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Abstract: DNA damage causes PARP1 activation in the nucleus to set up the machinery responsible
for the DNA damage response. Here, we report that, in contrast to cytoplasmic PARPs, the synthesis
of poly(ADP-ribose) by PARP1 opposes the formation of cytoplasmic mRNA-rich granules after
arsenite exposure by reducing polysome dissociation. However, when mRNA-rich granules are pre-
formed, whether in the cytoplasm or nucleus, PARP1 activation positively regulates their assembly,
though without additional recruitment of poly(ADP-ribose) in stress granules. In addition, PARP1
promotes the formation of TDP-43- and FUS-rich granules in the cytoplasm, two RNA-binding
proteins which form neuronal cytoplasmic inclusions observed in certain neurodegenerative diseases
such as amyotrophic lateral sclerosis and frontotemporal lobar degeneration. Together, the results
therefore reveal a dual role of PARP1 activation which, on the one hand, prevents the early stage of
stress granule assembly and, on the other hand, enables the persistence of cytoplasmic mRNA-rich
granules in cells which may be detrimental in aging neurons.
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1. Introduction

Stress granules (SGs) are dynamic compartments found in the cytoplasm of eukary-
otic cells in response to a wide variety of stress, including oxidative stress, hypoxia and
viral infections [1]. SGs are considered dynamic and reversible compartments containing
non-polysomal mRNAs, 40S ribosomal subunits, translation initiation factors and mRNA-
binding proteins (RBPs) [1]. The mRNA and protein composition of SGs varies according
to the type of stress at the origin of their formation, probably to coordinate a stress-specific
translational response in cells [2,3]. SGs are formed following the dissociation of polysomes,
which is generally orchestrated by dedicated kinases after cellular stress that blocks the
initiation of translation [3,4]. The assembly of non-polysomal mRNAs in SGs is subse-
quently regulated by base pairings between mRNA molecules [5] and interactions between
self-associated RBPs such as G3BP-1 [6–8], which form a bridge between molecules of
mRNA. Recently, several reports have indicated that ADP-ribosyl transferases (for example,
tankyrase (PARP5a), PARP12, isoforms PARP13 (1 and 2), PARP14 and PARP15) could
localize to SGs and play a critical role in the regulation of cytoplasmic SG formation [9–12].
ADP-ribosyl transferases of the diphtheria toxin-like family (ARTD), also called PARPs,
catalyze the transfer of ADP-ribose units from NAD+ onto amino acid residues of target pro-
teins, resulting in their (ADP-ribosyl)ation [13]. Some PARPs have the ability to covalently
attach a single ADP-ribose to an amino acid residue (protein mono(ADP-ribosyl)ation,
MARylation), while others attach a poly(ADP-ribose) (PAR) chain, linear or branched
(protein poly(ADP-ribosyl)ation, PARylation). Since SGs are formed in the cytoplasm, most
research was focused on cytoplasmic PARPs such has as PARP5a and PARP5b [12]. The
action of cytoplasmic PARPs generally positively regulates SG formation and alters their
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dynamics [9,11,12]. In agreement with this model, the degradation of PAR by cytoplas-
mic poly(ADP-ribose) glycohydrolase (PARG), namely PARG99 and PARG102, facilitates
the dissociation of SGs, thus providing a reversible and controlled mechanism of SG as-
sembly [14]. In addition, many protein components of SGs, such as FUS/TLS (Fused in
Sarcoma/Translocated in LipoSarcoma) [15], TDP-43 (TAR DNA-binding protein 43) [12],
Y-box binding protein 1 [16], hnRNP A1 (Heterogeneous nuclear ribonucleoproteins A1) [9],
can bind PAR or/and can be PARylated by PARPs. Even if the precise role of the post-
translational modifications operated by the cytoplasmic or nuclear PARPs remains to be
defined, two scenarios have been proposed: (i) PARPs modify RBPs, such as G3BP-1
(Ras-GTPase-activating protein (GAP)-binding protein 1), Ago2 (Argonaute RISC Catalytic
Component 2) and hnRNP A1, which then upregulate the formation of SGs [9,11]; (ii) the
chains of PAR could serve as a scaffold to recruit self-associated RBPs, such as FUS, TDP-43
and G3BP-1, which promote SG formation [12,17]. Consistently, with the last scenario,
purified PAR could promote liquid–liquid phase separation of SG-associated RBPs such as
FUS, TAF15 (TATA-Box Binding Protein-Associated Factor 15) and EWS (Ewing Sarcoma
protein) [15].

Here, we explore the role of the major nuclear PARP, PARP1, in the formation of
SGs under oxidative stress induced by arsenite and hydrogen peroxide (H2O2). Oxida-
tive stress reagents could cause damage to DNA, proteins and lipids and can disrupt
biochemical processes and organelle functions vital for cellular survival that can lead to
the development of diseases and disorders, including cardiovascular diseases, chronic
obstructive pulmonary disease, chronic kidney disease, neurodegenerative diseases and
cancer [18,19]. The synthesis of PAR by PARP1 occurs after DNA damage, in particular,
in single-strand breaks, which takes place throughout the life of cells, but the occurrence
of which increases sharply during oxidative stress [20]. PARP1 is responsible for about
90% of the PAR synthesized in cells in response to genotoxic stress [21] but, surprisingly,
little is known about its contribution to SG assembly [11,22]. PAR is covalently attached to
acceptor proteins, notably PARP1 itself, but also to other nuclear proteins involved in DNA
and RNA metabolism [23–26]. PAR massively produced during oxidative DNA damage
may directly or indirectly participate in the regulation of translation accomplished by the
formation of SGs in the cytoplasm [10]. In this study, we considered the putative link
between the activation of PARP1 and the formation of mRNA-rich SG in the nucleus and
cytoplasm of HeLa cells under oxidative stress induced by H2O2. In addition, recent reports
suggest a critical role of PARP1 in certain neurodegenerative diseases such as sporadic
and familial forms of amyotrophic lateral sclerosis (ALS) and frontotemporal degeneration
(FTD), since poly(ADP-ribose) is implicated in the accumulation of proteins causative of
neurodegenerative disease in the motor neurons [26–29]. Therefore, particular attention
was also paid to the PARP1-dependent formation of mRNA-rich granules containing two
RNA-binding proteins, TDP-43 and FUS, since both TDP-43 and FUS translocated from the
nucleus to the cytoplasm after H2O2 treatment [30]. In addition, TDP-43 and FUS are linked
to the pathogenesis of neurodegenerative diseases since they form cytoplasmic inclusions
in neurons of ALS or FTD patients [31,32].

By analyzing SG assembly in cells, we observed that H2O2-induced stress prevents
the formation of SGs in the cytoplasm in a PARP1-dependent manner. The analysis of
mRNA associated with polysomes revealed that H2O2-induced PARP1 activation limits the
dissociation of polysomes, consistent with an inhibition of SG assembly. However, when
SGs were pre-formed in the cytoplasm or the translation was terminated, nuclear PARPs do
positively regulate SG formation and render them persistent in the cytoplasm. In addition,
when TDP-43 or FUS overexpression led to the formation of reversible mRNA-containing
granules in the cytoplasm, nuclear PARP activation again promotes their formation. Inter-
estingly, an increased presence of PAR in SGs and TDP-43- or FUS-rich granules was not
detected upon H2O2-induced nuclear PARP activation.

Altogether, our data indicate that PARP1 activation after genotoxic stress may block SG
formation if they are not pre-formed but constitutes an aggravating factor in neurodegener-
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ation by preventing the dissociation of pre-formed mRNA-rich granules. In the latter case,
nuclear PARPs may indirectly promote the persistence of mRNA-rich protein condensates
in the cytoplasm, for instance, via the PARylation of SG-related proteins, phosphorylation
events or by buffering mRNA-stabilizing factors such as YB-1 or HuR.

2. Materials and Methods
2.1. Plasmid and siRNA Transfection

Fresh culture medium with 5% serum was added to the cells before the transient
transfections. HeLa cells were transfected with 1.5µg/mL of FUS-GFP or TDP-43-GFP
encoding plasmids for each well by using the ratio of 1/1000 Lipofectamine 2000 (Thermo
Fisher Scientific, Waltham, MA, USA, #11668019) and medium, respectively. The cells
were analyzed at 24 h after plasmid DNA transfection. The efficiency of transfection was
controlled by immunofluorescence.

For silencing, HeLa cells were then transfected with 20 nM of small interfering RNA
duplex FlexiTube GeneSolution for PARP1 (QIAGEN, Hilden, Germany, #GS14) or for
PARG (QIAGEN, #GS8505) by using the ratio of 1/1000 Lipofectamine 2000 and medium,
respectively. A non-targeting sequence siRNA (AllStars Negative Control siRNA, QIAGEN,
#1027281) was used as a negative control. Cells transfected with the siRNA were placed in
an incubator for 6 h, then the medium was replaced with fresh medium with 10% FBS, and
cells were incubated for 48 h.

2.2. Oxidative Stress Conditions and Drug Treatments

For oxidative stress induction, HeLa cells were treated with 300 µM or 1 mM hydrogen
peroxide (H2O2) or 300 µM sodium arsenite for the indicated period of time.

For induction of SGs in nucleus, cells were treated with 4 µM actinomycin D (ActD)
(Thermo Fisher Scientific, #11805017) for 1 h before treatment with 300 µM H2O2.

For induction of SGs in cytoplasm, cells were treated for 60 min with 300 µM sodium
arsenite or 200 µM puromycin (Sigma, St. Louis, MO, USA, #P9620) for 1 h before treatment
with 300 µM H2O2.

For inhibition of PARP activity, cells were pre-treated with 10 µM olaparib (Apexbio
Technology, Houston, TX, USA, #A4154) or 1 µM talazoparib (MedChemexpress, #HY-
108413) and diluted in DMSO for 1 h before and during indicated treatments.

To study the disassembly of SGs formed by treatment with sodium arsenite, cells were
treated with 300 µM sodium arsenite for 60 min, then the culture medium was replaced
with fresh medium containing DMSO (control), 300 µM H2O2 or 3 µM olaparib or 300 µM
H2O2, as indicated, and then the cells were left alone for one hour for further fixation and
analysis.

After incubation with the drugs at indicated time points, the cells were washed with
PBS and fixed with 4% paraformaldehyde (PFA) in PBS for 45 min at 37 ◦C, if another cell
fixation method is not indicated.

2.3. Immunofluorescence Staining and Image Analysis

For PAR (PAR Affinity Rabbit Polyclonal Antibody, Trevigen, Gaithersburg, MD, USA,
#4336-BPC-100) or MAR/PAR (Poly/Mono-ADP Ribose (E6F6A) Rabbit mAb, Cell Sig-
naling, Danvers, MA, USA, #83732) immunofluorescence staining, cells were fixed with
100% ice-cold methanol for 15 min at −20 ◦C and then washed with PBS and addition-
ally fixed with 4% paraformaldehyde (PFA) in PBS for 20 min at 37 ◦C. After washing
with PBS, coverslips were kept with blocking buffer (50 mM Tris pH 7.5, 100 mM NaCl,
BSA 2%, 0.15% Triton X-100) for 40 min at 37 ◦C in order to permeabilize the cells and
reduce nonspecific recognition by antibodies. Blocking buffer was removed and cells were
washed and then incubated for 1 h at room temperature with primary antibodies diluted
in blocking buffer. The cells were washed 5 times with PBS and incubated for 1 h with
secondary antibodies (Goat anti-Rabbit IgG (H + L), Alexa Fluor 594, #11012 or Goat anti-
Mouse IgG1, Alexa Fluor 488, #21121, both from Thermo Fisher Scientific) in 50 mM Tris
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pH 7.5. After final washes with PBS, the cells were stained with 300 nM DAPI to visualize
the nuclei and mounted for fluorescence microscopy analysis.

For anti-HA-tag (HA-Tag Antibody, Santa Cruz, CA, USA, #sc-7392) or anti-PARP1
(rabbit polyclonal, Santa Cruz, CA, USA, #sc-7150) immunofluorescence staining, cells were
washed with PBS and fixed with 4% paraformaldehyde (PFA) in PBS for 45 min at 37 ◦C.

The measurements of PAR, MAR/PAR, FUS, TDP-43 and mRNA inside SGs and nu-
clear granules were defined as the immunofluorescence signal of anti-PAR, anti-PAR/MAR,
anti-HA-tag or mRNA (oligo d(T)40 Cy3-conjugated oligonucleotides, Sigma) minus the
integrated intensity in the surrounding cytoplasmic (or nuclear) background and were
performed using the “CellProfiler” software (version 4.0.7), Broad Institute, Cambridge,
MA, USA, https://cellprofiler.org/, 2020 year). SGs, nuclear granules and protein-rich
condensates were identified using the “CellProfiler” software as areas close in shape to a
sphere or oval and in which the intensity of the detected mRNA exceeded the intensity of
the background by 1.2–2 times or more.

2.4. RNA Hybridization In Situ

In situ hybridization was performed to image poly(A) mRNA in HeLa cells as follows.
Cells were fixed with 4% PFA as explained above. Cells were then incubated with 100%
ice-cold methanol for 10 minutes at −20 ◦C, in ice-cold 70% ethanol for 10 min at −20 ◦C,
and then 1 M Tris-HCl pH 8.0 for 5 min. Poly(T) conjugated to Cy3 (cy3-labelled poly(dT),
40 nucleotides) at 1 µg/µL in the hybridization buffer (0.005% BSA, 1 mg/mL yeast RNA,
10% dextran sulfate, 25% formamide in 2XSSC) was then used to reveal mRNAs. Slides
were then placed in a humidity chamber for 1 h at 37 ◦C with gentle shaking. Following
hybridization, cells were washed twice with 4X SSC buffer and once with 2X SSC buffer.
After cells were stained with 300 nM DAPI to visualize the nuclei, they were directly
mounted for fluorescence microscopy analysis or were proceeded to incubation with
primary antibodies (as described above) to obtain immunofluorescence staining of PAR
and proteins.

2.5. Preparation of Extracts and Polysome Fractionation Analysis

Polysome fractionation analysis was performed as previously described [33]. Briefly,
to prepare the cytoplasmic extract, HeLa cells were grown on 15 cm Petri dishes with 70%
coverage (approximately 13 million cells per dish) and treated with reagents as indicated
and described in the cell culture section. Next, the cells were treated with cycloheximide
(Apexbio Technology, #A4154) [33] before cell dissociation from the dish surface according
to the standard protocol of trypsin cell culture, after which the cells were centrifuged, lysed
and fractionated to obtain cytoplasmic extract by using specific buffer conditions and the
procedure fully described in the protocol [33]. After that, the cytoplasmic cell extracts
were applied to the sucrose gradient (10–50%) in the buffer conditions according to the
protocol [33] and centrifuged at 18,000× g rpm in a Beckman SW40Ti swinging-bucket
rotor for 11 h at 4 ◦C.

Next, the sucrose gradient was fractionated using a “Milichrom” microcolumn liquid
chromatograph equipped with a UV detector to monitor the UV adsorption profile at
260 nm in order to obtain a sedimentation curve of the mRNA in the sucrose gradient.
Sedimentation curves were drawn (polysome profile) representing the amount (adsorption
intensity on 260 nm) of mRNA distributed according to the sedimentation coefficient, which
depends on the mass and size of the mRNA and mRNA–polysome complexes.

The polysome profile for each sample includes fractions without ribosomal material,
and fractions with 40S, 60S complexes or 80S (monosome), and low- and high-molecular-
weight polysomes. The distribution of mRNA fractions and mRNA–polysome complexes
in whole extracts from cells treated with various reagents (300 µM arsenite, 300 µM H2O2,
200 µM puromycin, 10 µM olaparib.) can be compared between themselves and relative
to the control profile obtained in this experiment [33]. For analysis and comparison of the
relative amount of polysomes in cell extract samples, the area under the sedimentation

https://cellprofiler.org/
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curve occupied by the polysome and the 80S monosome fractions in OD260 absorbance
profile was measured and then normalized to the area under the total absorbance of the
sample at 260 nm. The polysomal fraction corresponds to the translated mRNA, and
80S corresponds to the untranslated mRNA fractions and allows us to make a relative
assessment of the level of association of polysomes in the cell.

3. Results
3.1. Activation of PARP1 following Oxidative DNA Damage Prevents Arsenite-Induced SG
Formation and Influences Polysome Dissociation

Arsenite is a potent inducer of SGs that triggers the rapid phosphorylation of the
eukaryotic translation initiation factor 2A (eIF2A), which inhibits translation initiation.
The ensuing polysome dissociation resulting from arsenite treatment then leads to the
formation of cytoplasmic SGs, in which non-polysomal mRNA is recruited [4,34]. The in-
volvement of cytoplasmic PARPs and PAR in the regulation of SG assembly has been
shown for arsenite-treated cells [11]. For this reason, we also considered to investi-
gate the features of SG formation under H2O2-induced stress conditions, which induce
DNA damage and would significantly activate PAR synthesis compared to arsenite [35].
Of note, the assembly of SGs in H2O2-treated cells has been the focus of many
studies [36–41]. It turned out that H2O2 is not a reliable agent to induce SG assembly
with either no SG assembly [36,40,42,43] or SG assembly [37,38] being reported. In an
extensive study, the appearance of SGs in cells was detected only at a high concentration
of H2O2 (≥1 mM) [36,40]. Therefore, we explored the role of nuclear PAR synthesis in SG
assembly in HeLa cells exposed to arsenite, H2O2, H2O2 then arsenite or arsenite then H2O2.
A low concentration of H2O2 (300 µM), which induces PAR synthesis without triggering
SG formation, was used for these experiments (Figure 1A,B and Figure S1A,B). Strikingly,
when cells were treated with H2O2 prior to arsenite treatment, the formation of SGs was
significantly impaired (Figure 1A,B). In addition, cell treatment with H2O2 after arsenite
exposure led to a strong increase in the number of SGs per cell (Figure 1A,B).

Since H2O2 not only causes the activation of nuclear PARPs but also an additional
stress when combined with arsenite, we wondered whether the inhibition/stimulation
of SG assembly in H2O2/arsenite and arsenite/H2O2-treated cells was dependent on
PARP1 activation. To test this hypothesis, we used olaparib or talazoparib, two PARP
inhibitors [44], before inducing cellular stress (Figure 1A,B and Figure S1C). As a control,
PARP inhibition moderately reduced SG assembly triggered by arsenite only, which is
consistent with the possible participation of cytoplasmic PARPs in SG assembly, whose
activities can also be affected by the same inhibitors [11,44]. However, in cells pretreated
with PARP inhibitors, H2O2 and then exposed to arsenite or vice versa, PARP inhibition
led to the suppression/stimulation of SG assembly (Figure 1A,B). To further investigate
whether nuclear PARP activity inhibits arsenite-mediated SG formation, we decreased
PARP1 expression by using siRNA and then analyzed the level of SG formation in cells
treated with arsenite or H2O2/arsenite (Figure 1C,D). PARP1 silencing with siRNA allows
the recovery of SG formation in cells treated with H2O2 prior to arsenite (Figure 1C,D), as
observed with PARP inhibitors. Altogether, our findings suggest a negative regulation of
SG assembly when H2O2 treatment causes the activation of PARP1 prior to cell exposure to
arsenite.
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Figure 1. PARP1 activation upon cell exposure to H2O2 prevents polysome dissociation and thus
arsenite-mediated SG assembly. (A) HeLa cells were exposed to indicated treatments (300 µM H2O2

for 30 min; 300 µM arsenite for 60 min). DMSO (control), to inhibit PARP1 10 µM olaparib or
1 µM talazoparib were added 1 h prior to indicated treatment. mRNA was then detected to reveal
the presence of SGs in the cytoplasm. Blue: DAPI (nuclei). Grey: mRNA (in situ hybridization
with cy3-labelled poly(dT) probe). Scale bar: 10 µm. (B) The number of SGs for 50 cells and their
fluorescent intensity (in situ hybridization of mRNA) were measured for the indicated conditions.
SGs were detected automatically from cell images by using the Cell Profiler software. **, p < 0.001;
t-test. (C) HeLa cells were treated with siRNA directed against mRNA encoding PARP1 and then
exposed to the same treatments as those indicated in (A). Scale bar: 10 µm. (D) Mean number of
SGs for 50 cells after indicated pretreatment. **, p < 0.001; t test. Green: anti-PARP1 antibody. Grey:
mRNA (in situ hybridization with cy3-labelled poly(dT) probe). (E) Polysome profiles obtained from
cells treated with arsenite, H2O2 or H2O2/arsenite. Cytoplasmic lysates of HeLa cells obtained from
indicated conditions were fractionated through sucrose gradients. (F) Sucrose gradient (10–50%)
profile analysis of mRNA distribution between polysomes and 80S fraction. Fractions corresponding
to polysomes and 80S ribosomes are indicated. Treatment is the same as those indicated in (A).

As H2O2 treatment does not cause the phosphorylation of eIF2A, in contrast to arsen-
ite [36], we tested the hypothesis that massive eIF2A phosphorylation can be affected by cell
pretreatment with puromycin and puromycin/H2O2 and also in combination with olaparib.
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We compared the phosphorylation of eIF2A in cells after treatment with arsenite or H2O2
in the presence or absence of puromycin/olaparib (Supplementary Figure S1D). We noticed
a marked increase in eIF2A phosphorylation in cells exposed to arsenite compared to other
conditions, but H2O2, olaparib/arsenite or puromycin/olaparib/H2O2 has no noticeable
influence on the level of eIF2A phosphorylation (Supplementary Figure S1D), which is
somewhat in accordance with a previous report [36]. To further decipher the mechanism by
which PARP1 activation prevents SG assembly, we explored whether PARP1 could influence
the dissociation of polysomes independently of eIF2A phosphorylation. For this purpose,
we directly compared the polysome profiles of HeLa cells treated with arsenite, H2O2 and
H2O2/arsenite in the presence or absence of the PARP1 inhibitor olaparib (Figure 1E,F). As
expected, arsenite induced a nearly complete dissociation of polysomes in cells under our
experimental condition (Figure 1E). In contrast to arsenite, H2O2 alone did not significantly
affect the overall polysome profile. Interestingly, when cells were pretreated with H2O2
prior to arsenite, the dissociation of polysomes was noticeably reduced (Figure 1E,F).

This result is consistent with previous studies indicating that H2O2 treatment may slow
down or stall translation elongation, which freezes ribosomes on mRNA [10,45]. Preventing
the dissociation of ribosomes from mRNA should suppress SG assembly, as observed
after cycloheximide treatment, an inhibitor of translation elongation [4,34]. Importantly,
PARP1 inhibition with olaparib neutralized the effect of cell treatment with H2O2 prior
to arsenite, which therefore induces the dissociation of polysomes. Thus, H2O2-induced
PARP1 activation appears to prevent the dissociation of polysomes in arsenite-treated cells
independently of changes in the eIF2A phosphorylation status and thereby might prevent
the assembly of SGs in the cytoplasm.

3.2. Activation of PARP1 Upregulates the Assembly of H2O2-Induced SGs

Since H2O2-induced PARP1 activation prevents the dissociation of polysomes and SG
assembly in arsenite-treated cells (Figure 1), we tested whether PARP1 may also affect the
formation of SGs in cells exposed to H2O2 alone at elevated concentrations. In agreement
with another study made using the U2OS cell line [36], we also observed SG formation in
HeLa cells only exposed to a high H2O2 concentration (1 mM) (Figure 2A).

Remarkably, SGs were not observed in cells treated with 1 mM of H2O2 in the case of
pretreatment with olaparib (Figure 2A). Thus, PARP1 activation promotes SG formation
during the stress response to a high concentration of H2O2 raised to 1 mM. On the one
hand, pretreatment with H2O2 before arsenite impeded SG assembly (Figure 1B). On the
other hand, treatment with H2O2 after arsenite or alone at a high concentration (1 mM) did
not prevent SG formation and the dissociation of polysomes (Figure 1A,B and Figure 2A).
In order to understand these contrasting effects, further experiments were carried out by
stimulating polysome dissociation with puromycin prior to H2O2 treatment and PARP
activation (Figure 2B and Figure S2A). Puromycin induces premature chain termination
during translation and promotes ribosome dissociation from mRNA but does not trigger
SG assembly by itself [46]. Consistently, puromycin pretreatment before the addition of
300 µM H2O2 contributes to the formation of SGs (Figure 2B and Figure S2B). The results of
the polysome profiling also show a decrease in polysomal mRNA when cells were treated
with puromycin before H2O2 (Supplementary Figure S3). Thus, the pretreatment of HeLa
cells with puromycin may counteract the effect of the H2O2-induced block of polysome
dissociation (Supplementary Figure S3B).
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(A) HeLa cells were exposed to a high H2O2 concentration (1 mM for 1 h) to trigger SG assembly.
Blue: DAPI (nuclei). Grey: mRNA (in situ hybridization with cy3-labelled poly(dT) probe). Lower
panel: the number of SGs detected after cells were exposed to 1 mM H2O2 decreased sharply when
cells were pretreated with olaparib (10 µM). Scale bar: 10 µm. Red dots represent the mean value
of the data. (B) HeLa cells were exposed to indicated treatments (300 µM H2O2 for 30 min; 200 µM
puromycin 60 min). DMSO (control), 10 µM olaparib and 1 µM talazoparib were added 1 h prior to
indicated treatments to inhibit PARP1. mRNA was then detected to reveal the presence of SG sin the
cytoplasm. Blue: DAPI (nuclei). Grey: mRNA (in situ hybridization with cy3-labelled poly(dT) probe).
Scale bar: 10 µm. Lower panel: mRNA enrichment in detected SGs. **, p < 0.001; t test. (C) HeLa cells
were treated with siRNA-directed mRNA encoding PARP1 and then exposed to indicated treatments.
Green: anti-PARP1 antibody. Red: mRNA (in situ hybridization with cy3-labelled poly(dT) probe).
Scale bar: 10 µm. (D) Percent of cells displaying SGs after pretreatments indicated in (B).

Next, we tested whether PARP1 activation contributes to SG assembly in HeLa cells
pretreated with puromycin and then exposed to 300 µM H2O2. As in the case of cells treated
with 1 mM H2O2, PARP inhibitors prevented SG assembly in puromycin/H2O2 (300 µM)-
treated cells (Figure 2B and Figure S2A). The polysomal profile also showed a slight increase
in polysomal fraction and decrease in monosomal fraction (80S) in puromycin/H2O2-
treated cells when PARP activation was inhibited with olaparib, which is consistent with
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the inhibition of SG assembly (Supplementary Figure S3B). This result indicates that PARP1
activation positively regulates SG assembly after H2O2 treatment when polysomes are
destabilized in the presence of puromycin (Figure 2B, Figures S2 and S3B). To further
strengthen this conclusion, we also found that puromycin followed by H2O2 treatment
failed to induce the formation of SGs in HeLa cells treated with PARP1 siRNA (Figure 2C,D).
Thus, all results are consistent with an involvement of PARP1 activation in SG assembly
caused by both high and low concentrations of H2O2.

According to our data, PARP activity can both prevent the formation of SGs by
blocking the dissociation of polysomes (Figure 1E,F) and stimulate the formation of SGs if
the polysomes are dissociated prior to PARP1 activation (Figure 2 and S2B).

3.3. The Presence of PAR in SGs Is not Significantly Affected by PARP1 Activation Whether SGs
Were Formed after Arsenite or H2O2 Treatment

In cells treated with a high concentration of H2O2 or puromycin/H2O2, SG assembly
relies on PARP1 activation (Figure 2). Therefore, we wondered whether PAR could be
involved in the formation of SGs in this specific condition. As for arsenite [11,22], PAR
may play a more prominent role as a scaffold-like molecule in the formation of SGs under
H2O2 treatment. So far, this hypothesis is partially supported by the positive regulation
of SG assembly by cytoplasmic PARPs and their downregulation by PARG in the cells
treated with arsenite [11]. Although some cytoplasmic PARPs can indeed synthesize long
PAR chains [11], to what extent the synthesis of a long polymer would be sufficient to
serve as a scaffold for SGs is unknown [10]. PAR has already been detected in arsenite-
induced SGs with anti-PAR antibodies, but only when cell fixation was performed after
its permeabilization [11]. During the extraction of small soluble molecules, PAR may
appear brighter in SGs due to either an enrichment of PAR in SGs or trapping it in SG
compartments. To explore whether PARP1 activation after treatment with H2O2 could
contribute to the formation of SG-enriched PAR, we performed a similar experiment but
used a methanol fixation rather than PFA, because PFA fixation seems not to be optimal
for PAR detection. Indeed, according to previous studies and our experience, PARylation
might occur during the cell fixation process with PFA [47]. To perform this experiment, we
used five different anti-PAR antibodies, but a transient increase in anti-PAR fluorescence in
the nucleus was detected with only two of them within 30 min after exposure to 300 µm
H2O2 (Figure 3A).

The two validated antibodies were raised against either poly(ADP-ribose) chains
(anti-PAR) or against mono- and poly(ADP-ribose) (anti-MAR/PAR), the latter displaying a
cytoplasmic localization under the control conditions without H2O2 treatment (Figure 3A).
We failed to detect a significant PAR enrichment in SGs formed in response to either
arsenite or puromycin/H2O2 treatments (Supplementary Figure S4A). Although we did
not detect PAR enriched in the SGs of H2O2-treated cells, both PARP1 and poly(ADP-ribose)
glycohydrolase (PARG) activities impact the SG assembly under these stress conditions
(Figure 2D and Figure S5). As PARG represents a family of enzymes which is particularly
active in digesting PAR chains in both the nucleus and cytoplasm in eukaryotic cells [48],
we hypothesize that a rapid degradation of PAR in the nucleus occurs before its putative
nucleocytoplasmic shuttling. Thus, PAR may already be hydrolyzed by PARG in the
nucleus/cytoplasm for the time required for SG formation (60–90 min upon stress) or
short PAR molecules present in the cytoplasm are not recognized by anti-PAR antibodies
(Figure 3A).
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Figure 3. The enrichment of MAR/PAR in SGs is not impacted by oxidative cellular stress (arsenite
or H2O2). (A) HeLa cells were exposed to 300 µM H2O2 for the indicated time. After 60 min exposure
to H2O2, PAR was rapidly digested in the nucleus by PAR-degrading enzymes (PARG and others).
Cells were fixed with methanol. Scale bar: 10 µm. (B) HA-tagged FUS was overexpressed in HeLa
cells to generate SG assembly in the cytoplasm in the absence of additional stress. Then, cells were
exposed to DMSO, arsenite or H2O2 (300 µM for 60 min). Anti-PAR antibody was not detected in SGs.
Green: anti-HA antibody. Gold: anti-PAR antibody. Scale bar: 10 µm. Similar results were obtained
after 30 min incubation with H2O2. Confocal images were obtained with an imager Opera Phenix
plus. (C) Measurement of the slope under indicated conditions (same as (B)). Mean enrichment
(SG-to-cytoplasmic-intensity ratio) of anti-PAR and anti-HA antibodies was measured in SGs formed
after overexpressing either HA-tagged FUS or TDP-43. No influence of the experiment condition on
PAR level was detected, n.s.: not significant. (D) The same conditions as in (B), except the using of
anti-MAR/PAR antibody to detect MAR/PAR in the cytoplasm. In this case, MAR/PAR was detected
in SGs in all tested conditions. Green: anti-HA antibody. Gold: anti-PAR antibody. Scale bar: 10 µm.
(E) Measurement of the slope under indicated conditions (same as in (D)). A positive slope indicates
correlation between the number of HA-tagged proteins recruited to the SGs and MAR/PAR signal,
n.s.: not significant.
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3.4. No PAR Enrichment in TDP-43 and FUS-Rich Condensates in the Cytoplasm

Nuclear PAR produced by PARP1 and protein PARylation could drive the translocation
of RBPs from the nucleus to the cytoplasm to promote the formation of SGs. Previously, we
demonstrated that H2O2 treatment affects the nucleocytoplasmic shuttling of SG-associated
proteins such as FUS, HuR or TDP-43 [30]. Each of these proteins could contribute to
the assembly of SGs, interact with PAR or be PARylated [11,49]. To further probe how
PARP1-dependent PAR synthesis may modulate stress granule assembly under H2O2-
induced stress, we generated SGs in HeLa cells by overexpressing HA-tagged TDP-43
or FUS. The presence of these self-adhesive proteins harboring prion-like domains in the
cytoplasm is sufficient to trigger the assembly of cytoplasmic granules without oxidative
stress [50–54]. Like SGs, the formed granules were shown to be reversible upon cyclo-
heximide treatment and contained mRNAs [4,54]. First, we observed that the level of
HA-tagged protein enrichment in the granules remains similar in cells exposed to H2O2 to
activate PARP1 or not, although the number of SGs significantly increased, and its forma-
tion was sensitive to PARP1 inhibitors (Supplementary Figure S4B). Next, in the case of
the anti-PAR antibody, no correlation in the fluorescence signal was detected between PAR
and HA-tagged protein intensity in the SGs of cells overexpressing both FUS and TDP-43
by confocal microscopy (Figure 3B,C). However, a correlation in the fluorescence between
MAR/PAR and HA signals in granules was detected with anti-MAR/PAR antibody at
least for FUS-rich granules (Figure 3D,E). It is possible that the correlation of PAR intensity
with the intensity of HA-labeled FUS in granules, in contrast to TDP-43, may be due to the
ability of FUS to be PARylated and(or) to bind PAR with a high affinity and, by this way,
attract MAR/PAR to SGs [30]. Compared with arsenite, MAR/PAR enrichment in these
granules did not change after the H2O2-induced activation of PARP1 (Figure 3D,E). Thus,
MAR/PAR could be indeed a component of FUS- or TDP-43-rich cytoplasmic granules,
although we have no clear evidence that an extensive synthesis of PAR in the nucleus
upon PARP1 activation leads to the increased accumulation of PAR in SGs formed with the
participation of FUS and TDP-43, which can potentially interact with PAR or be PARylated
under oxidative stress.

3.5. The Translocation of Nuclear RBPs upon PARP1 Activation May Promote Stress Granule
Assembly but FUS Translocation Is Not Enough

To further understand how PARP1 activation and RBPs could promote SG formation,
we decided to explore the involvement of endogenous FUS, HuR and TDP-43 in SG for-
mation under H2O2/puromycin or arsenite stress conditions. It is important to note that
the translocation of FUS to the cytoplasm and the retention of HuR in the nucleus was
found to depend directly on PARP1 inhibition (Supplementary Figure S6), as previously
reported [30]. To test the involvement of endogenous FUS, HuR and TDP-43 in SG forma-
tion under H2O2 treatment, we analyzed the enrichment of these proteins in SGs formed
under arsenite or puromycin/H2O2 treatment (Supplementary Figure S7A). In contrast
to HuR, we found that SGs in H2O2/puromycin-treated cells were enriched in endoge-
nous FUS and TDP-43 compared to arsenite-treated cells (Supplementary Figure S7A).
Although TDP-43-rich granules were more abundant in the case of H2O2-treated cells, the
translocation of TDP-43 from the nucleus to the cytoplasm upon treatment with H2O2 was
shown not to be PARP1-dependent [30]; thus, the protein cannot strongly influence the
level of H2O2-induced SG assembly after PARP1 inhibition.

We then considered the possibility that PARP1 could promote SG assembly indi-
rectly through the translocation of FUS, as its translocation has been shown to be de-
pendent on PARP1 [30]. Nevertheless, we found that silencing the expression of FUS by
using the CRISPR/Cas9 technology did not prevent the formation of SGs in cells treated
with puromycin/H2O2 (Supplementary Figure S7B). This result is consistent with several
genome-wide analyses showing only a few RBPs are critical for SG assembly, FUS not
being one of them [55,56]. Alternatively, under H2O2-induced stress conditions, HuR,
a mRNA-stabilizing factor, may act as a negative factor for SG assembly [57], and PAR
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synthesis in the nucleus may thus favor SG assembly by preventing the translocation of
HuR in the cytoplasm (Supplementary Figure S6).

In summary, SGs formed in the cytoplasm after H2O2 treatment are enriched in FUS and
TDP-43 compared to those formed in the presence of arsenite (Supplementary Figure S7A).
Therefore, H2O2-induced stress influences the composition of SGs. The detection of gran-
ules enriched with FUS suggests that this protein could act downstream of PARP1 activation
in the process of SG formation, because FUS translocation is strongly dependent on PARP1
activation [30].

3.6. PARP1 Activation Promotes mRNA-rich Granule Assembly in the Nucleus without any
Mixing with PAR

As we did not evidence any enrichment of PAR in cytoplasmic SGs after PARP-1
activation, we then devised to explore whether PAR can be recruited in nuclear SGs,
where anti-PAR and anti-PAR/MAR antibodies clearly reveal an increase in PAR levels
30 min after H2O2 treatment (Figure 3A). In the nucleus, mRNAs are synthetized in the
nucleus by RNA polymerase II and then processed by splicing factors [58]. We therefore
perturbed these tightly regulated machineries by using actinomycin D (ActD), a general
inhibitor of transcription and potent inhibitor of SG formation in the cytoplasm [4,59]. In
cells pretreated with ActD, we evidenced the presence of small granule-like structures
containing mRNA in the nucleus (Figure 4A).

We then analyzed the putative recruitment of PAR inside the nuclear mRNA-rich gran-
ules observed after ActD or ActD/H2O2 treatment, when mRNA synthesis was stopped
and PARP1 was activated (Figure 4B,C). As observed in the cytoplasm (Figure 3), we
found no evidence for an enrichment of PAR in mRNA-rich nuclear granules. We thus
did not gather any data to support the presence of abundant long PAR chains in mRNA-
rich granules. However, importantly, the nuclear mRNA-rich granules were significantly
more numerous and gathered more mRNA inside ActD/H2O2-treated cells than in ActD-
treated cells (Figure 4B,C). Under the same conditions, PARP inhibition by olaparib led to
a significant downregulation of mRNA-rich nuclear granules in HeLa cells treated with
ActD/H2O2 (Figure 4A,B), suggesting a common mechanism by which PARP1 activation
could positively regulate SG assembly in H2O2-treated cells, whether in the cytoplasm or
the nucleus (Figures 2 and 4).

Therefore, the activation of PARP1 by DNA damage-induced oxidative stress positively
regulates the formation of mRNA-rich granules in the nucleus and cytoplasm of HeLa cells,
but without any additional enrichment of PAR in these granules.

3.7. PARP1 Activation upon H2O2 Exposure Negatively Regulates SG Disassembly and Positively
Regulates Preexisting TDP-43 and FUS-Rich Granules

As PARP1 positively regulates SG assembly in arsenite/H2O2- or H2O2-treated cells
when puromycin prematurely disengages ribosomes from polysomes (Figures 1B and 2B),
we then considered whether H2O2 may regulate the dissociation of pre-formed SGs. To
this end, we pre-formed SGs in cells treated with arsenite. After that, arsenite was washed
out and cells were left to recover with fresh culture medium. SG disassembly was easily
captured as the number of cells harboring SGs decreases after 90 min, in agreement with
the reversible nature of SGs [60]. However, when cells were treated with 300 µM H2O2
during the recovery period, the disassembly of SGs was impaired (Figure 5A,B).
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Figure 4. PAR is not detected in mRNA-rich nuclear granules even after PARP1 activation.
(A) Left panel: Automatic detection scheme based on the Harmony software (imager, Opera Phenix
plus). Right panel: mRNA enrichment in nuclear granules detected under indicated conditions.
Scale bar: 10 µm. Red dots represent the mean value of the data, ns: not significant. (B) The presence
of nuclear mRNA-rich condenses in the nucleus was detected in HeLa cells for indicated condi-
tions (300 µM H2O2 for 30 min; 4 µM actinomycin D for 1 h prior and during indicated treatment;
10 µM olaparib for 1 h prior to and during indicated treatments). The mRNA enrichment (in situ
hybridization with cy3-labelled poly(dT) probes) in the nuclear granules relative to the nucleoplasm
was measured, as well as the number of nuclear granules (in quadruplicate). A significant increase in
both SG number and fluorescence intensity was detected after combined ActD and H2O2 treatment;
this phenotype was antagonized by olaparib. **, p < 0.01; t test. Green: mRNA (poly(T) probes).
Gold: anti-PAR antibody. Scale bar: 10 µm. (C) Representative images of HeLa cells after indicated
treatments (those indicated in (B)). Note the absence of co-localization between mRNA in nuclear
SGs and anti-PAR antibody or anti-MAR/PAR antibody, despite the presence of PAR and MAR/PAR
in the nucleus after PARP1 activation by H2O2 for 30 min. Gold: anti-PAR/MAR antibody. Green:
mRNA (in situ hybridization with cy3-labelled poly(dT) probe. Scale bar: 10 µm.
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Figure 5. Pre-formed SGs become persistent after PARP1 activation. (A) Representative images
of HeLa cells exposed to the indicated treatments (300 µM arsenite; 300 µM H2O2; 3 µM olaparib,
1 h prior to and during indicated treatment). Green: mRNA (in situ hybridization with cy3-labelled
poly(dT) probes). Blue: DAPI. Scale bar: 10 µm. During the indicated recovery period, cells were
washed out with culture medium with or without olaparib when indicated. (B) Automatic detection
of SGs reveals an inhibition of SG disassembly during stress recovery when cells were exposed to
H2O2 during the recovery period. mRNA detection: in situ hybridization with poly(dT) probes.
**, p < 0.01, t test. White dots represent the mean value of the data. (C) Representative im-
ages of HeLa cells overexpressing HA-tagged TDP-43 or FUS exposed to the indicated treatments
(300 µM H2O2 for 1 h; 10 µM olaparib, 1 h prior to and during indicated treatment). Green: mRNA
(in situ hybridization with cy3-labelled poly(dT) probes). Gold: anti-HA antibody. Scale bar: 10 µm.
(D) Analysis of the mRNA intensity in FUS- or TDP-43-rich SGs. The number of condensates (n) in
the presence of H2O2 or other conditions for cells expressing HA-tagged FUS or TDP-43. **, p < 0.01,
t-test. White dots represent the mean value of the data.

In addition, we also noticed that the number of SGs and the mean fluorescence intensity
of mRNA is significantly higher in control cells than in cells pretreated with olaparib to
prevent PARP1 activation, which may indicate a change in their structure and composition
during cell recovery with the H2O2 treatment (Figure 5B).

The inhibition of PARP1 activation by olaparib reversed this pattern as fewer SGs
and less mRNA were detected inside them (Figure 5A,B). Thus, PARP1 activity prevents
the disassembly of pre-existing SGs formed under arsenite treatment, influencing the
enrichment of mRNA in SGs.
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We then further explored the hypothesis of the persistence of SGs after PARP1 acti-
vation but, this time, in the absence of arsenite pretreatment, which may be the source
of biases. Therefore, we again used HeLa cells overexpressing HA-target TDP-43 or
FUS, which induces the formation of cytoplasmic granules without stress conditions
(Figures 3 and 5C). Although the level of HA-tagged proteins in the condensates remained
similar in all conditions (Supplementary Figure S4B), we observed an enrichment of mR-
NAs in TDP-43 or FUS-rich granules and also an increase in the number of granules after
H2O2 treatment (Figure 5D). Importantly, the increase in mRNA-rich granule assembly in
TDP-43 and FUS-overexpressing cells was PARP1-dependent, since these cells pretreated
with olaparib displayed a reduced number of SGs even after H2O2 treatment (Figure 5C,D).

Therefore, in pre-formed SGs, PARP1 activation delayed SG disassembly upon recov-
ery from arsenite stress (Figure 5A) and upregulated the assembly of cytoplasmic TDP-43
and FUS-positive granules and their enrichment of RNA (Figure 5C).

4. Discussion

At present, both PARylated proteins and protein-free PAR (or mono(ADP-ribose))
formed during the action of PARG appears to be involved in the mRNA metabolism-related
processes during stress, one of which is SG formation [58]. The involvement of PAR in the
regulation of SG assembly in the cytoplasm is a subject of intensive research, which is fo-
cused mainly on the PARP, PARG99 and PARG102 isoforms present in the cytoplasm [9–12].
Nonetheless, the direct role of PARP1 in SG formation has not been fully elucidated. Geno-
toxic stress causes a strong increase in the cellular PAR level, and this is mainly due to the
activation of nuclear PARP1, which is responsible for the synthesis of most PAR in the cell
(up to 80–90%) upon DNA damage [21]. At the same time, PARGs, the major enzymes that
hydrolyze PAR, are highly active in cells [61]. The half-life of the major population of PAR
may be close to one minute, but we cannot exclude that a small fraction of the polymer
may have a cell half-life of several hours and be implicated in the cellular adaptation to
stress conditions [21,62].

In this context, we investigated the relationship between PARP1 and the formation
of mRNA-rich granules in the nucleus and cytoplasm of HeLa cells under different stress
conditions induced by H2O2 treatment alone or in combination with arsenite, transcription
inhibitor ActD or translation inhibitor puromycin. Our results indicate a previously unsus-
pected link between the activation of PARP1 and the efficiency of cytoplasmic mRNA-rich
granule assembly under H2O2-induced stress and suggest a direct relationship between
PARP1 activation and translation regulation in mammalian cells (Figure 6). Moreover,
we found an association of PARP1 activity with the formation and genesis/maturation of
FUS-rich cytoplasmic inclusions, which are found in neurons of patients affected by certain
major neurodegenerative diseases, including ALS [32,63–66].

4.1. PARP1 Activation Prevents the Assembly of Arsenite-Induced SGs by Preventing
Polysome Dissociation

When cells have no pre-formed SGs in the cytoplasm, surprisingly, oxidative stress
generated by H2O2 very efficiently prevents SG assembly, even if arsenite is added after-
ward, and this effect depends on PARP1 activity (Figure 6A). We found that H2O2 treatment
prevents polysome dissociation, and PARP1 inhibitors in turn restore polysome dissocia-
tion in H2O2/arsenite-treated cells (Figure 1A,B). Thus, this effect of H2O2 on the stabil-
ity of polysomes is PARP1 activity-dependent but eIF2A phosphorylation-independent
(Supplementary Figure S1D). Therefore, PARP1 activation appears to induce an elongation
block, preventing polysome dissociation. A translation elongation block has already been
reported after H2O2 treatment in different organisms, notably via the phosphorylation of
elongation factors [45], but not associated directly to nuclear PARP1 activity. Future works
may highlight whether PARP1 activation controls the phosphorylation or PARylation status
of elongation factors in cells or whether other cellular mechanisms come into play.
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Figure 6. PARP1 could regulate different stages of mRNA-rich granules’ metabolism in cytoplasm.
(A) PARP1 activation prevents polysomal disassembly induced by arsenite treatment and blocks
formation of SGs. (B) PARP1 activation stimulates formation of SGs at a high concentration of H2O2

or if polysomes are destabilized with puromycin. (C) PARP1 activation enhances the formation of
TDP-43- and FUS-rich SGs under H2O2-induced stress conditions. (D) PARP1 activation upon H2O2

exposure prevents disassembly of arsenite-induced SGs.

4.2. PARP1 Activation Upregulates the Assembly of H2O2-Induced SGs

The mechanism of SG formation in response to H2O2 treatment has been a source
of debate [37,38]. It should be noted that, in most previously published reports, H2O2 by
itself triggers SG assembly only at concentrations above 1 mM, which may be due to the
significant inhibition of translation initiation at such elevated concentrations of H2O2 [36].
Remarkably, we observed that 1mM H2O2-induced SG assembly in the cytoplasm is
controlled by PARP1 (Figure 6B). Milder stress conditions, H2O2 at 300 µM, are sufficient
to trigger a very efficient PARP1 activation in HeLa cells, but not SG formation (Figure 2B).
Furthermore, when cells are pretreated by puromycin, which counteracts the elongation
block and promotes polysome dissociation, H2O2 at 300 µM strongly induces the assembly
of SGs (Figure 2B). In addition, SG assembly in puromycin/H2O2-treated cells is strictly
dependent on PARP1 activity (Figure 2A,C,D). Thus, if translation initiation is inhibited
by a high dose of H2O2 or translation elongation is blocked by puromycin, causing the
polysome dissociation, PARP1 activation promotes cytoplasmic SG assembly (Figure 6B).
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4.3. PARP1 Activation Positively Regulates Pre-Formed Nuclear and Cytoplasmic mRNA-Rich
Granules but Does Not Induce PAR Accumulation in SGs

Although the putative role of cytoplasmic PARPs in the formation of SGs has been
already shown [9–12], the direct involvement of PARP1 in the building of SGs is not
fully understood [22]. Here, we found that the presence and accumulation of H2O2-
induced cytoplasmic, but more importantly, nuclear, SG-like structures directly depend
on PARP1 activity. We also detected a co-localization of MAR/PAR with FUS or TDP-43
in cytoplasmic granules that were formed under H2O2-induced stress conditions in HeLa
cell-overexpressed FUS (or TDP-43) (Figure 3C). This fact may be in agreement with the
hypothesis that PAR is a scaffold for triggering the assembly of specific sets of proteins
in condensates [14], as observed with purified FUS and PAR in vitro [15,30,67]. However,
we failed to detect an increase in PAR enrichment in SGs, whether they were induced by
arsenite or H2O2 treatment. In spite of the fact that the H2O2-induced SG formation is
upregulated by PARP1 activity, our data do not provide additional support for a role of PAR
as a scaffold promoting the assembly of mRNA-rich granules under this stress condition.
Nevertheless, PARP1 activation could drive the translocation of FUS to the cytoplasm, and
H2O2-induced cytoplasmic SGs are much more abundant (Figure 6C).

We also analyzed PAR enrichment in mRNA-rich granules in the nucleus, formed
after H2O2 treatment in combination with ActD, and found that H2O2 enhances the nuclear
granules’ formation and their enrichment of mRNA, and their effect is weakened by the
PARP1 inhibitor; nevertheless, we again failed to observe an enrichment of PAR in these
nuclear granules (Figure 4). Thus, it is possible that condensates formed by mRNA or PAR
do not mix or fuse with each other, which is important to investigate further.

4.4. PARP1 Activation Promotes Assembly of Pre-Formed SGs and Prevents Their Dissociation

Although the pretreatment of cells by H2O2 strongly inhibits SG formation after ar-
senite stress (Figure 1A), the dissociation of SGs pre-formed in the presence of arsenite
is prevented in a PARP1-dependent manner (Figure 5A,B and Figure 6D). In the case
of cytoplasmic pre-formed TDP-43- and FUS-rich granules, H2O2 exposure caused a
significant increase in the number of FUS-rich granules in a PARP1-dependent manner
(Figure 5C,D and Figure 6C). Both TDP-43 and FUS translocate from the nucleus to the
cytoplasm during aging in neurons of ALS and FTLD patients [49,68] and form cytoplasmic
inclusions that can participate directly in the progression of these diseases. Finding a link
between PARP1 activation and the maintenance of TDP-43 and FUS condensates could
be of interest since recent reports propose a critical role for poly(ADP-ribosyl)ation in
association with neurodegeneration [20,26,28,29].

However, we cannot conclude whether preventing SG assembly would be beneficial
or detrimental for the progression of neurodegenerative diseases [69]. Since the presence of
TDP-43 or FUS in SGs may either promote the formation of protein aggregates, for instance,
a local increase in TDP-43 and FUS in SGs [65], or inhibit their formation, we may consider
that mRNA present in SGs behaves as TDP-43 and FUS chaperones to prevent a transition
from reversible liquid-like condensates to irreversible protein aggregates [12,52,54].

5. Conclusions

The formation of H2O2-induced cytoplasmic and nuclear mRNA-rich granules directly
correlates with PARP1 activity. In sum, three hypotheses can be proposed: (i) SG protein
components are PARylated, including FUS [70], which may in turn promote RNA granule
assembly; (ii) PARP1 activation may also activate signals via phosphorylation events [71,72]
to force the assembly of mRNA-rich granules; (iii) as PAR is not found inside nuclear
mRNA-rich granules after PARP1 activation (Figure 3, Figure 4 and Figure S3A), PAR may
compete with mRNA for binding to RBPs [30,67]. In this latter model, mRNA-stabilizing
proteins would rather bind PAR than mRNA. PAR would then promote the formation of
pre-formed mRNA granules without being part of these granules itself. However, this
model is more likely to take place in the nucleus than in the cytoplasm, owing to the net
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increase in PAR in the nucleus after PARP1 activation, but we cannot exclude that nuclear
PAR may prevent the shuttling of nuclear mRNA-stabilizing proteins to the cytoplasm, as
observed with HuR (Supplementary Figure S5A,B).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells11233932/s1, Figure S1. Exposure of cells to H2O2, in contrast
to arsenite, leads to a strong activation of PARP1, but does not cause significant phosphorylation of
eIF2A; Figure S2. PARP1 activity contributes to stress assembly; Figure S3. PARP1 activity contributes
to stress assembly if the polysomes were previously destabilized; Figure S4. PAR enrichment was not
observed in SG formed in the H2O2- and arsenite-induced stress conditions; Figure S5. Western blot
analysis of PARG expression; Figure S6. PARP1 activation may prevent the shuttling of HuR to the
cytoplasm; Figure S7. Analysis of stress granule composition and assembly; Table S1 and S2.
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