
Gao et al., Sci. Transl. Med. 14, eabq3215 (2022)     14 September 2022

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

1 of 15

N E U R O D E G E N E R A T I V E  D I S E A S E S

Poly(ADP-ribose) promotes toxicity of C9ORF72 
arginine-rich dipeptide repeat proteins
Junli Gao1†, Quinlan T. Mewborne1†, Amandeep Girdhar2, Udit Sheth1, Alyssa N. Coyne3,4, 
Ritika Punathil1, Bong Gu Kang3, Morgan Dasovich5,6, Austin Veire1, Mariely DeJesus Hernandez1, 
Shuaichen Liu5, Zheng Shi7, Ruxandra Dafinca8, Elise Fouquerel2, Kevin Talbot8, Tae-In Kam3, 
Yong-Jie Zhang1, Dennis Dickson1, Leonard Petrucelli1,9, Marka van Blitterswijk1, Lin Guo2,  
Ted M. Dawson3,10,11, Valina L. Dawson3,10,11, Anthony K. L. Leung5,12,13,14, Thomas E. Lloyd3,11, 
Tania F. Gendron1,9, Jeffrey D. Rothstein3,4,11*, Ke Zhang1,9,15*

Arginine-rich dipeptide repeat proteins (R-DPRs), abnormal translational products of a GGGGCC hexanucleotide 
repeat expansion in C9ORF72, play a critical role in C9ORF72-related amyotrophic lateral sclerosis (ALS) and 
frontotemporal dementia (FTD), the most common genetic form of the disorders (c9ALS/FTD). R-DPRs form liquid 
condensates in vitro, induce stress granule formation in cultured cells, aggregate, and sometimes coaggregate 
with TDP-43 in postmortem tissue from patients with c9ALS/FTD. However, how these processes are regulated is 
unclear. Here, we show that loss of poly(ADP-ribose) (PAR) suppresses neurodegeneration in c9ALS/FTD fly models 
and neurons differentiated from patient-derived induced pluripotent stem cells. Mechanistically, PAR induces R-DPR 
condensation and promotes R-DPR–induced stress granule formation and TDP-43 aggregation. Moreover, PAR 
associates with insoluble R-DPR and TDP-43 in postmortem tissue from patients. These findings identified PAR as 
a promoter of R-DPR toxicity and thus a potential target for treating c9ALS/FTD.

INTRODUCTION
A GGGGCC (G4C2) hexanucleotide repeat expansion in the C9ORF72 
gene is the most common genetic cause of amyotrophic lateral scle-
rosis (ALS) and frontotemporal dementia (FTD) (1, 2). Two unique 
pathological hallmarks of C9ORF72-mediated ALS and frontotemporal 
lobar degeneration (FTLD), the neuropathological diagnosis of FTD, 
are foci of repeat-containing transcripts and aggregation of abnormal 
translation products of these transcripts, dipeptide repeat proteins 
(DPRs) (3–8). Among the five DPR species—namely, poly(glycine-
arginine) (GR), poly(glycine-alanine) (GA), poly(glycine-proline) 
(GP), poly(proline-alanine) (PA), and poly(proline-arginine) (PR)—
the arginine-rich DPRs (R-DPRs) poly(GR) and poly(PR) are par-
ticularly toxic when overexpressed in cell or animal models (9–16). 
However, what regulates R-DPR aggregation is unclear.

Stress granules (SGs) are cytoplasmic RNA/protein condensates 
assembled in cells upon diverse cellular stressors (17). Upon stress, 
ribosomes disassemble, and mRNAs are embedded into SGs enriched 
in RNA binding proteins, whose liquid-liquid phase separation 
(LLPS) mediates SG assembly (18–20). Normally, SGs are dynamic 
and can disassemble when stress is removed (17, 21); however, SGs 
with aberrant dynamics are related to the aggregation of SG proteins 
TDP-43, Fused in sarcoma (FUS), and other heterogeneous nuclear 
ribonucleoproteins (hnRNPs), which is a pathological hallmark of 
ALS and FTD, including c9ALS/FTD (22–25).

Previous studies identified a critical role of SGs in R-DPR–mediated 
cytotoxicity. R-DPRs interact with many SG proteins, and their over-
expression causes the formation of aberrant, poorly dynamic SGs in 
cells without additional stress (11, 14, 26). Furthermore, chemically 
synthesized R-DPRs can undergo LLPS, recruit SG proteins, and 
cause SG protein precipitation when added into cell lysates (26). In 
agreement with these data, poly(GR) localizes to SGs in cells, pro-
motes the aggregation of recombinant TDP-43 in vitro, and co-
aggregates with TDP-43 and the SG protein eIF3 in postmortem 
tissue from patients with c9ALS/FTD (27). We have previously found 
that inhibiting SG assembly by genetic or pharmacological ap-
proaches suppresses R-DPR–induced cytotoxicity or neurodegen-
eration in cellular or animal models (14). Together, these findings 
suggest that R-DPRs promote aberrant SG formation and protein 
aggregation, which contributes to neurodegeneration. However, how 
these processes are regulated is unclear.

Poly(ADP-ribose) (PAR) is a highly dynamic polymer that post-
translationally modifies proteins, a process known as PARylation. It 
is tightly regulated by PAR polymerases (PARPs) and PAR glyco-
hydrolase (PARG), which synthesize and degrade PAR, respectively 
(28). As a posttranslational modification, PAR plays an essential role 
in cellular physiology, including SG assembly. Many SG proteins 
are PARylated or bind to PAR (29, 30). However, elevated PAR can 
be toxic. For example, PARP1 hyperactivation can induce a special 
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type of programmed cell death called 
parthanatos, whereas loss of PARG, re-
spectively, causes neurodegeneration 
or embryonic lethality in Drosophila or 
mice (31–33). In c9ALS/FTD, elevated 
nuclear PAR was reported in neurons 
from patients (34), but whether and 
how PAR relates to c9ALS/FTD patho-
genesis is unclear.

Here, we show that loss of PARP1 
(fly homolog: Parp) function suppresses 
R-DPR aggregation and neurodegener-
ation in c9ALS/FTD fly models and/or 
neurons differentiated from patient-
derived induced pluripotent stem cells 
(iPSCs). Mechanistically, PAR interacts 
with R-DPRs, induces their condensation, 
and enhances their ability to induce 
aberrant SG formation and TDP-43 ag-
gregation. Furthermore, PAR associates 
with detergent-insoluble poly(GR) and 
pathologic TDP-43 in frontal cortex tissue 
from patients with c9ALS/FTD. Together, 
our data support a role of PAR in pro-
moting R-DPR toxicity and suggest that 
it might be a therapeutic target.

RESULTS
Loss of Parp/PARP1 function 
suppresses neurodegeneration 
in c9ALS/FTD models
In a previously published screen, we 
identified 102 genes whose RNA inter-
ference (RNAi) strongly or moderately 
suppress eye degeneration in a Drosophila 
model of c9ALS/FTD, in which flies ex-
press 30 repeats of G4C2 [(G4C2)30] using 
the upstream activated sequence (UAS)/
Galectin 4 (GAL4) system (35) under 
the control of glass multiple reporter 
(GMR)–GAL4 (36). Comparing these 
results to RNAi screen results from in-
dependent studies using other fly models 
of c9ALS/FTD (11, 37), we found that 
parp, the fly homolog of human PARP1, 
is one of the only four genes identified 
from more than one screen (fig. S1A).

To verify that parp RNAi suppresses neurodegeneration in fly 
models of c9ALS/FTD, we tested two independent parp RNAi lines 
and showed that they both suppressed eye degeneration in the 
(G4C2)30 model (Fig. 1A). Furthermore, overexpressing PARG, which 
decreased PAR (31, 32), also suppressed eye degeneration in the 
(G4C2)30 flies (Fig. 1A). Next, we tested whether parp RNAi sup-
presses eye degeneration in other c9ALS/FTD fly models. Among all 
five DPR species, only the R-DPRs, poly(GR) and poly(PR), cause eye 
degeneration in flies (9, 11). Parp RNAi suppressed eye degeneration 
in flies expressing 36 repeats of GR or PR [(GR)36 or (PR)36] using 
alternative non-G4C2 repeat codons under the control of GMR-GAL4 

(Fig. 1B) without decreasing R-DPR (fig. S1B). Furthermore, PARG 
overexpression (Fig. 1B) or feeding (G4C2)30, (GR)36, or (PR)36 flies with 
PJ34, a fly Parp and human PARP1/2 inhibitor (38), also suppressed eye 
degeneration (Fig. 1C). Together, our data suggest that decreasing PAR 
suppresses eye degeneration in multiple fly models of c9ALS/FTD.

Next, we tested whether decreasing PAR suppresses locomotion 
defects in fly models of c9ALS/FTD. Previously, we showed that, 
using a gene-switch system (elavGS), pan-neuronal expression of 
(G4C2)30 impairs flight of aged flies (36). Here, we show that using 
alternative codons, pan-neuronal expression of (GR)36 and 100 repeats 
of PR [(PR)100], also caused flight defects in aged flies (Fig. 1D). 
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Fig. 1. Loss of Parp/PARP1 function suppresses neurodegeneration in fly models of c9ALS/FTD. (A) Fly eyes 
expressing (G4C2)30, under the control of GMR-GAL4, with or without parp RNAi (parp i) or PARG cDNA. Right: Fly eye 
defects were scored using a published method (79). Briefly, points were added if there was a complete loss of 
interommatidial bristles, necrotic patches, retinal collapse, loss of ommatidial structure, and/or depigmentation of 
the eye. (B) Fly eyes expressing (GR)36 or (PR)36 with or without parp RNAi or PARG cDNA. Quantification of the eye 
scores at the bottom. (C) Eyes of flies expressing (G4C2)30, (GR)36, or (PR)36 and fed with DMSO or PJ34. Quantified at 
the bottom. (D) Flight assays (see Materials and Methods). One-way analysis of variance (ANOVA) with Dunnett’s tests 
(A, B, and D) and Student’s t tests (C). **P < 0.01 and ****P < 0.0001. Means ± SEM.
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Furthermore, parp RNAi, PARG overexpression, or PJ34 feeding 
suppressed these defects, suggesting that down-regulating PAR 
mitigates locomotion defects in multiple fly models of c9ALS/FTD.

To validate our findings above in a patient-derived model, we 
used four c9ALS/FTD iPSC-derived neuron (iPSN) lines along with 
three age- and sex-matched control lines and an isogenic control 
line (fig. S2A). We used a previously established protocol to generate 
iPSNs expressing several neuronal markers, including ISL1, NK6 Ho-
meobox 1 (NKX6.1), SMI32, and Tubulin Beta 3 Class III (TUBB3), 
32 days after the onset of differentiation (39–41). A common neuro-
nal defect implicated in ALS/FTD, including c9ALS/FTD, is hyper-
sensitivity to glutamate-induced excitotoxicity (2, 7, 42, 43). Using 
propidium iodide (PI) staining to label dead neurons, we previ-
ously showed that a 4-hour treatment of c9ALS/FTD iPSNs with 10 M 
glutamate caused more cell death compared to control iPSNs (39). 

Here, we verified these findings (Fig. 2, A and B, and fig. S2C) and 
further showed that a 5-day pretreatment with the PARP1/2 inhibitors 
niraparib or veliparib reduced PAR (fig. S2B) and glutamate-induced 
neuronal death (Fig. 2, A and B, and fig. S2C). Furthermore, PARP1 
RNAi or PARG overexpression also suppressed glutamate-induced 
neuronal death in c9ALS/FTD iPSN line #1 (fig. S2D), suggesting 
that decreasing PAR could reduce neurotoxicity in c9ALS/FTD 
iPSNs. Consistent with these data, c9ALS/FTD iPSNs exhibited 
elevated PAR compared to the control iPSNs (Fig. 2, C and D).

Previous studies showed that treating U-2 osteosarcoma (OS) 
cells with chemically synthesized peptides of 20 repeats of GR or PR 
[(GR)20 or (PR)20] caused cytotoxicity, as measured by the enzymatic 
MTT assay (10). To directly assess R-DPR toxicity in iPSNs, we 
treated a control iPSN line (Ctrl#1) with (GR)20 or (PR)20 and eval-
uated cytotoxicity using an enzymatic assay that measures the re-

lease of lactate dehydrogenase (LDH) 
from neurons due to damaged plasma 
membranes (44). As shown in Fig. 2E, 
a 2-day treatment with 5 M (GR)20 or 
(PR)20, but not 20 repeats of GP, [(GP)20], 
a nontoxic DPR (9, 45), enhanced LDH 
release in these iPSNs. Furthermore, a 
1-day pretreatment with 5 M niraparib 
or veliparib reduced (GR)20- or (PR)20-
induced PAR up-regulation and LDH 
release without affecting intracellular 
poly(GR) or poly(PR) (Fig. 2E and fig. S2, 
E to G). In addition, adding (GR)20 re-
versed niraparib- and veliparib-mediated 
suppression of glutamate-induced neu-
ronal death in c9ALS/FTD iPSN line #1 
(fig. S2H). In summary, our data suggest 
that down-regulating PAR suppresses 
neuronal defects in both fly and iPSN 
models of c9ALS/FTD.

PAR binds to R-DPRs and induces 
their condensation in vitro
PAR was shown to bind to TDP-43, 
FUS, hnRNP A1, -synuclein, and sev-
eral other proteins to promote their con-
densation via either LLPS or aggregation 
and to contribute to TDP-43 and -
synuclein toxicity (30, 46–55). As R-DPR 
aggregation is a pathological hallmark 
of c9ALS/FTD (3–6, 8), we hypothesized 
that PAR could bind R-DPRs, thus pro-
moting their condensation. PAR is neg-
atively charged, and many PAR-binding 
protein domains are enriched in posi-
tively charged amino acids such as argi-
nine (50, 56). To test whether PAR binds 
to R-DPRs, we first performed co-
immunoprecipitation (co-IP) assays on 
human embryonic kidney (HEK) 293T cells 
transiently overexpressing green fluo-
rescent protein (GFP)–tagged 50 repeats 
of DPRs [(DPR)50-GFP] using alternative 
codons. To inhibit ectopic PARP and 
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Fig. 2. Loss of Parp/PARP1 function suppresses neurodegeneration in c9ALS/FTD iPSNs. (A) Control line #1 (Ctrl#1) 
or c9ALS/FTD line #1 (c9#1) iPSNs pretreated with DMSO or niraparib (nira), treated with glutamate, and stained with 
propidium iodide (PI; red) and NucBlue (Nuc; blue). (B) Quantification of glutamate toxicity assays on Ctrl#1 and c9#1 
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numbers of cells were counted. The experiments were biologically replicated twice. (C and D) Immunoblots of lysates from 
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PARG activation caused by cell lysis, which can skew co-IP results 
(56,  57), we added PJ34 and the PARG inhibitor PDD00017273 
(PARGin) to our cell lysis and IP buffers. As shown in Fig.  3A, 
(GR)50- and (PR)50-GFP coimmunoprecipitated with PAR, suggesting 
that PAR can associate with R-DPRs in cells. Ribonuclease treat-
ment did not reduce this association (fig. S3A), suggesting that the 
effect was not due to RNA-mediated mechanisms. Compared to the 
control and other DPRs, (GR)20 and (PR)20 showed stronger binding 
to chemically synthesized PAR in dot blot binding assays (Fig. 3B and 
fig. S3B), suggesting that PAR directly interacts with R-DPRs in vitro.

RNA, which is negatively charged and structurally similar to PAR, 
can promote R-DPR LLPS in a phosphate buffer (26). Thus, we tested 
whether synthetic PAR could promote R-DPR LLPS in the same 
buffer. As shown by differential interference contrast (DIC) images 
in fig. S3 (C and D), PAR, but not mono(ADP-ribose) (MAR), caused 
(GR)20 or (PR)20 to phase separate into condensates without crowding 
agents. These condensates were about 1 to 2 m in diameter. To 
better study these condensates, we labeled (GR)20 or (PR)20 with the 
5-carboxytetramethylrhodamine (TAMRA) fluorophore. Similar to 
unlabeled R-DPRs, PAR, but not MAR, caused TAMRA–R-DPRs to 
phase separate into condensates without crowding agents (Fig. 3C). 

Using fluorescent recovery after photobleaching (FRAP) assays, we 
photobleached individual TAMRA-R-DPR condensates and found 
that the fluorescence was partially recovered, suggesting that a frac-
tion of TAMRA–R-DPR was mobile (Fig. 3, D and E). To study the 
relationship of R-DPRs and PAR in these condensates, we labeled 
PAR with the Cy5 fluorophore using a previously published method 
(58). Of interest, we observed Cy5 emission excited by lasers with a 
TAMRA excitation wavelength (fig. S3, E and F), suggesting Förster 
resonant energy transfer (FRET) from TAMRA-(GR)20 or TAMRA-
(PR)20 to PAR-Cy5. We verified the FRET with the acceptor photo-
bleaching method (59), showing that photobleaching the Cy5 signal 
restored TAMRA intensity (fig. S3, G and H). Because FRET typi-
cally occurs between molecules within a 10-nm distance range to 
allow bimolecular interactions (59), these data confirmed that PAR 
directly interacted with R-DPRs. Together, our data suggest that PAR 
binds to R-DPRs and promotes their condensation in vitro.

Loss of PARP1 activity suppresses R-DPR–induced 
SG formation
SGs play a critical role in R-DPR toxicity (11, 13, 14, 26). Overexpression 
of R-DPRs induces spontaneous formation of aberrant SGs in cells 

(11, 14, 26), whereas inhibiting SG as-
sembly by genetic or pharmacological 
approaches suppresses R-DPR–mediated 
cellular defects (14). Since PARP1 inhibi-
tors suppress or delay SG assembly in-
duced by DNA damage or arsenite stress 
(29, 30), we hypothesized that loss of 
PARP1 activity could mitigate R-DPR–
induced SG formation.

To study R-DPR–induced SG forma-
tion, we stained HEK293T cells overex-
pressing (GR)50- or (PR)50-GFP for 8, 
24, or 48 hours with the SG markers 
Ras GTPase-activating protein-binding 
protein 1 (G3BP1) and Ataxin-2. We did 
not observe SGs after 8 hours of over-
expression (~150 cells counted); how-
ever, about 30 to 40% of GFP-expressing 
cells exhibited SGs after 24 or 48 hours 
(Fig. 4, A and B), suggesting that R-DPRs 
induced SG formation in a relatively 
slow manner compared to arsenite, 
which induces SG formation within 
an hour. Consistent with previous 
studies (11), (GR)50-GFP, but not (PR)50 
GFP, localized to SGs (Fig.  4A and 
fig. S4A).

Next, we tested whether PARP1 
knockout (KO) could mitigate R-DPR–
induced SG formation. As shown in 
Fig. 4 (A and B) and fig. S4B, PARP1 
KO decreased the percentage of cells 
with SGs after 24 or 48 hours of (GR)50- 
or (PR)50-GFP overexpression. We chose 
the 24-hour time point for our subse-
quent analyses. Similar to PARP1 KO, a 
2-hour pretreatment of 1 M niraparib 
or veliparib decreased the percent of 
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cells with SGs after 24 hours of (GR)50- or (PR)50-GFP overexpres-
sion (Fig. 4C). PARP1 KO or PARP inhibitors did not decrease 
GFP, G3BP1, or Ataxin-2 amounts (Fig. 4, D and E, and fig. S4C). 
Together, our data suggest that loss of PARP1 activity reduces 
R-DPR–induced SG formation.

PAR promotes G3BP1 condensation and interaction 
with poly(GR)
Next, we studied the mechanism responsible for PARP1-mediated 
SG formation. Previous studies suggested an essential role of eu-
karyotic Initiation Factor 2 a (eIF2) phosphorylation, as an eIF2 
kinase inhibitor or phospho-dead mutation prevents SG forma-
tion induced by R-DPR overexpression (14, 26). However, PARP1 
KO or inhibitors did not decrease phospho-eIF2 in cells expressing 
(GR)50- or (PR)50-GFP (Fig. 4, D and E, and fig. S4C), suggesting 
that PARP1 does not promote eIF2 phosphorylation.

SG assembly is mediated by the condensation of SG proteins, 
among which G3BP1 plays a pivotal role (18–20). Upon RNA binding, 
G3BP1 undergoes LLPS, which drives SG assembly. Double KO of 
G3BP1 and its homolog G3BP2 completely suppresses arsenite- or 
R-DPR–induced SGs, whereas overexpressing G3BP1 alone induces 
SGs without additional stress (11, 14, 26, 60). Given that PAR is 
structurally similar to RNA, we hypothesized that it could also promote 
G3BP1 LLPS, thereby driving SG formation. Consistent with this 
hypothesis, G3BP1 can be PARylated and bind to PAR (29, 49, 56, 61), 
and immunofluorescent staining has detected PAR in arsenite-
induced SGs (30).

To test this hypothesis, we mixed synthetic PAR with Alexa-488–
labeled recombinant G3BP1 (G3BP1-A488). As shown in Fig. 5 
(A and B) and fig. S5 (A and B), PAR, but not MAR, caused 
G3BP1-A488 to phase separate without crowding agents. Using 
PAR-Cy5, together with FRAP assays, we showed that a fraction of 
both PAR and G3BP1 in the condensates is mobile (Fig. 5, C and D), 
suggesting that PAR promotes G3BP1 LLPS.

Compared to chemical stressors, R-DPRs promote SG assembly 
via an additional mechanism—they directly interact with some SG 
proteins. Thus, their LLPS can trigger the condensation of these SG 
proteins (11, 26). Using co-IP followed by mass spectrometry analyses, 
a prior study identified 196 proteins interacting with (GR)50- or 
(PR)50-GFP in HEK293T cells, most of which are SG proteins (11). 
For some of these proteins, including TIA-1, hnRNP A1, and FUS, 
(GR)20 and/or (PR)20 have been shown to promote their condensation 
(11, 26). These mass spectrometry analyses also identified G3BP1 as an 
R-DPR interactor. Given the importance of G3BP1 in SG assembly, we 
hypothesized that R-DPRs might also promote its condensation. 
Furthermore, because PAR binds to R-DPRs, and G3BP1 is 
PARylated, we hypothesized that PAR could modulate R-DPR/
G3BP1 interactions and enhance the ability of R-DPRs to promote 
G3BP1 condensation.

First, we used Western blot to verify the interaction between 
R-DPRs and G3BP1. As shown in fig. S5C, (GR)50-GFP, but not 
(PR)50-GFP, strongly interacted with G3BP1, consistent with the 
localization of (GR)50, but not (PR)50, to SGs (11, 14) (Fig. 4A). As 
such, also given that poly(GR), but not other DPR, inclusions 
correlate with neurodegeneration and clinicopathological subtypes 
(16, 62) and that poly(GR), but not poly(PR), coaggregates with SG 
proteins in vivo (15, 27), we focused on poly(GR) for our subsequent 
studies. To test whether PAR modulated the interaction of G3BP1 
with (GR)50-GFP, we performed co-IP assays either in PARP1 KO cells 
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Fig. 4. Loss of PARP1 activity suppresses R-DPR–induced SG formation. 
(A) Control (Ctrl) or PARP1 KO (PARP1) HEK293T cells transfected with R-DPR–GFP 
(green) were immunofluorescently stained for G3BP1 (magenta), Ataxin-2 (blue), and 
DAPI 24 hours after transfection. Arrowheads indicate SGs. Note that (GR)50, but not 
(PR)50, localizes to SGs. (B and C) Quantification of R-DPR–GFP–expressing HEK293T 
cells that exhibit SGs. (B) Control (Ctrl) or PARP1 KO (PARP1) cells. (C) Ctrl cells 
treated with DMSO, nira, or veli. DMSO or the PARP1 inhibitors were added to the 
cells 2 hours before transfection and remained in the culture media until fixation or 
cell lysis. For each condition, 20 to 30 visual fields from three biological replicates 
were randomly selected and imaged. The total numbers of GFP-positive cells with 
or without SGs were separately counted. 2 tests. ***P < 0.001 and ****P < 0.0001. 
(D and E) Western blots on HEK293T cells overexpressing R-DPR–GFP for 24 hours. 
(D) Ctrl or PARP1 cells. (E) Ctrl cells treated with DMSO, nira, or veli.
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or with PARGin removed from buffers. As shown in Fig. 5 (E and F), 
both methods reduced PAR and inhibited this interaction, suggesting 
that PAR enhances G3BP1 interaction with poly(GR).

To test whether poly(GR) also promotes G3BP1 condensation, 
we mixed TAMRA-(GR)20 with G3BP1-A488 and found that they 
formed condensates without a crowding agent (Fig. 5, G and H, and 
fig. S5D). Moreover, PAR promoted this process by inducing G3BP1/
poly(GR) condensate formation at conditions in which the proteins 
do not form condensates without PAR (Fig. 5, G and I, and fig. S5, 
E and F). These data suggest that PAR promotes G3BP1 condensation 
and interaction with poly(GR).

PAR promotes poly(GR)-induced 
TDP-43 aggregation
SG assembly can trigger TDP-43 aggre-
gation (22). We and others have shown 
that poly(GR) promotes the aggregation 
of recombinant TDP-43, colocalizes with 
TDP-43  in SGs in cultured cells, and 
coaggregates with TDP-43 in postmortem 
tissue from patients with c9ALS/FTD 
(11, 14, 27). Together, these findings 
suggest that poly(GR) contributes to 
c9ALS/FTD pathogenesis by promoting 
TDP-43 aggregation.

To investigate whether PAR modu-
lates poly(GR)-induced TDP-43 aggre-
gation, we mixed TAMRA-(GR)20 and 
A488-labeled recombinant TDP-43 
(TDP-43–A488), with or without PAR.  
As shown in Fig. 6 (A and B), TAMRA-
(GR)20 and TDP-43–A488 formed irreg-
ularly shaped, aggregate-like condensates. 
Furthermore, PAR, but not MAR, pro-
moted this process by inducing con-
densate formation at conditions in which 
the proteins do not form condensates 
without PAR. To quantify the amount 
of proteins in the condensates, we pel-

leted the condensates by centrifugation, dissolved them in urea 
buffer, and measured A488 and TAMRA fluorescent intensities 
(Fig. 6C). As shown in Fig. 6D, PAR, but not MAR, strongly increased 
the A488 signal in the pellet compared to the control, suggesting 
that PAR can promote poly(GR)-induced TDP-43 condensation. Of 
importance, little A488 signal was detected in the pellet if TAMRA-
(GR)20 was not included in the initial mixture (Fig. 6D), suggesting 
that PAR alone was unable to cause TDP-43 condensation in this 
condition.

To further test whether PAR promotes poly(GR)-induced TDP-43 
condensation, we used a turbidity assay, which measures the increase 
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in solution turbidity due to condensate formation (63). We mixed non-
fluorescently labeled (GR)20 and TDP-43 with or without PAR or MAR 
in solution and measured the increase in turbidity after a 60-min incu-
bation (Fig. 6E). As shown in Fig. 6F, PAR, but not MAR, caused 
higher turbidity increase compared to controls. Also, little increase 
was observed if (GR)20 was not included in the mix (Fig. 6F), consistent 
with our data in Fig. 6D. Together, these data strongly suggest that 
PAR promotes poly(GR)-induced TDP-43 condensation in vitro.

Next, we tested whether PAR promotes poly(GR)-induced TDP-43 
aggregation in cultured cells. To induce endogenous TDP-43 aggre-
gation, we used a previously published method in which chemically 
synthesized poly(GR) peptides were added to radioimmunopre-
cipitation assay (RIPA) buffer lysates of cells (64). As shown in 
Fig. 6 (G and H) and fig. S6, 50 M (GR)20, but not (GP)20, caused 
endogenous TDP-43 and PAR, as well as (GR)20 itself, to become 
RIPA insoluble but urea soluble. Furthermore, either PARP1 KO or 
removing PARGin from the cell lysis buffer reduced TDP-43 and 
(GR)20 abundance in the urea versus RIPA fractions (Fig. 6, G and H), 
suggesting that PAR promotes poly(GR) and TDP-43 aggregation 
in cell lysates. In summary, our data suggest that PAR promotes 
poly(GR)-induced TDP-43 condensation and aggregation in vitro 
and in cell lysates, respectively.

Loss of PARP1/Parp suppresses R-DPR aggregation 
in C9ALS/FTD flies
To study whether PAR contributed to R-DPR aggregation in vivo, 
we performed dot blot on RIPA and urea extracts from aged fly heads 
expressing (GR)36 or (PR)36, with or without parp RNAi, under the 
control of GMR-GAL4. As shown in Fig. 7 (A and B) and S1B, parp 
RNAi reduced R-DPR in the urea versus RIPA fractions but not 
total R-DPR. Another fly model of c9ALS/FTD expresses 44 G4C2 
repeats with a C-terminal GFP tag in the poly(GR) reading frame 
(65), which allows easy detection of poly(GR). We found that parp 
RNAi also suppressed eye degeneration (Fig. 7C) and poly(GR)-GFP 
in the urea versus RIPA fractions in this fly model (Fig. 7D), but not 
total GFP (fig. S1B). Together, our data suggest that parp loss sup-
presses R-DPR aggregation in fly models of c9ALS/FTD.

PAR associates with poly(GR) and TDP-43 aggregation 
in patient postmortem frontal cortices
To better probe the human relevance of our findings above, we 
investigated the relationships among insoluble PAR, poly(GR), and 
TDP-43 in postmortem frontal cortex tissue from 60 C9ORF72 re-
peat expansion carriers neuropathologically diagnosed with FTLD 
or FTLD with motor neuron disease (MND) (Fig. 7E and table S1).

We measured PAR and poly(GR) in RIPA-insoluble, urea-soluble 
frontal cortex fractions by dot blot followed by densitometry analyses. 
In addition, we used an established immunoassay (66) to measure 
TDP-43 with phosphoserines at 409 or 410 (pTDP-43), a pathologic 
form of TDP-43 (67, 68). As shown in Fig. 7F, insoluble PAR was 
positively associated with both poly(GR) and pTDP-43 in analyses 
adjusting for age, sex, and disease subtype (FTLD versus FTLD-
MND), further supporting a relationship of PAR with poly(GR) and 
TDP-43 aggregation.

DISCUSSION
R-DPRs play a critical role in c9ALS/FTD pathogenesis. Both in vitro 
and in vivo evidence suggest that they exert their toxicity, at least in 

part, by causing aberrant SG formation and inducing the aggrega-
tion of SG proteins such as TDP-43 (11, 13, 26, 27). However, how 
these processes are regulated is unclear. Here, we found that loss of 
PARP1 activity suppresses R-DPR–induced SG formation. Further-
more, PAR promotes R-DPR condensation and poly(GR) coaggre-
gation with TDP-43, suggesting that it might contribute to R-DPR 
toxicity. Remaining questions include whether loss of PARylation 
suppresses R-DPR–induced SG formation and whether this can be 
rescued by restoring PAR or PARylation.
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PARP1 acts as a first responder that detects DNA damage (28). 
Poly(GR) can cause DNA damage by increasing mitochondrial re-
active oxygen species, whereas poly(GA) and G4C2 repeat RNAs 
can respectively disrupt the DNA repair machinery and generate 
R-loops, DNA/RNA complexes that can cause double-strand breaks 
(69, 70). Thus, further studies can test whether DNA damage causes 
increased PAR in c9ALS/FTD.

Protein aggregation is a common feature in neurodegenerative 
diseases. Previous studies showed that PAR promotes -synuclein 
aggregation and toxicity in a Parkinson’s disease model (48). Here, 
we show that PAR promotes R-DPR–induced TDP-43 aggregation 
and that PARP1 RNAi or PARP1 inhibitors suppress neurode-
generation in fly and iPSN models of c9ALS/FTD. When combined, 
these findings suggest an important role of PAR in promoting protein 
aggregation and neurodegeneration. It ought also be mentioned 
that, in addition to promoting protein aggregation, excessive PAR 
causes parthanatos and inhibits axonal growth (32, 71). In contrast, 
loss of PARP1 activity increases nicotinamide adenine dinucleotide 
(NAD), which can be beneficial to neurons (72). Hence, inhibiting 
PARP1 may suppress c9ALS/FTD neurodegenerative via multiple 
mechanisms.

Previous studies suggested that PAR can play either deleterious 
or beneficial roles in TDP-43 toxicity, depending on the research 
systems used. Knockdown of PARPs, PARG overexpression, or 
PARP1/2 inhibition suppresses neurodegeneration caused by TDP-43 
overexpression in Drosophila or cultured neurons (30, 34, 47), sug-
gesting that PAR contributes to TDP-43 toxicity. However, PAR also 
prevents pathological phase separation and aggregation and pro-
motes the physiological LLPS of TDP-43 in vitro (46, 47), suggesting a 
beneficial role. We show here that PAR by itself does not trigger 
TDP-43 aggregation. Also, although poly(GP) causes PAR up-regulation, 
it does not result in cytotoxicity or TDP-43 aggregation. Conversely, 
PAR promotes poly(GR)-induced TDP-43 aggregation and con-
tributes to poly(GR) toxicity. Hence, how PAR affects TDP-43 
toxicity likely depends on additional TDP-43 regulators. TDP-43 
aggregates in patient tissue contain other proteins (13, 27), and 
future studies can focus on how these proteins—PAR, poly(GR), 
and TDP-43—affect their coaggregation.

SG assembly is mediated by a network of inter and intramolecular 
interactions among SG proteins (18). Because many SG proteins are 
PARylated or bind to PAR (56, 61), PAR may foster SG assembly by 
providing additional valences to the network, thereby promoting 
condensation. Previous studies have shown that PAR induces LLPS 
of SG proteins TDP-43, and hnRNP A1 and PARP1 inhibitors re-
spectively delay or suppress arsenite or DNA damage–induced SG 
assembly (29, 30). Consistent with this notion, we show that PAR 
induces G3BP1 condensation in vitro, and loss of PARP1 activity 
reduces R-DPR–induced SG assembly, suggesting a general role of 
PAR in protein condensation and SG formation. A remaining ques-
tion is how PARP1, a mainly nuclear protein, causes PARylation of 
SG proteins in the cytoplasm. One possibility is that these proteins 
are PARylated in the nucleus before translocating the SGs; alterna-
tively, they can be PARylated by cytoplasmic PARP1 or PARPs 
activated by PARP1.

SGs can trigger the aggregation of TDP-43 and other SG pro-
teins and thus are believed to contribute to ALS/FTD pathogenesis. 
Although c9ALS/FTD iPSNs do not constitutively form SGs, they 
are constitutively under a certain degree of stress, as indicated by a 
mild increase in phospho-eIF2 (14). Furthermore, loss of Ataxin-2 

or SG inhibitors suppresses toxicity in yeast, animal, and iPSN 
models of c9- and TDP-43–ALS/FTD (14, 73–76). Here, we show 
that loss of PARP1 activity reduces SG formation and suppresses 
neurodegeneration in fly and cellular models of c9ALS/FTD, sup-
porting a role of SG formation in pathogenesis. As several PARP1 
inhibitors are Food and Drug Administration–approved or in 
advanced clinical trials for cancer treatment, and veliparib is neuro-
protective in a mouse model of Parkinson’s disease without detri-
mental side effects (48), these findings suggest potential clinical 
translations. As SGs were also implicated in neurodegeneration ob-
served in mouse models of other diseases, including tauopathies, a 
prion disease, and a vanishing white matter disease (74, 77, 78), 
PAR likely also contributes to their pathogenesis. Hence, targeting 
PAR may be a therapeutic approach for these diseases.

To further test the potential of PAR as a therapeutic target for 
ALS and FTD, it is important to validate our findings in mammalian 
models in vivo. Several mouse models of c9- and TDP-43–ALS/FTD 
are available (13, 27, 73, 79), and future studies can test whether 
PARP1 KO or PARP inhibitors ameliorate neurodegeneration and 
behavioral defects in these models. Morover, although nuclear PAR 
is up-regulated in brain neurons of patients with ALS/FTD (34), 
it is unclear about the amount of cytoplasmic PAR, which is more 
relavent to SG assembly and the aggregation of DPRs and TDP-43. 
In addition, it is unclear whether PAR in the cerebrospinal fluid is 
up-regulated in patients with c9ALS/FTD. Last, potential deleterious 
effects of PARP1 inhibition needs to be considered given the essential 
roles of PAR in cellular physiology. For instance, PARP1 inhibitors 
can suppress DNA damage repair and kill cells (28). In addition, 
PAR is essential to nucleolar structure and function (80). Thus, 
it is important to identify safe doses of PARP inhibitors when treat-
ing neurons.

MATERIALS AND METHODS
Study design
The goals of this study were to: (i) test the role of PARP1/PAR in fly 
and iPSN models of c9ALS/FTD, (ii) determine how PARP1/PAR 
affects R-DPR condensation in vitro and SG assembly in cultured 
cells, and (iii) investigate how PAR affects poly(GR) and TDP-43 
aggregation in postmortem tissue of patients with c9ALS/FTD. As 
such, we performed fly eye degeneration and flight assays, toxicity 
assays in iPSNs, protein/PAR condensation assays, FRAP analyses, 
immunofluorescent staining, and Western blots. We also measured 
insoluble PAR, poly(GR), and pTDP-43 amounts in patient post-
mortem tissue.

Sample size for postmortem studies was determined on the basis 
of availability, whereas that for other studies was determined on the 
basis of previously published papers and current accepted standards 
according to journal policies. No statistical analysis was used to pre-
determine sample size. All experiments were done with a minimum 
number of replicates based on previous expertise in statistical anal-
yses of similar experimental datasets, and the statistical analysis 
demonstrates that our sample sizes revealed differences between 
groups. All data were unbiasedly collected, and no data were ex-
cluded from the study. The findings in this study were collected 
from multiple independent experiments and were reliably repro-
duced. The n numbers of each samples are indicated in the figure 
legend. Investigators were blinded to genotypes for the iPSN and 
cell culture experiments but not the fly experiments. Human tissues 
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were collected at Mayo Clinic with the approval of the Institutional 
Review Board. All patient information is Health Insurance Portabil-
ity and Accountability Act compliant.

Drosophila
Flies were raised and maintained on yeast-cornmeal-syrup food at 
25°C unless otherwise indicated (see below). Stocks and crosses were 
transferred to new vials on a regular basis. The UAS-PARG trans-
genic flies were made by Rainbow Transgenic Flies.

To assess eye defects, [GMR-GAL4, UAS-(G4C2)30/CyO, twi-
GAL4, UAS-GFP], [GMR-GAL4, UAS-(GR)36/CyO], [GMR-GAL4, 
UAS-(PR)36/CyO], or [GMR-GAL4/CyO; UAS-LCS-(G4C2)44-GR-GFP/
MKRS] flies were crossed to Canton-S, UAS-parp RNAi, or UAS-
PARG flies, and nonbalancer, female flies were selected from the 
offspring and aged at 25°C for 15 days [for (G4C2)30 or 44 flies] or not 
aged [for (GR)36 and (PR)36 flies]. Eye defects were quantified using 
a previously described method (36, 81). Briefly, points were added 
if there was a complete loss of interommatidial bristles, necrotic 
patches, retinal collapse, loss of ommatidial structure, and/or depig-
mentation of the eye. For drug feeding, dimethyl sulfoxide (DMSO) 
or 5 M PJ34 was mixed in the fly food. Adult flies were transferred 
to new vials every 2 to 3 days.

For the flight assay, [UAS-(G4C2)30/CyO, elavGS-GAL4/MKRS], 
[UAS-(GR)36/CyO, elavGS-GAL4/MKRS], or [UAS-(PRi/CyO, 
elavGS-GAL4/MKRS] were crossed to Canton-S, UAS-parp RNAi, or 
UAS-PARG flies. Nonbalancer, female flies were selected and aged 
at 27°C for 12 days on regular food supplemented with 300 M 
RU486 and either DMSO or 5 M PJ34. Flies were transferred to 
fresh food every 2 to 3 days. After aging, individual flies were 
dropped into a graduated cylinder through a hole at the center of its 
lid. The cylinder was graduated into 12 zones of 25 mm each (top: 0; 
bottom: 12). The landing height was noted as the zone number in 
which the fly landed.

For protein extraction, fly heads were collected and homogenized 
in RIPA buffer supplemented with protease inhibitors. The homog-
enates were centrifuged at 1000g for 5 min, and the pellet was dis-
carded. The supernatant was centrifuged at 18,000g for 20 min to 
separate the RIPA-soluble and insoluble fractions. The insoluble 
fraction was then washed with RIPA buffer with protease inhibitors 
and subsequently dissolved in the urea buffer [25 mM tris-HCl 
(pH 7.4), 150 mM NaCl, 2% SDS, and 8 M urea].

Human iPSCs
Isogenic pairs of iPSC lines were previously described (82). To con-
firm the presence or absence of the expanded C9orf72 repeat in the 
c9-iso and Ctrl-iso iPSCs, respectively, we used the repeat-primed 
polymerase chain reaction (PCR) method previously described in 
(1). Briefly, genomic DNA (150 ng/l) was PCR-amplified using a 
fluorescently labeled forward primer 5′-TGTAAAACGACGGC-
CAGTCAAGGAGGGAAACAACCGCAGCC-3′, reverse primer 
5′-CAGGAAACAGCTATGACCGGGCCCGCCCCGACCACGC-
CCCGGCCCCGGCCCCGG-3′ and an M13R linker 5′-CAGGAAA-
CA GCTATGACC-3′, followed by fragment length analysis on an 
automated ABI3730 DNA analyzer and allele identification using 
GeneMapper v5.0 software (Applied Biosystems). The c9ALS/FTD 
sample with an expansion displays a characteristic stuttering pattern, 
whereas the isogenic controls does not (fig. S8).

Other iPSC lines were obtained from the Cedar Sinai Hospital iPSC 
core. All iPSCs were maintained in mTeSR media on Matrigel-coated 

petri dishes. IPSCs are differentiated into motor neurons using the 
direct-induced motor neuron protocol (39). Briefly, growth factors 
were added at different stages to differentiate iPSCs to neuroepithelial 
cells, neural progenitor cells, and then motor neurons. Motor neurons 
were analyzed at days 32 to 36 of differentiation. Cells are maintained 
at 37°C in a humidified incubator supplemented with 5% CO2. All 
cells are routinely tested negative for mycoplasma.

Glutamate toxicity assays were performed as previously described 
(39). Briefly, days 32 to 36 iPSNs pretreated with DMSO or PARP 
inhibitors for 2 days were challenged with 10 M l-glutamate, 
together with DMSO or PARP inhibitors, for 4 hours in artificial 
cerebrospinal fluid. After that, cells were costained with PI (staining 
dead cells) and NucBlue (staining all cells) and live-imaged on a 
Zeiss 900 confocal microscope. The numbers of dead and total cells 
were counted.

For LDH assays, days 32 to 36 iPSNs pretreated with DMSO or 
PARP inhibitors for 2 days were treated with 5 M chemically syn-
thesized (DPR)20, together with DMSO or PARP inhibitors, in iPSN 
culture media for another 2 days. LDH assays were performed using 
the CyQUANT LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific) 
following the manufacturer’s instructions.

Transformed human cells
HEK293T (of likely female origin due to lack of any trace of Y chromo-
some) and U-2 osteosarcoma (U-2 OS) cells (of female origin) were 
cultured in Dulbecco’s modified Eagle’s medium (Gibco) supplement-
ed with 10% fetal bovine serum and 1% penicillin-streptomycin. All 
cells are maintained at 37°C in a humidified incubator supplement-
ed with 5% CO2. Transfection was performed using polyethyleni-
mine (except for the experiments generating PARP1 KO cells). 
Cells were analyzed at indicated time points after transfection. For 
PARP inhibitor treatments, cells were pretreated for 2 hours before 
transfection. All cells are routinely tested negative for mycoplasma.

Co-IP and immunoblot
Forty-eight hours after transfection, cells were lysed in the lysis buffer 
[50 mM tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1× Roche 
cOmplete protease inhibitor, and 10 M PJ34, with or without 0.5 M 
PDD00017273]. The lysate was centrifuged at 1500g for 20 min, and 
the supernatant was taken out and incubated with GFP-Trap beads 
(ChromoTek) at 4°C overnight. After that, the beads were precipi-
tated by centrifugation at 1000g for 5 min and washed in lysis buffer 
three times at 4°C. The proteins were either eluted using Laemmli 
buffer for immunoblot or using 1% SDS for mass spectrometry 
analyses. For immunoblot on whole-cell lysates, cells were directly 
lysed in Laemmli buffer.

For immunoblot, proteins were separated on 4 to 15% SDS Mini-
PROTEAN TGX Precast Gels (Bio-Rad) and transferred to nitro-
cellulose membranes. For dot blots, 2 l of protein samples was 
dotted on nitrocellulose membranes and air-dried. Tris-buffered 
saline plus tween-20 (TBST) [50 mM tris (pH 7.4), 150 mM NaCl, 
and 0.1% Tween-20] with 5% milk was used for blocking, except for 
the GR and PR antibodies, for which this step was skipped. The fol-
lowing primary antibodies were used: rabbit anti-PAR (Millipore 
Sigma), rabbit anti-PARP1 (Abcam, ab32138), rabbit anti-GR 
(Proteintech), rabbit anti-PR (Proteintech), rabbit anti-G3BP1 (Abcam, 
ab181149), rabbit anti–Ataxin-2 (Bethyl), and rabbit anti–TDP-43 
(Proteintech), 1:1000 as well as mouse anti–-actin (Millipore) and 
hicken anti-GFP (Abcam, ab13970), 1:5000. All primary and 
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secondary antibodies were diluted in TBST with 5% milk, except for 
the GR and PR antibodies, which were diluted in TBST. Donkey 
anti-mouse, rabbit, or chicken antibodies were used at 1:1000 or 5000.

PAR synthesis
PAR was synthesized using either PARP1 or PARP5 as previously 
described (56, 83). Briefly, NAD+ was mixed with PARP1 or PARP5 
and histones. After finishing the reaction, PAR was purified using 
liquid chromatography or phenol/chloroform extraction followed 
by alcohol precipitation.

Peptide synthesis and protein expression and purification
Twenty repeats of DPRs, both fluorescently labeled and unlabeled, 
were synthesized by Peptide 2.0 Inc. G3BP1 was bacterially expressed 
and purified as described previously (18) with modifications. Briefly, 
the glutathione S-transferase (GST)–G3BP1 fusion protein was 
expressed in BL21 (RIPL) bacteria and purified using a GSTrap HP 
column (Cytiva). The eluted fusion protein was treated with to-
bacco etch virus (TEV) protease (New England BioLabs) to remove 
the GST tag, and nontagged G3BP1 protein is further purified using 
an ENrich Q column followed by an ENrich SEC 70 column (Bio-
Rad). Fast protein liquid chromatography (FPLC) was performed 
on an NGC Quest 10 Chromatography System (Bio-Rad). The pro-
tein concentration was determined by 280-nm absorbance, and the 
purity was confirmed on a 4 to 20% polyacrylamide gel.

His6-SUMO N-terminally tagged TDP-43 was purified as described 
previously (47). Briefly, bacterially expressed proteins were purified 
using Ni-NTA agarose beads (QIAGEN) and subsequently buffer-
exchanged to 50 mM Hepes (pH 7.5), 500 mM NaCl, 5% glycerol, 
and 5 mM dithiothreitol by dialysis. Purified proteins were flash-
frozen in liquid N2 and stored as aliquots at −80°C. Upon use, pro-
tein aliquots were thawed and centrifuged at 16,100g for 10 min at 
4°C to remove preformed aggregates. Protein concentration was 
determined by Bradford assays (Bio-Rad), and the purity was con-
firmed on a 4 to 20% polyacrylamide gel.

Dot blot binding assay
R-DPR peptides or vehicle control, phosphate-buffered saline (PBS), 
was dotted on a nitrocellulose membrane that was subsequently let 
to dry. The membrane was then incubated in 1 M PAR in TBST at 
4°C overnight. The membrane was then washed in phosphate-
buffered saline with tween-20 (PBST) and blotted for PAR, poly(GR), 
or poly(PR).

Fluorescent labeling of PAR and proteins
The terminal ADP-ribose of PAR was Cy5-labeled using a pub-
lished method (56, 58). Briefly, PAR and Cy5–2′-deoxyadenosine 
5′-triphosphate (Jena Bioscience) were mixed with poly[inosinic: 
polycytidylic acid (I:C)] and 2′-5′-oligoadenylate synthetase 1 in the 
labeling buffer. The mixture was incubated at 37°C for 2 hours, and PAR-
Cy5 was subsequently high-performance liquid chromatography–
purified. G3BP1 and TDP-43 were labeled using Alexa488 C5 
Maleimide (Thermo Fisher Scientific) following the manufacturer’s 
instructions.

In vitro phase separation and aggregation assays
Proteins and PAR were mixed at certain concentrations in PBS 
(pH 7.4) and dropped in a chamber formed by a glass slide, a coverslip, 
and a double-sided tape as a spacer. The chamber was set with the 

glass slide on the top and the coverslip at the bottom and put at 
room temperature for 20 min before being imaged under a Zeiss 900 
confocal microscope.

Foerster resonance energy transfer
Selected condensates were bleached by a 200 iteration of the Cy5 
laser (excitation: 640 nm) and then imaged every second. The inten-
sity of the condensates was quantified by software affiliated to the 
Zeiss 900 confocal microscope.

Molecular cloning
To generate the pUASt-attB-PARG construct, the human PARG 
cDNA (OriGene) was PCR-amplified and cloned into the pUASt-
attB vector (84) using Eco RI and Xho I restriction enzyme sites. To 
generate mCherry-(R-DPR)50 constructs, the GFP coding sequences 
in the pEGFP–(R-DPR)50 constructs (45) were replaced with mCherry 
coding sequences using Bam HI and Xba I restriction enzyme sites.

Fluorescent recovery after photobleaching
Condensates with similar sizes were randomly selected and bleached 
by laser at room temperature. After that, pictures were taken 
every second. The recovery percentage was calculated as (Irec − I0)/
(Ipre − I0), in which Irec, I0, and Ipre are the fluorescent intensity of 
the analyzed condensate after recovery, immediately after bleaching, 
and before bleaching, respectively. The diameters of selected con-
densates are ~2 for TAMRA-(GR)20 and G3BP1 and ~1.5 for 
TAMRA-(PR)20.

Turbidity assay
(GR)20, TDP-43, PAR, or MAR were mixed at indicated concentra-
tion in PBS (pH 7.4) in 96-well plates. The absorbance of the solu-
tion mix at 395 nm was monitored for 60 min using a Tecan Spark 
Multimode Microplate Reader.

Generating PARP1 KO HEK293T cells
The PARP1 KO HEK293T cell line was generated using a previously 
described method (48) with modifications. Briefly, HEK293T cells 
were transfected with the pLentiCRISPR V2-PARP1–single-guide 
RNA (sgRNA) plasmids using the Effectene Transfection Reagent 
(QIAGEN) according to the manufacturer’s instruction. In a parallel 
set of experiments to generate the control HEK293T cell line, the 
pLentiCRISPR V2 empty vector was used in transfection. Two days 
after transfection, cells were treated with puromycin (2 g/l; 
Sigma-Aldrich) and maintained in the same media for up to 2 weeks. 
Single cells were sorted using a fluorescence-activated cell sorting 
Aria cell sorter (BD bioscience) and plated, and individual single 
cell–originated clones were propagated and checked for PARP1 KO.  
The following sgRNAs were used to target PARP1 Exon I (29 base 
pairs from the starting ATG site): PARP1-sgRNA#1 (5′-CACCG-
GAGTCGAGTACGCCAAGAGC-3′) and PARP1-sgRNA#2 
(5′-AAACGCTCTTGGCGTACTCGACTCC-3′).

TDP-43 aggregation in HEK293T cell lysates
Wild-type or PARP1 KO HEK293T cells were lysed in RIPA buffer 
[25 mM tris-HCl (pH 7.4), 150 mM NaCl, 0.5% sodium deoxycholate, 
1% NP-40, and 0.1% SDS] supplemented with protease inhibitors 
(Roche) and 10 M PJ34, with or without 0.5 M PDD00017273. 
Lysates were centrifuged at 1500g for 5 min, and the pellet was 
removed. (GR)20 peptides were added to the supernatant, which is 
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then centrifuged at 18,000g for 10 min to separate the RIPA buffer–
soluble and insoluble fractions. The insoluble fraction was washed 
in the same buffer used for cell lysis and dissolved in the urea buffer 
[50 mM tris (pH 7.4), 2% SDS, and 8 M urea].

Immunofluorescence staining
Cultured cells were fixed in 4% paraformaldehyde for 20 min and 
then penetrated in PBS with 0.1% Triton X-100 for 10 min. After 
that, cells were incubated in PBST buffer (PBS with 0.1% Tween 20) 
with 3% donkey serum and primary antibodies for 16 hours at 
4°C. Primary antibodies were used at 1:100 dilution. Next, cells were 
washed in PBST at room temperature. Donkey secondary antibodies 
conjugated to Alexa Fluor 568 or 488 (Thermo Fisher Scientific) were 
used at 1:1000 dilution in PBST with 3% donkey serum. After incu-
bating with secondary antibodies, cells were washed in PBST, mounted 
in ProLong Antifade Gold with 4′,6-diamidino-2-phenylindole 
(DAPI), and subjected to confocal microscopy analyses.

Confocal microscopy
Confocal images were acquired using an LSM900 confocal micro-
scope (Carl Zeiss) with accompanying software and Plan Apochromat 
63×, numerical aperture 1.4 objectives (Carl Zeiss) at 37°C (for live-cell 
imaging) or room temperature (for all other types of imaging). 
Images were captured by an AxioCam HRc camera (Carl Zeiss) and 
were processed using ImageJ/Fiji (National Institutes of Health).

Preparing urea-soluble lysates from human frontal 
cortex tissues
Urea-soluble lysates from frontal cortex tissues were prepared as 
previously described (85). Tissue was homogenized in prechilled 
RIPA buffer supplemented with protease and phosphatase inhibi-
tors and sonicated on ice. Homogenates were cleared by centrifuga-
tion at 100,000g for 30 min at 4°C. The supernatant was saved, and, 
to prevent carry-over, the resulting pellet was resuspended in RIPA 
buffer, resonicated, and recentrifuged. To the final insoluble pellet, 
7 M urea buffer was added, followed by sonication, vortexing for 
30 min, and centrifugation at 100,000g for 30 min at 22°C. The pro-
tein concentration of the urea-soluble supernatant was determined 
by Bradford assays.

pTDP-43 MSD immunoassay
The abundance of pTDP-43 in frontal cortex urea-soluble fractions 
was evaluated using a sandwich immunoassay that uses Meso Scale 
Discovery (MSD) electrochemiluminescence detection technology 
(66). A mouse monoclonal antibody that detects TDP-43 phosphor-
ylated at serines 409 and 410 (1:500; #CAC-TIP-PTD-M01, Cosmo 
Bio, USA) was used as the capture antibody. The detection anti-
body was a rabbit polyclonal C-terminal TDP-43 antibody (2 g/
ml; 12892-1-AP, Proteintech) paired with a Sulfo tag–labeled goat 
anti-rabbit secondary antibody (1 g/ml; R32AB-1, Meso Scale Di-
agnostics). Fractions were diluted in tris-buffered saline, and 35 g 
of protein per well was assayed in duplicate wells. Response values 
(arbitrary units) corresponding to the intensity of emitted light 
upon electrochemical stimulation of the assay plate using the MSD 
QuickPlex SQ120 were acquired.

PAR, poly(GR), and pTDP-43 association analyses
Frontal cortex insoluble PAR, poly(GR), and pTDP-43 were normal-
ized against total protein concentrations in the urea fraction and 

log-transformed. Associations among the transformed values were 
examined using multiple linear regression models adjusted for age, 
sex, and disease subtype (FTLD versus FTLD with MND).  coeffi-
cients and 95% confidence intervals were estimated. P values of 
<0.025 were considered as significant after using a Bonferroni 
adjustment for multiple testing.

Statistical analysis
To quantify fluorescent or Western blot intensities, certain areas/
bands were circled, and the intensities were measured using ImageJ/
Fiji. Statistical analyses were performed using the GraphPad Prism 
9.0 software. Tests used and levels of significance for each experi-
ment are explained in each figure legend.

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scitranslmed.abq3215
Figs. S1 to S7
Tables S1 and S2
Data file S1
View/request a protocol for this paper from Bio-protocol.
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Bringing the target up to PAR
The most common genetic form of amyotrophic lateral sclerosis/frontotemporal dementia (ALS/LTD) is caused
by repeat expansion of the hexanucleotide G

4

C
2

 in the C9ORF72 gene, the subsequent production of arginine-rich
dipeptide repeat proteins (R-DPRs) ultimately resulting in neurodegeneration. Here, Gao et al. investigated how R-
DPR formation could lead to neuronal loss and showed that the polymer poly(ADP)-ribose (PAR) interacts with R-
DPR and promotes stress granule formation and TDP-43 aggregation in fly models. Similar effects were found in
samples from patients with ALS/FTD, suggesting that targeting PAR could reduce the deleterious effects of R-DPR in
C9ORF72-mediated ALS/FTD.
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