samples prepared in 25 mM K2HPO4/KH2PO4 buffer pH 6.8, using 1.7 mm diameter

capillary tubes. NMR spectra were acquired at 298K on a Bruker AVIII HD 600MHz spectrometer equipped with a triple-resonance

cryoprobe.

Interactions of the purified 15N protein fragments (FUS RRM, TDP-43 RRM2 and HuR RRM1) with protein-free PAR (Figure S9C)

purified as described previously,37 DNA (Eurofins) or RNA (Eurogentec) oligonucleotides (A20r, A20d, T10 and hnRNPA2/B1 RNA

stem loop) were investigated using 2D 1H-15N SOFAST-HMQC experiments. The spectra were recorded on 50 mM protein sam-

ples alone and in presence of 90 mM PAR or oligonucleotides. Data were acquired with 16 dummy scans, 256 scans, 2048 points

along the direct dimension, 128 t1 increments and a relaxation delay of 0.2 s. Shaped pulse length and power were calculated by

considering an amide 1H bandwidth of 4.5 ppm and a chemical shift offset of 8.25 ppm. The same experimental conditions were

used for studying the interaction of the FUS RRM mutants (N284A, K315/216A, D342A and D343A) with PAR. From the 2D 1H-15N

SOFAST-HMQC spectra, chemical shift perturbations (CSPs) were calculated as Dd =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:5ð0:14･Dd15NÞ2+ðDd1HÞ2

q
. The overall

binding efficiency between the protein fragments and the different ligands was evaluated by calculating the standard deviation

(s) of the CSPs.

In order to analyze the binding specificity of FUS RRM:PAR interaction, NMR competition assays were performed using 2D
1H-15N SOFAST-HMQC experiments recorded on equimolar samples (50 mM) of 15N FUS RRM or TDP-43 RRM2 in presence of

PAR, T10 or a mixture of both ligands. These same samples have been used to record WaterLOGSY experiments (1024 scans).

Control experiments were carried out without and with the PAR alone. The binding specificity was evaluated by the modification of

ligand peak intensities (more positive or less negative) upon protein binding. A last NMR competition assay has been performed by

recording 2D 1H-15N SOFAST-HMQC experiment on a sample containing preformed TDP-43 RRM:PAR complex on which FUS

RRM has been added.

NMR experiments have been also designed to analyze the effect of FUS RRM and its D343 mutant on PARylation catalyzed with

PARP-1. 1D (64 scans) and 2D 1H-15N SOFAST-HMQC (32 scans) spectra has been recorded at different times (0, 100, 500, 1h 300

and 3h) on a reaction mixtures containing 50 mM 15N FUS RRM or D343, 1 mM PARP-1, 3 mM NAD+, 25 mM MgCl2 in HEPES

buffer (20 mM, pH 7.5). The PARP-1 activation was initiated by the addition of DNA duplex (30 bp) to a final concentration of

1 mM and it could be easily followed on the 1D spectra by the observation of NAD+ consumption and nicotinamide appearance

over time.
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Analysis of cell by HCS fluorescence microscopy
Images were analyzed using the PerkinElmer Harmony v4.8 software.

To measure sub-compartmentalization in the system with both proteins fused to GFP/RFP-MBD, the cell image analysis was car-

ried out using the PerkinElmer Harmony v4.8 software. First, nuclei, cytoplasm and spots of proteins fused to GFP/RFP-MBD along

the microtubule network were automatically detected. Then, the following parameters defining spatial segregation of two proteins

were quantified: RFP/GFP fluorescence intensity in the spot, number of spots, width to length ratio of the spot, RFP/GFP fluores-

cence intensity in the cytoplasm. Fluorescence analysis included processing of signal by filtering out cells with low co-transfection

level (RFP/GFP fluorescence intensity in the cytoplasm >5.8 in log scale) and spots with high width to length ratio (>0.22). The RFP/

GFP fluorescence intensity of each spot was normalized to the value of RFP/GFP intensity in the cytoplasm. The data were presented

in the scatterplots using MATLAB R2022a software (Figure S1C). The mixing scores (Figure 1C and S1C) were calculated as the

squared value of the correlation coefficient (corr function in MATLAB R2022a software) showing how well the observed data fit

the regression model (polynomial fitting shown on Figure S1C).

Tomeasure the number of condensates per nucleus and FUS enrichment in nuclear condensates, nuclear condensates were auto-

matically detected using the PerkinElmer Harmony v4.8 software. The following parameters were quantified: the number of nuclear

condensates per well, the number of cells per well, FUS fluorescence intensity in the condensates, FUS fluorescence intensity in the

nucleoplasm. The number of condensates per nucleus was calculated as the ratio of the number of nuclear condensates per well to

the number of cells per well. The FUS enrichment in nuclear condensates was calculated as the ration of FUS fluorescence intensity in

the condensates to FUS fluorescence intensity in the nucleoplasm. The data were presented in the univariate scatterplot by using

UnivarScatter function in MATLAB R2022a software.

In silencing, overexpression and addback experiments the following parameters were quantified: nucleus size, distance between

cells, HA-tagged protein nuclear fluorescence intensity, PAR nuclear fluorescence intensity. Relative increase in nuclear PAR level

was calculated using MATLAB R2022a software as the increase in PAR nuclear fluorescence intensity signal for a window of HA-

tagged protein expression (HA-tagged protein nuclear fluorescence intensity: 6.8–9 in log scale) compared to the PAR nuclear fluo-

rescence intensity signal for the cells without HA-tagged protein overexpression (HA-tagged protein nuclear fluorescence intensity:

<6.5 in log scale). The cells with abnormally small nuclei (<150 mm2) and distance between the cells (<8 mm) were filtered out. The

distribution of the relative increase in nuclear PAR level was presented as violin plots (Figures 2 and 5) by using violinplot function

in MATLAB R2022a software.

Analysis of the level of protein PARylation in vitro

Bands of proteins labeled with [32P]ADP-ribose were analyzed by using Quantity One Basic software (Bio-Rad). [32P] NAD+ signal

intensity (arbitrary units, a.u.) of PARylated proteins was quantified as the raw signal of the smeared band corresponding to [32P]

PAR-labeled proteins minus the same-size background signal of gel in the respective lane. Data are presented as mean

values ± SD. The quantitative data presented in histograms were obtained in at least three independent experiments.

Statistical analysis
All statistical tests were performed using MATLAB. The two-sample t test test was performed using the ttest2 function. Significance

levels were indicated as *p < 0.05, **p < 0.01, ***p < 0.001 and not significant (n.s.).
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