
D ISEASES AND D ISORDERS

Targeting the NEDP1 enzyme to ameliorate ALS
phenotypes through stress granule disassembly
Toufic Kassouf1†‡, Rohit Shrivastava1†, Igor Meszka1, Aymeric Bailly1, Jolanta Polanowska1,
Helene Trauchessec1, Jessica Mandrioli2,3, Serena Carra3, Dimitris P. Xirodimas1*

The elimination of aberrant inclusions is regarded as a therapeutic approach in neurodegeneration. In amyotro-
phic lateral sclerosis (ALS), mutations in proteins found within cytoplasmic condensates called stress granules
(SGs) are linked to the formation of pathological SGs, aberrant protein inclusions, and neuronal toxicity. We
found that inhibition of NEDP1, the enzyme that processes/deconjugates the ubiquitin-like molecule NEDD8,
promotes the disassembly of physiological and pathological SGs. Reduction in poly(ADP-ribose) polymerase1
activity through hyper-NEDDylation is a key mechanism for the observed phenotype. These effects are related to
improved cell survival in human cells, and in C. elegans, nedp1 deletion ameliorates ALS phenotypes related to
animal motility. Our studies reveal NEDP1 as potential therapeutic target for ALS, correlated to the disassembly
of pathological SGs.
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INTRODUCTION
Organisms are constantly exposed to environmental stresses that
cause protein damage and the generation of RNA-protein inclu-
sions. A series of sophisticated mechanisms that constitute the so-
called protein quality control (PQC) system ensure the detection,
repair, and/or elimination of damaged proteins and dissolution of
inclusions to maintain protein homeostasis (1). Two main types of
proteinaceous assemblies can be induced upon stress: aggregates or
inclusions that are mainly composed of terminally misfolded pro-
teins and biomolecular condensates that often contain proteins and
nucleic acids (1–3). Although both depend on the PQC system for
dispersal, proteinaceous aggregates and condensates show different
properties. Aggregates are static structures that require disaggrega-
tion or digestion mechanisms for their removal (3). Instead, stress-
induced condensates are more dynamic and form through princi-
ples of liquid-liquid phase separation (LLPS) (2, 4, 5). However,
condensates can convert into more solid-like fibrillar states, also ul-
timately generating aggregates (4–8).

One typical example of stress-induced condensates is represent-
ed by stress granules (SGs), RNA-protein assemblies that are rapidly
formed in the cytoplasm upon stress conditions, including heat
shock, oxidative stress, viral infection, and proteasome inhibition.
The generation of SGs is part of the response to modulate several
cellular activities, including reduction of protein synthesis of house-
keeping mRNAs during stress, and to protect selected mRNAs from
degradation (9–11). Their formation is initiated by the assembly of
core proteins around stalled mRNAs, followed by their nucleation
mainly with RNA binding proteins that form the shell. Upon stress
alleviation, SGs are disassembled, allowing protein synthesis re-
sumption and cell recovery (9–11).

However, defects at the level of SG assembly/disassembly can
cause the aberrant conversion of SGs from liquid-like dynamic con-
densates into aggregated-like structures, referred to as aberrant or
pathological SGs. The presence of aberrant SGs that persist in the
cytoplasm has been associated to several neurodegenerative diseas-
es, such as amyotrophic lateral sclerosis (ALS) or frontotemporal
dementia (FTD) (12, 13). Different mechanisms have been pro-
posed for these defects in SG dynamics. First, mutations in genes
that encode for SG proteins (e.g., TDP-43, FUS, and TIA1)
usually occur in the intrinsically disordered regions, which are
key regulatory modules of LLPS and SG dynamics. These mutations
confer higher aggregation propensities to these proteins and
promote the maturation of liquid-like SGs into aberrant SGs that
can further evolve with time into proteinaceous inclusions that
persist in the cytoplasm (14–18). Second, failure of the PQC
system to clear mutated and misfolded SG proteins, or defective ri-
bosomal products that can accumulate within SGs, promotes their
conversion into a solid-like aberrant state (16, 19, 20). As a result,
SGs fail to disassemble upon stress relief, leading to protein synthe-
sis deficiency and contributing to neuronal cell death (17).
However, the direct link between aberrant SG formation and ALS
pathology is still unclear, as exemplified by the study of ALS-derived
mutants of TDP-43 protein that can induce cytoplasmic aggregates
and ALS-related pathology, independently of SGs (21–23). Never-
theless, it is evident that, independently on whether they mainly
derive from either direct deposition or maturation of SGs into an
aggregated-like state, proteinaceous inclusions enriched for
mutant TDP-43 or FUS are associated with cell toxicity (17, 22–
24). Thus, acceleration of the elimination of toxic protein inclusions
is regarded as an attractive approach to potentially reestablish
normal neuronal function. Toward this goal, several strategies
have been proposed, including the use of antisense oligonucleotides
that reduce the levels of mutant aggregation-prone proteins, anti-
bodies that target aggregates containing mutated SG proteins,
boosting the proteasome and/or autophagy pathways, which are
the main elements of the PQC system that clear misfolded proteins
and aberrant inclusions (24–28).
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Among the main effectors and regulators of the PQC system is
the family of ubiquitin and ubiquitin-like molecules (Ubls) such as
SUMO and NEDD8. Their covalent modification on substrate pro-
teins, referred to as ubiquitination, SUMOylation, and NEDDyla-
tion, occurs via a three-step process involving E1, E2, and E3
enzymes and are regarded as key regulators of protein oligomeriza-
tion and assembly into macromolecular complexes (1, 29–31). Since
they all target mainly lysine residues, competition and cooperation
between ubiquitination, SUMOylation, and NEDDylation occurs,
tightly regulating the substrate activity or fate (32). Several lines of
evidence have indicated that ubiquitination and SUMOylation
control the SG proteome composition and the dynamics of SG as-
sembly and disassembly, even if their role may be dependent on cell
type and applied stress (33–39). These findings further underscore
the existence of a tight interplay between the PQC system and SG
dynamics. In a small interfering RNA screen for factors that control
SG dynamics, components of the NEDD8 pathway were identified
(40). The studies suggested that NEDDylation of the serine/arginine
(SR)–rich family member protein SRSF3, which is found within SGs
upon oxidative stress (sodium arsenite), is required for SG assem-
bly. The role of NEDD8 remains somehow elusive (32), as later
studies using short-term chemical inhibition of the NEDD8 and
ubiquitin E1 activating enzymes indicated that the NEDD8 and
ubiquitin pathways are not implicated in the control of SG dynamics
upon arsenite-induced stress (41).

Protein modification with ubiquitin/Ubls is a reversible process,
and the extent of substrate modification is finely balanced by the
coordinated action of conjugating and deconjugating enzymes
(31, 42). For the NEDD8 pathway, there are two highly specific de-
conjugating enzymes, the COP9 signalosome and NEDP1 (29, 43).
NEDP1 also processes NEDD8 into the mature form, before activa-
tion by the NEDD8 E1 activating enzyme (NAE) (32). COP9 is a
well-established regulator of the activity of the cullin-ring ligases
through deNEDDylation of cullins; by contrast, our knowledge
on processes controlled by NEDP1 is limited (32, 44). On the
basis of the highly specific activity of NEDP1 to deconjugate
NEDD8, understanding the biological role of this enzyme will
also help elucidating processes controlled by protein NEDDylation
(32, 45–47).

Here, we identify NEDP1 as critical regulator of SG dynamics.
NEDP1 knockout (KO), as well as inhibition of NEDP1 by expres-
sion of anti-NEDP1 nanobody (Nb), promotes the disassembly of
SGs. Proteome-wide analysis of NEDDylation sites at endogenous
levels of wild-type NEDD8 expression combined with mutational
analysis identified the poly(ADP-ribose) polymerase 1 (PARP-1)
as NEDP1 substrate. PARP-1 hyper-NEDDylation reduces the gen-
eration of PAR conjugates, which are important regulators of SG
dynamics (21, 48, 49). Critically, we found that NEDP1 inhibition
in several in vitro systems, including ALS patient–derived fibro-
blasts, also promotes the disassembly of aberrant SGs. Using two
Caenorhabditis elegans ALS models (sod-1G85R, C9orf72 G4C2 ex-
pansion), we found that nedp1 (ulp-3) deletion ameliorates ALS
phenotypes related to animal motility. Our studies identify
NEDP1 as a critical regulator of SG dynamics and a potential ther-
apeutic target for ALS.

RESULTS
NEDP1 inhibition accelerates the formation and
disassembly of SGs
While ubiquitin and SUMO conjugation emerge as important reg-
ulators of SG dynamics, the role of NEDD8 in this process has been
controversial (40, 41). Long-term inhibition (15 hours) of the
NEDD8 pathway reduced SG assembly induced by arsenite,
whereas no effect on SG dynamics was observed upon short-term
inhibition (1 to 2 hours). A possible explanation for these differenc-
es is that short-term inhibition of the NEDD8 pathway may not
provide a complete deNEDDylation of substrates in contrast to
long-term inhibition (32). To better understand the implication
of NEDDylation in the regulation of SG dynamics, we focused on
the deNEDDylating enzyme NEDP1, which is a critical and highly
specific component of the NEDD8 cycle that deconjugates NEDD8
mainly from non-cullin substrates (32). The study of NEDP1 pro-
vides a highly specific approach to decipher the role of protein
NEDDylation in SG dynamics.

We generated cell lines stably expressing green fluorescent
protein (GFP)–G3BP1, the nucleator of SGs, in parental or
NEDP1 KO U2OS cells (50, 51). Exposure of cells to arsenite
caused an accumulation of NEDD8 conjugates (Fig. 1A and fig.
S1A). The observed increase in NEDD8 modification strictly
depends on the NAE and not on the ubiquitin system, which can
activate and conjugate NEDD8 on substrate proteins under stress
conditions, including heat shock or proteasome inhibition (fig.
S1B) (52). NEDP1 KO causes an increase in protein NEDDylation,
and no further increase was observed upon arsenite treatment
(Fig. 1A and fig. S1A). The response is reversible, as stress allevia-
tion results in a progressive decrease in the levels of NEDD8 conju-
gates induced upon stress, indicative of a recovery process (Fig. 1B).
The data indicate that the NEDD8 pathway is part of the arsenite
stress response. Under these conditions, we found by imaging on
GFP-G3BP1 cells (Fig. 1, C and D) and on endogenous TIA1 (fig.
S1C) that NEDP1 KO accelerates both the formation and elimina-
tion of SGs. Similar results were obtained using heat shock as
another inducer of SG formation (fig. S1D). We found that the
effect of NEDP1 KO on SG dynamics is not due to changes in the
levels of SG proteins (fig. S1E) but due to the increase in protein
NEDDylation, as inhibition of the NEDD8 pathway with the inhib-
itor of NAE (NAEi; MLN4924) reversed the NEDP1 phenotype in
SG disassembly (Fig. 1E). In addition, we assessed the effect of tran-
sient inhibition of NEDP1 on SG dynamics. For this, we transiently
expressed an anti-NEDP1 Nb (Nb9) that displays nanomolar
binding affinity and specifically inhibits NEDP1 activity (53). Char-
acterization in vitro and in tissue culture cells shows that Nb9 po-
tently inhibits the deconjugating activity of NEDP1, resulting in the
accumulation of NEDD8 conjugates (53). Consistent with this
notion, expression of Nb9 increases protein NEDDylation and ac-
celerates SG assembly/disassembly, similarly to what is observed
upon NEDP1 KO (Fig. 1, F to H). The role of NEDP1 in SG elim-
ination depends on its catalytic activity, as expression of wild type,
but not of the catalytic NEDP1 Cys mutant (C163A), reduced the
rate of SG disassembly in NEDP1 KO cells (fig. S1, F and G).

To better define the role of NEDP1 in SG dynamics, we moni-
tored the size and number of SGs formed upon arsenite using either
the GFP-G3BP1 cells (Fig. 2, A to E) or monitoring endogenous
TIA1 as SG marker (fig. S2, A to C). We found that NEDP1 KO
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Fig. 1. NEDP1 inhibition accelerates the formation and elimination of SGs. (A) Parental and NEDP1 KO U2OS cells were treated with sodium arsenite (arsenite) (0.5
mM), and lysates were analyzed by Western blotting with the indicated antibodies. (B) U2OS cells were treated with arsenite and allowed to recover for the indicated
periods. Extracts were used for Western blotting as in (A). (C) Parental and NEDP1 KO U2OS cells stably expressing GFP-G3BP1 were treated with arsenite and then fixed at
indicated time points. Scale bars, 10 μm. Right: Quantification of the experiment performed in (C) showing the percentage of cells with SGs. Each dot represents a separate
field analyzed (20 to 25 cells), and each color represents an independent experiment (n = 3). (D) Cells were treated with arsenite (1 hour that provides almost 100% of cells
with SGs) before they were allowed to recover for the indicated periods. Right: Quantification of the experiment in (D) displaying the percentage of cells with SGs during
recovery. Each dot represents a separate field analyzed (20 to 25 cells), and each color represents an independent experiment (n = 3). (E) Parental and NEDP1 KO U2OS
cells stably expressing GFP-G3BP1 were pretreated with 0.5 μM NAEi (4 hours) and then treated for 1 hour with arsenite, washed with PBS, and then incubated in fresh
medium containing 0.5 μMNAEi for the indicated periods before fixation. Graph represents the percentage of cells with SGs as described above (n = 3). (F) U2OS cells were
transfected with empty (pcDNA3) or Nb9-Flag–expressing constructs (2 μg). Extracts were analyzed by Western blotting using the indicated antibodies. (G) Similar ex-
periment as in (C), except that U2OS cells were transfectedwith empty (pcDNA3) or Nb9-Flag–expressing constructs. Bottom: Quantification of the experiment performed
in (G) presented as above (n = 3). (H) Experiment performed as in (D) except that U2OS cells were transfected with empty (pcDNA3) or Nb9-Flag–expressing con-
structs (n = 3).
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reduces the size and increases the number of formed SGs upon ar-
senite (Fig. 2, A to C, and movies S1 and S2), and these effects were
reversed upon inhibition of the NEDD8 pathway (Fig. 2, D and E).

In addition, we excluded the possibility that the observed
NEDP1 phenotype on SGs is due to defects in microtubule dynam-
ics. Microtubules are proposed to assist growth of SGs through
transport and fusion of smaller SGs, and similarly to NEDP1

inhibition, microtubule disruption results in the formation of
smaller and more numerous SGs (54). By measuring in real time
different parameters of microtubule dynamics such as the growth
speed, length, and lifetime of microtubule tracks, we found no dif-
ferences between parental and NEDP1 KO cells (fig. S2, D to F, and
movies S3 and S4). Collectively, the experiments strongly suggest
that inhibition of NEDP1 activity accelerates both the formation

Fig. 2. NEDP1 inhibition decreases SG
size, maintains the mobility of SG pro-
teins, and protects cells against stress.
(A) SG assembly was monitored by video
microscopy in parental or NEDP1 KO U2OS
cells stably expressing GFP-G3BP1 treated
with 0.2mM arsenite (image after 1 hour of
treatment; movies S1 and S2). Scale bar, 10
μm. Plots showing the size (B) and number
per cell (C) of SGs in ~25 cells per condition
(mean ± SD). Each dot represents an indi-
vidual SG/cell, and each color represents
an independent experiment (n = 4). (D and
E) Experiment as in (A), except that NEDP1
KO cells were pretreated with 0.5 μM NAEi
(4 hours) before treatment with arsenite (1
hour). Plots showing SG size and SG
number per cell in ~25 cells. (F) Parental or
NEDP1 KO U2OS stably expressing GFP-
G3BP1 cells were treated with 0.2 mM ar-
senite and analyzed by FRAP as described
in Materials and Methods (four cells per
experiment, n = 2, 5 to 7 SGs per cell ana-
lyzed). Images for the bleach and recovery
period are shown. The graph represents
the normalized fluorescence intensity of
one of the performed experiments. (G) The
mobile fraction (left) and halftime recovery
(right) are presented for the indicated
period of arsenite treatment (mean ± SD
from the two experiments). (H) Parental
and NEDP1 KO U2OS cells were plated in
96-well plates and treated continuously
with 0.02 mM arsenite for 30 or 48 hours
before viability was measured with the
CellTiter-Glo assay. (I) Experiment as in (H),
except cells were treated with arsenite (0.5
mM) for 1 hour and allowed to recover for
the indicated period where cell viability
was measured. (J) Experiment was per-
formed as in (H), and the number of live
cells was counted as described in Materials
and Methods. Each dot represents a repli-
cate experiment, and each color repre-
sents an independent experiment (n = 3 to
4). (K) Clonogenic assays in parental and
NEDP1 KOU2OS cells treatedwith arsenite.
Graph represents the number of colonies
in each experiment (mean ± SD, n = 3).
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and elimination of SGs through an increase in protein
NEDDylation.

NEDP1 inhibition increases the mobility of SG proteins and
protects cells against stress-induced toxicity
A biophysical property that defines the dynamicity and is directly
related to the potential pathogenicity of SGs is the mobility of SG
proteins within the condensates. Prolonged stress conditions
reduce protein mobility within SGs, leading to their transition
from a liquid-liquid into a liquid-solid phase that compromises
SG elimination during the recovery period (16, 22). By fluorescence
recovery after photobleaching (FRAP), we found that prolonged ex-
posure of parental cells to arsenite reduced the mobility of GFP-
G3BP1 protein with concomitant increase in the half-life of recov-
ery (Fig. 2, F and G). In contrast, in NEDP1 KO cells, both the mo-
bility and half-life recovery were unaffected by arsenite (Fig. 2, F and
G), suggesting that NEDP1 inhibition prevents the transition of SGs
into a liquid-solid phase by maintaining the mobility of SG proteins.
In addition, in survival/clonogenic assays, NEDP1 KO protects cells
against the induced toxicity by arsenite (Fig. 2, H to K). The data
suggest that NEDP1 inhibition promotes SG disassembly by main-
taining the mobility of SG proteins, which is correlated to protec-
tion of cells against stress-induced toxicity.

NEDP1 controls SG dynamics through deNEDDylation of
PARP-1
To reveal mechanisms for the role of NEDP1 in the control of SG
dynamics, we sought to define NEDP1 substrates. Previous proteo-
mic studies identified hundreds of potential substrates for NEDP1;
however, these results were based on the use of a NEDD8 mutant
(R74K), which may alter the biochemical properties of NEDD8 (55,
56). We developed a strategy that allows the identification of
NEDP1-dependent NEDDylation sites under endogenous expres-
sion of wild-type NEDD8. We combined the use of anti-diGly an-
tibodies that recognize both ubiquitin and NEDD8-modified
peptides upon trypsin digestion with short treatment of cells with
the ubiquitin E1 inhibitor MLN7243 (UAEi), which markedly
reduces ubiquitin, but not NEDD8 modification (fig. S3A). We hy-
pothesized that by eliminating most of the ubiquitin-derived diGly
peptides upon MLN7243 treatment, we would be able to quantify
NEDP1-dependent diGly peptides (Fig. 3A). We previously estab-
lished the HCT116 colorectal cells as model system for the identi-
fication of NEDDylation sites using the diGly approach (55).
Extracts from parental and NEDP1 KO HCT116 cells both treated
with UAEi were used for the isolation of diGly-modified peptides
and mass spectrometry (MS) analysis (Fig. 3A). We quantified
changes in the abundance of 2897 unique modified peptides on
1206 unique proteins between control and NEDP1 KO cells and
found 934 peptides from 568 proteins and 424 peptides from 328
proteins for which at least a twofold increase or decrease, respective-
ly, was detected upon NEDP1 KO (data S1). The coordinated action
of conjugating and deconjugating enzymes such as NEDP1 ensures
NEDD8 recycling, preserving the so-called free pool of NEDD8.
The observed decrease in NEDDylation upon NEDP1 KO is most
likely an indirect consequence of blocking the release and recycling
of NEDD8 into the free pool. The decrease in free NEDD8 available
for conjugation would subsequently reduce the NEDDylation of
substrates that are regulated by other deconjugating enzymes than
NEDP1. Thus, the observed decrease probably indicates

NEDDylation events that are not directly controlled by NEDP1
(32). In contrast, increase in NEDDylation indicates proteins that
are direct NEDP1 substrates.

By comparing our dataset with previous proteomic analysis that
defined the SG proteome (37), we found as potential NEDP1-de-
pendent NEDD8 substrates several SG proteins, such as the core
protein G3BP1; translation initiation factors EIF4A1, EIF3D,
EIF3E, EIF3I, and EIF3L; and ribonucleoproteins HNRNPA1,
HNRNPD, HNRNPH1, and HNRNPK (fig. S3B and data S2).
This is consistent with the previously proposed idea that the
NEDD8 pathway may directly control SG biology through modifi-
cation of SG proteins (40). Among the target proteins, we identified
PARP-1, which attracted our attention for the following reasons:
First, PARP-1 is a critical regulator of SG dynamics, as PARylation,
including of several SGs proteins, generates a scaffold for protein-
protein and RNA interactions that is required for SG assembly (49).
Second, previous studies indicated that NEDP1 regulates PARP-1
activity upon oxidative stress (46). Third, high-confidence NEDDy-
lation sites on PARP-1 that depend on NEDP1 were reported in all
previous NEDD8 proteomic studies and also identified in our
studies (55, 56) (Fig. 3B and data S1). Last, in an “epistasis-like” ex-
periment, we monitored the effect of PARP-1 inhibition on SG for-
mation and disassembly in control and NEDP1 KO cells. Chemical
inhibition of PARP-1 with olaparib (fig. S3C) causes the generation
of smaller and more numerous SGs (fig. S3, D and E) and accelerates
their disassembly compared to control untreated cells (fig. S3F),
similarly to what is observed upon NEDP1 KO. However, PARP-1
inhibition had no significant effect either on SG size/number or
rates of SG disassembly in NEDP1 KO cells, strongly suggesting
that NEDP1 and PARP-1 are functionally linked for the forma-
tion/disassembly of SGs (fig. S3, D to F).

We first determined whether PARP-1 is a NEDP1-dependent
NEDD8 substrate. We isolated NEDD8 conjugates from control
and NEDP1 KO human embryonic kidney (HEK) 293 cells stably
expressing His6-NEDD8 and monitored the NEDDylation of en-
dogenous PARP-1 by Nickel pull-down (Nickel-PD) and Western
blotting (Fig. 3C). NEDP1 KO increases PARP-1 NEDDylation
(Fig. 3C). In a reverse experiment using instead overexpression of
His6-PARP-1 and Nickel-PD, we found that NEDP1 KO increases
the modification of PARP-1 with endogenous NEDD8 (Fig. 3D).
Similar observations were obtained upon transient inhibition of
NEDP1 with Nb9 (Fig. 3E). Exposure of cells to arsenite did not
have a significant effect on PARP-1 NEDDylation in NEDP1 KO
cells (Fig. 3, C and D), which was, however, reduced upon treatment
with the NAE inhibitor MLN4924 (Fig. 3D, NAEi).

Our current and previous proteomic studies identified the fol-
lowing potential NEDP1-dependent NEDDylation sites on PARP-
1: K425 (Fig. 3B and data S1), K364, K518, and K637 (55, 56). To
characterize the role of PARP-1 NEDDylation in SG dynamics, we
mutated these lysine residues on PARP-1 into arginine (R). Wild-
type and mutant His6-PARP-1 constructs were expressed in control
and NEDP1 KO HEK293 cells, and their modification with endog-
enous NEDD8 was monitored upon isolation of His6-PARP-1 by
Nickel-PD as before (Fig. 3F). We found that mutation of K425,
K518, and K637 into arginine or the generation of a double
mutant (K518/637R, KDMR) significantly, but not completely,
reduced PARP-1 NEDDylation (Fig. 3, F and G). No effect was ob-
served upon mutation in K346, which intriguingly altered the mi-
gration profile of PARP-1 (Fig. 3, F and G). Mutation of all four
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lysines into arginine (quadruple mutant, KQMR) caused the most
profound reduction in PARP-1 NEDDylation (Fig. 3, F and G). The
detection of a single band as a major modified PARP-1 species may
be due to the simultaneous conjugation of PARP-1 with multiple
NEDD8 molecules at different sites or due to the presence of dis-
tinct pools of PARP-1 that each is modified with a single NEDD8
molecule at different sites. The analysis indicates that multiple sites

in PARP-1 are used for NEDDylation, with K425 and K518 as the
most prominent.

To assess the potential role of PARP-1 NEDDylation in SG dy-
namics, we used the KQMR and the single K425R mutant as they
displayed the most reproducible reduction in PARP-1 NEDDyla-
tion (Fig. 3G). These mutants were expressed in PARP-1 KO
U2OS (57) and PARP-1/NEDP1 double KO cells generated by

Fig. 3. PARP-1 is a NEDD8 substrate
for NEDP1. (A) Schematic represen-
tation of the proteomic approach to
identify NEDDylation sites controlled
by NEDP1 at endogenous levels of
wild-type NEDD8 expression. Parental
and NEDP1 KO HCT116 cells were
treated with UAEi (0.5 μM, 5 hours)
before extracts were used for trypsin
digestion and immunoprecipitations
with anti-diglycine antibodies and
mass spectrometry analysis. Data
were used for label-free quantifica-
tion. (B) Schematic representation of
PARP-1 domains including the iden-
tified NEDDylated lysine residues
upon NEDP1 KO in current (K425) and
previous studies (55, 56). (C) Parental
and NEDP1 KO HEK293 cells stably
expressing His6-NEDD8 were treated
with arsenite (0.5 mM, 1 hour) before
extracts were used for Nickel-PD. Iso-
lated His6-NEDD8 conjugates and
total cell extracts (input) were used
for Western blot analysis with the in-
dicated antibodies. (D) Parental and
NEDP1 KO cells were transfected with
His6-PARP-1. Forty-eight hours after
transfection, cells were treated with
arsenite (0.5 mM, 1 hour) as indicated,
and extracts were used for Nickel-PD
and Western blot analysis as in (C). (E)
HEK293 cells were transfected with
His6-PARP-1 and Nb9-expressing
constructs as indicated. Forty-eight
after transfection, cells were treated
with arsenite (0.5 mM, 1 hour) and
Nickel-PD and Western blot analysis
was performed as in (D). (F) NEDP1 KO
HEK293 cells were transfected with
the indicated His6-PARP-1–express-
ing constructs and, 48 hours later,
were used for Nickel-PD. Isolated
proteins and total cell extracts (input)
were used for Western blot analysis as
indicated. (G) Quantification of the
experiment performed in (F) (His6-
PARP-1 Nickel-PD). The relative level
of NEDDylation of PARP-1 mutants
compared to wild type (WT) is pre-
sented. Values represent the
mean ± SD, n = 3.
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CRISPR-Cas9 (45) to avoid any interference from the expression of
endogenous PARP-1. Expression of either of the two NEDDylation
defective PARP-1 mutants resulted in higher levels of PAR upon
arsenite treatment compared to wild-type PARP-1, indicating that
NEDDylation reduces PARP-1 activity (Fig. 4A and fig. S4A). Con-
sistent with this notion, the levels of PAR induced upon arsenite are
lower in NEDP1 KO or Nb9-expressing cells compared to parental/

control cells (Figs. 3, C to E, and 4B). The use of several DNA
damage inducers that are known to activate PARP-1 showed that
NEDP1 KO reduces PAR production upon methyl methanesulfo-
nate (MMS), but not upon camptothecin (CPT), etoposide, or ul-
traviolet-C (UV-C) treatment (fig. S4B). This indicates that the role
of NEDP1 in PARP-1 activity control is stress specific.

Fig. 4. PARP-1 NEDDylation inhibits
PARP-1 activity and is responsible for
the NEDP1 phenotype for SG size
and disassembly. (A) Left: PARP-1 KO
and PARP-1/NEDP1 double KO U2OS
cells were transfected with the indicat-
ed plasmids expressing WT or NEDDy-
lation-deficient PARP-1 mutants. Forty-
eight hours after transfection, cells were
either untreated or treated with arse-
nite (0.5 mM, 1 hour) and total cell ex-
tracts were used for Western blot
analysis with the indicated antibodies.
Right: Quantification of the experiment
on the left. Values represent the
mean ± SD, n = 4 of the fraction of PAR
production (WT was used as the refer-
ence for each condition). (B) Parental or
NEDP1 KO U2OS cells were treated with
arsenite (0.5 mM, 1 hour), and extracts
were used for Western blot analysis
with the indicated antibodies. (C) Ex-
periment was performed as in (A),
except that recovery was also moni-
tored as indicated. Formation of SGs
was monitored by immunostaining for
endogenous TIA1. (D) In the experi-
ment performed in (C), the percentage
of cells with SGs is shown. Each dot
represents an independent experiment
(n = 4, ~100 cells per condition). The
mean value ± SD is also presented. (E)
In the experiment performed in (C), the
size of SGs was measured. Each dot
represents an individual SG, each shape
represents a different size of SG, and
each color represents an independent
experiment (n = 3, 50 cells per condition
per experiment). The total number of
SGs with size of >3 μm2 (large) for each
condition is also indicated.
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We next monitored the effect of wild-type and mutant PARP-1
expression in SG dynamics using endogenous TIA1 as SG marker.
Compared to parental U2OS, PARP-1 KO cells produce smaller SGs
upon arsenite, consistent with the important role of PARP-1 in SG
formation (fig. S4C). Using PARP-1 KO U2OS cells, we found that
SG disassembly was delayed in cells expressing the PARP-1
mutants, compared to cells expressing wild-type PARP-1 (Fig. 4,
C and D). In addition, under these conditions, the expression of
the PARP-1 mutants is correlated with an increase in the size of
SGs, especially during the recovery period (Fig. 4, C and E). Collec-
tively, the data support the following hypothesis: NEDP1 inhibition
causes the hyper-NEDDylation of PARP-1, which reduces PAR pro-
duction. This results in the formation of smaller SGs, which are dis-
assembled faster during the recovery period compared to control
cells (fig. S4D).

NEDP1 inhibition accelerates the disassembly of SGs
containing mutated proteins associated with ALS
Mutations in many SG proteins in ALS are related to the formation
of aberrant SGs. A key characteristic of these inclusions is their per-
sistence in the cytoplasm compared to the relative fast elimination
of physiological SGs during recovery (18). NEDP1 KO or inhibition
by Nb9 accelerated the disassembly of SGs containing well-estab-
lished ALS-derived mutants for TIA1 (A381T and E384K) (18),
which are disassembled slower compared to SGs containing wild-
type TIA1 (Fig. 5, A to C). We next assessed whether NEDP1 inhi-
bition promotes the elimination of aberrant SGs using more phys-
iologically relevant in vitro systems. To this end, transfection of
mouse-derived hippocampal neurons with Nb9 accelerated the
elimination of both wild-type and mutant GFP-TIA1 SGs, similarly
to what is observed in transformed cells (Fig. 5D). In addition, we
determined the effect of NEDP1 inhibition on SG elimination in
skin fibroblasts derived from a patient affected by sporadic ALS
(sALS; 37/15). These fibroblasts were previously compared to
several fibroblasts derived from independent healthy donors,
showing that in these sALS cells the elimination of SGs is severely
delayed (19). Consistent with these studies, we found that the elim-
ination of SGs (eIF4G1 staining) during the recovery period is sig-
nificantly delayed in ALS 37/15 fibroblasts, compared to the control
HDF20 fibroblasts obtained from a healthy donor (fig. S5A). To
achieve high level of NEDP1 inhibition in these cells, we used infec-
tion with retrovirus expressing Nb9 that accelerated the elimination
of SGs in both healthy HDF20 and sALS 37/15 fibroblasts compared
to control cells (fig. S5A). Using an empty viral vector as a control,
we excluded that viral infection per se influences SG dynamics (fig.
S5B). While we cannot generalize the effect of NEDP1 inhibition on
SG dynamics to other patient-derived fibroblasts, collectively, the
data reveal that NEDP1 inhibition accelerates the clearance of aber-
rant SGs in several tested in vitro systems.

nedp1 deletion promotes the clearance of aberrant SGs and
restores motility in the sod-1G85R and C9orf72 G4C2
expansion C. elegans ALS models
To assess the role of NEDP1 on SG formation at the organism level,
we used the worm C. elegans as an established model for neurode-
generative diseases, including ALS. A well-established C. elegans
ALS model is based on the introduction of the human ALS-
linked SOD1 mutation G85R in the worm homologous gene sod-
1. This leads to a strong motility defect associated with the presence

of insoluble aggregates of the SOD1 G85R protein, recapitulating an
ALS-related cellular defect (58, 59). Exposure of wild-type animals
expressing endogenous GFP-tagged gtbp-1 (worm homolog of
G3BP-1) as SG marker (60) to acute (arsenite), prolonged (15
hours, paraquat) oxidative stress or heat shock induced the forma-
tion of GTBP-1 protein puncta, indicative of SG formation in
muscle pharyngeal cells (Fig. 6, A and B, and fig. S6A). Similar ex-
periments in gtbp-1::gfp animals expressing the SOD1 G85R mutant
(sod-1G85R) showed that upon arsenite treatment, larger GTBP-1-
GFP SGs were generated compared to control animals (Fig. 6, A
and B, and fig. S6B). The phenotype on SG size in the SOD1
mutant animals was even more profound upon prolonged oxidative
stress (15 hours, paraquat) (fig. S6A). The data are consistent with
the formation of aberrant inclusions in the muscle pharyngeal cells
and presumably in the surrounding neurons in the sod-1G85R

mutant. Strikingly, under all applied stress conditions, deletion of
ulp-3 (worm homolog of nedp1) (45) reduced the formation of
GTBP-1-GFP SGs both in wild-type and in the sod-1G85R mutant
background (Fig. 6, A and B, and fig. S6, A and B). In addition to
the sod-1G85R mutant, we also tested the effect of ulp-3 deletion on
the C. elegans C9orf72 expansion (C9) ALS model (61). These
animals carry 75 copies of the hexanucleotide repeat expansion
GGGGCC (G4C2), normally found in the C9orf72 human gene,
representing the most frequent genetic abnormality of inherited
ALS/FTD (62, 63). The G4C2 repeats are flanked by intronic se-
quences found upstream or downstream of the G4C2 repeats
within the human C9orf72 gene and are under the control of a ubiq-
uitous promoter. Expression of these repeats results in the forma-
tion of RNA foci and production of dipeptide repeat proteins that
are established to cause proteotoxicity (61, 64). As these animals
carry a GFP-myo-2 marker for the presence of the G4C2 expansion
(fig. S7), we generated C9 animals that express a red fluorescent
protein (RFP) version of GTBP-1 as SG marker. Exposure of the
C9 animals to arsenite causes the accumulation of large SGs com-
pared to wild-type animals, indicative of the generation of aberrant
SGs (Fig. 7, A and B). Similarly to what is observed in the sod-1G85R

mutant animals, deletion of ulp-3 reduces the number and the size
of aberrant SGs in the C9 background (Fig. 7, A and B). The analysis
in human cells and in C. elegans revealed a highly conserved role for
NEDP1/ULP-3 in the elimination of physiological and pathological
ALS-related SGs.

To assess the potential functional link between aberrant SG elim-
ination and ALS-related pathology, we examined the effect of sod-
1G85R mutation and G4C2 expansion on worm locomotion
(CeleST) (65) and the impact of ulp-3 deletion. By measuring two
different parameters of animal motility (wave initiation rate and the
activity index), we found that the sod-1G85R mutants showed a clear
defect in locomotion compared to the wild-type animals. This phe-
notype was even more severe in the C9 animals (Fig. 8, A and B, and
movies S5, S6, S9, and S10). Deletion of ulp-3 has no significant
effect in animal motility in control animals (Fig. 8A and movie
S7). However, ulp-3 deletion almost completely restored the ob-
served phenotypic defects to wild-type levels in the sod-1G85R

mutant, whereas a partial rescue was observed in the C9 animals
(Fig. 8, A and B, and movies S8 and S11). This difference may
reflect the pleiotropic role of G4C2 expansion in ALS pathology,
where formation of aberrant SGs is one of the multiple imposed
defects (64, 66). Overall, the data suggest that the elimination of
ALS-related SGs observed in the sod-1G85R mutant and C9
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Fig. 5. NEDP1 inhibition accelerates the elimination of SGs containing ALS-relatedmutant proteins. (A) Parental and NEDP1 KO HEK293 cells were transfected with
the indicated GFP-TIA1 constructs (1 μg), and 48 hours after transfection, cells were stressed with arsenite (0.5 mM, 1 hour) before recovery (2 hours). SG formation was
monitored by GFP fluorescence. (B) Quantification of the experiment performed in (A). Each dot represents a separate field analyzed (20 to 25 cells), and each color
represents an independent experiment (n = 3). The mean value is also indicated. (C) Experiment performed as in (A), except that, where indicated, the Nb9 expression
construct was cotransfected. Quantification was performed as in (B). (D) Mouse-derived hippocampal neurons were transfected with the indicated GFP-TIA1 and Nb9
constructs, stressedwith arsenite (0.2mM, 1 hour), before theywere allowed to recover for 2 hours. SG formationwasmonitored by GFP fluorescence. Each dot in the right
panel represents the percentage of cotransfected neurons with SGs during recovery from an independent experiment (n = 3, 20 to 25 cotransfected neurons per con-
dition). Scale bar, 10 μm.
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Fig. 6. Deletion of ulp-3 (nedp1) decreases the number of SGs in the C. elegans sod-1G85R ALS model system. (A) Animals expressing GTBP-1-GFP on the indicated
genetic backgrounds were either untreated or exposed to heat shock or arsenite, as described in Materials and Methods. The formation of SGs was monitored by GFP
fluorescence. (B) Quantification of the experiment performed in (A), representing the percentage of animals with the indicated number of SGs. Each color represents an
independent experiment (n = 3, 10 animals per experiment). The mean values ± SD are also presented. (C) Quantification of the size of SGs upon arsenite treatment. Each
dot represents an individual SG and each color an independent experiment (n = 3, five animals per condition per experiment).
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animals upon ulp-3 deletion is correlated with the rescue of ALS
phenotypes related to animal motility.

DISCUSSION
The formation of SGs is induced by a broad range of stress stimuli
and is regarded as a protective mechanism to a broad range of stress
stimuli (9). The assembly and disassembly processes collectively
characterize the dynamic nature of SGs, which is the essence of
their protective role upon stress (9, 11, 67). The generation and per-
sistence of aberrant inclusions due to mutations in several genes en-
coding for SG proteins is regarded as hallmark in neurodegenerative
diseases, such as ALS/FTD (14, 15, 17). However, how alterations in
SG dynamics contribute to the formation of the toxic protein inclu-
sions and the impact of aberrant SGs in the onset/progression of
ALS/FTD is still unclear (22, 23). The definition of pathways and
development of approaches that promote the elimination of aber-
rant SGs would allow to assess their role in pathology. Consistent
with this notion, inhibition of NEDP1 accelerates the disassembly
of SGs containing either wild-type or ALS-derived mutant SG pro-
teins and is correlated with amelioration of ALS-related defects. De-
tailed kinetic analysis revealed that inhibition of NEDP1 accelerates
both SG assembly and disassembly. The formation and dissolution

of SGs are regarded as multistep events. The initial formation of the
core is followed by the progressive recruitment of the shell proteins
and/or by fusion events that result in the growth of SGs (11, 68).
Whether these steps in SG assembly follow the same rates is not
clear. On the basis of the observation that NEDP1 KO cells
produce higher number of smaller SGs compared to wild-type
cells, the apparent acceleration in SG assembly may reflect a
defect in the subsequent growth/fusion of SGs. How an increase
in the mobility of SGs (observed upon NEDP1 inhibition) would
control SG growth/fusion and/or disassembly is currently unclear.
The observed changes in SG size and mobility upon NEDP1 inhi-
bition may in turn be the basis of the accelerated SG dissolution ob-
served during the recovery process. As NEDP1 also controls the
dynamics of aberrant SGs, the above-described characteristics indi-
cate a fundamental function of NEDP1 in SG biology.

Previous studies identified the splicing regulator SRSF3, which is
localized within SGs upon arsenite treatment, as a NEDD8 sub-
strate. The studies indicated that modification of SRSF3 in K85 is
required for SG formation (40). While SRSF3 was not identified
as a NEDP1-dependent NEDD8 target in our proteomic analysis,
several reported SG proteins including splicing factors were found
(e.g., SF3B2 and HNRNP ribonucleoproteins; fig. S3B and data S2).
Although these data suggest that modification of SG proteins with

Fig. 7. Deletion of ulp-3 (nedp1) decreases the number of SGs in the C. elegans C9orf72 ALS model system. (A) Animals expressing GTBP-1-RFP on the indicated
genetic backgrounds were either untreated or exposed to arsenite as described in Materials and Methods. The formation of SGs was monitored by RFP fluorescence. (B)
Quantification of the size of SGs. Each dot represents an individual SG with size of >0.6 μm2 (considered as large SGs), and each color represents an independent ex-
periment (n = 3, five animals per condition per experiment). The total number of SGs with size of >0.6 μm2 is shown.
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NEDD8 may also control SG dynamics, our analysis defined PARP-
1 as a key NEDD8 substrate through which NEDP1 controls SG dy-
namics, particularly the disassembly process. The use of PARP-1
mutants deficient for NEDDylation revealed that covalent
NEDD8 modification of PARP-1 reduces PARylation. We cannot,
however, exclude that the previously reported noncovalent interac-
tion of PARP-1 with NEDD8 (46) contributes to PARP-1 activity
control upon oxidative stress. In addition, NEDD8 may reduce
PARP-1 activity through competition for lysine modifications
with other members of the family, such as SUMO-2 and/or ubiqui-
tin that are reported to promote PARP-1–dependent PARylation
(69, 70). Similar competition mechanisms of activity control by
NEDDylation have been reported for other NEDD8 substrates, in-
cluding ribosomal proteins (32).

The analysis on SG morphology and dynamics suggests that the
reduced PARP-1 activity observed upon NEDP1 inhibition is the
mechanism for the generation of smaller SGs. As discussed above,

this could be the basis for the accelerated disassembly of SGs ob-
served during recovery upon NEDP1 inhibition. This proposed
mechanism is supported from the observation that a common phe-
notypic characteristic between chemical/genetic inactivation of
PARP-1 and NEDP1 inhibition is the generation of smaller SGs
that are eliminated faster during recovery compared to control
cells. The use of PARP-1 mutants deficient for NEDDylation
further supports this notion as their expression produces higher
levels of PAR and generates larger and persistent SGs compared
to wild-type PARP-1. In addition, the lack of an additive/synergistic
effect of PARP-1 inhibitors on SG size/number/disassembly in
NEDP1 KO cells strongly indicates the functional link between
NEDP1 and PARP-1 for SG regulation.

Several lines of evidence have established that the PARP-1
product, PAR, either by directly modifying substrates or through
formation of unanchored chains, creates the scaffold that allows
the formation and growth of SGs (49, 71). Whether PAR equally

Fig. 8. Deletion of ulp-3 (nedp1) rescues ALS phenotypes related to motility in the sod-1G85R and C9orf72 C. elegans ALS model systems. Motility experiments
were performed as described in Materials and Methods using two different parameters, wave initiation rate (left) and activity index (right) in the sod-1G85R (A) and C9orf72
(B) background. Each dot represents the values from one animal (5 to 18 animals analyzed per condition per experiment), and each color represents an independent
experiment (n = 3).
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affects the different steps in SG formation (core/shell formation and
fusion) is still unclear. What is, however, emerging is that PAR pro-
duction has to be modulated, especially for SG disassembly. Exces-
sive production of PAR, due to PARP overactivation and/or
inhibition of PAR glycohydrolases, delays SG disassembly during
recovery and results in the formation of aberrant inclusions espe-
cially for disease-related mutant SG proteins (48, 49, 71). It is pos-
sible that the observed changes in SG mobility upon NEDP1
inhibition are related to the reduced levels of PAR produced
during stress. NEDP1 may control SG mobility and growth by mod-
ulating stress-induced PARP-1 hyperactivation.

On the basis of the above-described role of PARP-1 in SG dy-
namics, PARP-1 inhibitors have been proposed as an attractive ther-
apeutic approach for the elimination of aberrant SGs (49, 71).
However, this approach has several drawbacks since PARP-1 inhib-
itors also induce DNA damage and cell toxicity, effects that are
desired for cancer treatment, but not for the treatment of neurode-
generative diseases. A proposed concept to overcome this problem
is the development of low-toxicity PARP-1 inhibitors that will not
affect the DNA damage response but will still retain their ability to
prevent PARP-1 hyperactivation and promote aberrant inclusion
elimination (48, 49, 71). NEDP1 KO/inhibition in several organisms
including C. elegans, Drosophila, Arabidopsis, and Schizosaccharo-
myces pombe has no effect on survival/development but rather plays
an important role in the cellular stress responses (32). In particular,
genetic studies showed that NEDP1 inhibition blocks DNA
damage–induced apoptosis and improves cell survival, with no
effect in the DNA damage checkpoint signaling pathway (45).
Thus, targeting NEDP1 may provide the desired modulation of
PARP-1: to reduce PARP-1 hyperactivation and to promote the dis-
assembly of pathogenic SGs, in the absence of any toxic effects. The
study reveals NEDP1 as a potential target to ameliorate ALS-related
phenotypes and provides the proof of principle for the use of anti-
NEDP1 Nbs as attractive therapeutic agents for ALS. Antibodies/
Nbs have received wide attention as tools to directly target and elim-
inate misfolded proteins or aberrant inclusions for the development
of immunotherapeutics in proteinopathies (72). The presented
NEDP1 Nb highlights that targeting instead processes that regulate
the dynamics and elimination of aberrant SGs is an attractive alter-
native therapeutic approach.

MATERIALS AND METHODS
Materials
The following antibodies were used: rabbit monoclonal anti-
NEDD8, Y297 (#GTX61205, Abcam), rabbit anti-H2A
(#Ab13923, Abcam), rabbit anti-ubiquitin (#z0458, DAKO),
mouse anti–PARP-1 (F-2) (#sc-8007, Santa Cruz Biotechnology),
mouse anti-TIA1 (G-3) (#sc-166247, Santa Cruz Biotechnology),
mouse anti-eIF4G (A-10) (#sc-133155, Santa Cruz Biotechnology),
mouse anti-PAR (10HA) (#4335-MC-100, Trevigen), mouse anti-
GFP (#11814460001, Roche), mouse anti–β-tubulin (#3873, Cell
Signaling Technology), sheep anti-NEDP1 (in house) (51), mouse
anti-Flag (#A2220, Sigma-Aldrich), mouse anti-p53 (DO-1) (#sc-
126, Santa Cruz Biotechnology), ubiquitin branch motif antibody
(K-ε-GG), (#3925, Cell Signaling Technology), and secondary anti-
bodies (anti-mouse #4416, anti-rabbit #A0545, and anti-sheep
#A3415, Sigma-Aldrich). MLN4924 (NAEi) was purchased from
Active Biochem (#A-1139); MLN7243 (UAEi) was purchased

from Chemietek (#CT-M7243); and Fugene6 HD (#E2691,
Promega), Lipofectamine 2000 (#11668019, Invitrogen), Ni–-nitri-
lotriacetic acid agarose (#30210, QIAGEN), polyvinylidene difluor-
ide membrane (#LC2002, Millipore), ECL Western Blotting
Detection Reagents (#RPN2232, Amersham), CellTiter-Glo Lumi-
nescent Cell Viability Assay (#G7570, Promega), MMS (#129925),
CPT (#C9911), and etoposide (#E1383) were purchased from
Sigma-Aldrich.

Worm strain and culture conditions
Hermaphrodite worms were maintained at 20°C on nematode
growth medium (NGM) agar plates seeded with E. coli strain
OP50. NGM plates contain 1.5% agar, 0.25% tryptone, 0.3%
sodium chloride, 1 mM calcium chloride, 1 mM magnesium
sulfate, 25 mM potassium phosphate (pH 6.0), and cholesterol (5
μg/ml). Double and triple mutants were isolated by polymerase
chain reaction and confirmed by genomic sequencing. Mutants
generated in this study will be deposited at the Caenorhabditis Ge-
netics Center (CGC) and/or will be provided on request.

The following strains were used in the study: wt: N2 (Bristol);
ulp-3(tm1287) IV (DPX1287); sod-1(rt449[G85RC]) II (HA2987);
gtbp-1(ax2055[gtbp-1::GFP]) IV (JH3199); ulp-3(tm1287) IV, gtbp-
1(ax2055[gtbp-1::GFP]) IV (DPX11); sod-1(rt449[G85RC]) II; gtbp-
1(ax2055[gtbp-1::GFP]) IV (DPX12); sod-1(rt449[G85RC]) II; gtbp-
1(ax2055[gtbp-1::GFP]) IV, ulp-3(tm1287) IV (DPX13); csIs(pqn-
59::GFP) I; gtbp-1::RFP(ax5000) IV (HML713); kasls7[snb-1p::C9
ubi + myo-2::GFP] (KRA315); kasls7[snb-1p::C9 ubi + myo-
2::GFP]; ulp-3(tm1287) IV (DXP20); kasls7[snb-1p::C9 ubi + myo-
2::GFP]; gtbp-1::RFP(ax5000) IV (DPX21); kasls7[snb-1p::C9
ubi + myo-2::GFP]; gtbp-1::RFP(ax5000), ulp-3(tm1287) IV
(DPX22); gtbp-1::RFP(ax5000) IV (DPX23); and gtbp-
1::RFP(ax5000), ulp-3(tm1287) IV (DPX24).

Fibroblasts
The following set of human-derived fibroblasts were used: HDF20
Female 63 years old, fibroblast passage 9; 37/15 sALS Female 59
years old, fibroblast passage 6.

Cell culture
Cell lines, U2OS (female) preferred system for live imaging,
HCT116 (female) preferred system for diGly proteomics based on
previous studies (55), and HEK293 (male), preferred system for
transient overexpression studies due to high transfection efficiency,
were originally obtained from the American Type Culture Collec-
tion bioresource. Cell lines were maintained in Dulbecco’s modified
Eagle’s medium (DMEM), 10% fetal calf serum (FCS), and standard
antibiotics (streptomycin and penicillin), 5% CO2 and 37°C, and
regularly tested for mycoplasma contamination. Cell lines have
not been authenticated. Stable cell lines expressing His6-NEDD8
were established using puromycin (2.5 μg/ml) as described in
(73). For cell lines stably expressing GFP-G3BP1, cells were selected
with G418 (1 mg/ml) for 14 days before a pool of cells stably ex-
pressing GFP-G3BP1 was acquired. U2OS NEDP1 KO cells were
generated by CRISPR-Cas9 as previously described (45). Similar ap-
proaches were used to generate the HCT116 and HEK293 NEDP1
KO cells. The deletion within the nedp1 gene was confirmed by
DNA sequencing, and the absence of NEDP1 protein with concom-
itant accumulation of NEDD8 conjugates was confirmed by
Western blot analysis. Parental and NEDP1 KO U2OS cells were
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infected with EB1-mcherry–expressing vector virus (gift from
B. Vitre). Cells were selected with puromycin (2.5 μg/ml). Dissected
mouse-derived hippocampal neurons were plated in medium A
(Neurobasal, B27, 10% FCS, GlutaMAX, 25 μM glutamic acid,
streptomycin/penicillin) for 2 hours before changing into
medium B (Neurobasal, B27, GlutaMAX, 0.45% glucose, and strep-
tomycin/penicillin), whereas fibroblasts derived from ALS patients
were grown in high-glucose DMEM (without sodium pyruvate),
supplemented with 2 mM L-glutamine, penicillin/streptomycin
(100 U/ml), and 10% fetal bovine serum.

Transfection
U2OS cells were transfected with the indicated plasmids with
Fugene 6 (Roche) according to the manufacturer ’s instructions
using a 3:1 Fugene/plasmid ratio. For HEK293, the calcium/phos-
phate method was used. Transfection of mouse-derived hippocam-
pal neurons was performed using Lipofectamine 2000.

Retrovirus production
The Nb9-expressing DNA was cloned in the pMXs-Puro retroviral
vector and cotransfected in 10-cm cell culture dishes of 5 × 106

HEK293T cells, with virus packaging and envelope-expressing plas-
mids using Fugene-6 (Roche). The medium was replaced with
DMEM with 10% FCS the next day, and supernatant was harvested
3 days after transfection, filtered through a 0.45-μm pore-size filter
(Sartorius, Minisart), and stored at −80°C.

Isolation of His6-tagged proteins
Isolation of His6-NEDDylated proteins and His6-PARP-1 was per-
formed under denaturing conditions as described in (74).

SG assembly and recovery
For assembly, cells grown on coverslips in a 12-well plate were
treated with 0.2 or 0.5 mM sodium arsenite for the indicated time
before washing three times with phosphate-buffered saline (PBS)
followed by fixation with 3.7% paraformaldehyde. For recovery,
the medium containing arsenite was removed and the cells were
washed three times with PBS and then incubated in fresh
medium for the indicated time before fixation. Under the used ar-
senite treatment (1 hour, 0.5 mM), almost 100% of cells form SGs in
all conditions and this was the point of recovery. Formation and re-
covery of SGs was evaluated by subsequent immunofluorescence
analysis. Images of random fields were selected on each coverslip
to quantify the percentage of cells with SGs in each condition.
The size and the number of SGs were manually measured with
ImageJ. The same batch of arsenite was used for each experiment
and its independent replicates to avoid variations in the timing of
the SG response due to arsenite batch differences. In the experi-
ments where NAEi and UAEi were used, the equivalent volume
of dimethyl sulfoxide (solvent used to dissolve the compounds)
was added in the untreated/control conditions. For hippocampal
neurons, cells were seeded in six-well plates on coverslips coated
with poly-L-ornithine (0.25 mg/ml). Thirty minutes before transfec-
tion, fresh medium with no glucose was added and cells were trans-
fected with TIA1 (1 μg) and Nb9 (2 μg) expression plasmids using
Lipofectamine 2000 (6 μl). Forty-eight hours after transfection, cells
were stressed with arsenite (0.2 mM) for 1 hour before medium was
replaced for the recovery period (2.5 hours). Cells were fixed with
4% paraformaldehyde for 10 min before analysis for GFP

fluorescence. For the fibroblasts derived from ALS patients, cells
at a density of 3 × 105 cells/ml were seeded on 12-cm2 coverslips
coated with collagen. Control or Nb9-expressing retrovirus was
applied onto the medium, and cells were centrifuged at 3500 rpm
for 90 min at 37°C. Forty-eight hours after infection, cells were
treated with 0.5 mM arsenite and allowed to recover in fresh
medium before immunostaining.

Immunofluorescence staining
Cells were plated on coverslips in a 12-well plate and, the day after,
were transfected as indicated. Cells were washed with PBS, fixed
with 3.7% paraformaldehyde in PBS for 15 min, and then permea-
bilized with 1% Triton X-100 in PBS at room temperature (RT) for
10 min. Cells were blocked with 1% goat serum in 0.05%
PBS–Tween for 30 min and then incubated with primary antibody
(diluted in 1% goat serum in 0.05% PBS–Tween) for 16 hours. After
washes in 0.05% PBS–Tween, coverslips were incubated with fluo-
rescein isothiocyanate (FITC)– or tetramethyl rhodamine isothio-
cyanate (TRITC)–conjugated donkey anti-mouse or donkey anti-
rabbit secondary antibodies (diluted in 1% goat serum in 0.05%
PBS–Tween) at RT for 1 hour. DNA was stained with 4′,6-diamidi-
no-2-phenylindole (1:20,000) at RT for 1 min. After mounting with
ProLong Gold Antifade reagent (Molecular Probes), images were
acquired with a Zeiss Axio Imager Z2 microscope with a 40×
Plan Neofluar 1.3 NA (oil) or a 63× Plan Apochromat 1.4 NA oil
objective and a scMOS ZYLA 5.5 camera controlled by the Meta-
Morph software (Universal Imaging, Roper Scientific). Images
were treated with ImageJ or Fiji.

Live-cell microscopy
For live-cell microscopy, images were acquired using a 40×
LUCPLFLN 0.6NA RC2 lens on an Inverted Olympus IX83 micro-
scope controlled by MetaMorph software and equipped with a full-
enclosure environmental chamber heated to 37°C with 5% CO2 and
a 1 ZYLA 4.2 MP scMOS camera. Frames were recorded every 3 min
over 1 hour for SG assembly and every 30 min for 16 hours for SG
recovery. Parental and NEDP1 KO U2OS cells were followed during
the same time lapse. Images were imported as a sequence and ana-
lyzed using the Fiji software. Fiji was also used for brightness adjust-
ment, cropping, and creating scale bars and insets.

Fluorescence recovery after photobleaching
Parental or NEDP1 KO U2OS cells were grown on μ-Slide 8 Well—
ibiTreat (ibidi GmbH, Gräfelfing, Germany). Immediately before
imaging, cells were treated with 0.2 mM arsenite and placed on a
heated chamber at 37°C with 5% CO2. Imaging and photobleaching
were performed with an apochromat ×100 oil objective using a
Nikon TIRF PALM STORM inverted microscope. A 488-nm laser
was used to photobleach G3BP1 inclusion after 1 and 2 hours of
arsenite treatment. Immediately after bleaching, the images were
collected every 50 ms for a total of 300 frames as a post-bleached
sample. The fluorescence intensities of post-bleached G3BP1 inclu-
sions (BL) were individually measured. In the meantime, the fluo-
rescence intensities of nonbleached G3BP1 inclusions were
measured as a reference control (REF). Also, the fluorescence inten-
sities of background were measured as a background control (BG).
To obtain corrected values (corr1), (BG) values were subtracted
from Bleach (BL) and Reference (REF): BL_corr1(t) = BL(t) –
BG(t); REF_corr1(t) = REF(t) – BG(t), and then the corrected
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Bleach values were normalized to corrected Reference values:
BL_corr2(t) = BL_corr1(t)/REF_corr1(t). The mean prebleach in-
tensity was used to normalize the corrected bleach value:
BL_corr3(t) = BL_corr2(t)/BL_corr2(prebleach). The mean pre-
bleach value represents the maximum intensity to which the
bleached region could possibly recover. The percentage of mobile
fraction and the half time of recovery were obtained by using the
curve fitting function/exponential recovery in Fiji.

Microtubule dynamics
For the time-lapse acquisition of EB1-mcherry signal, parental and
NEDP1 KO U2OS cells stably expressing EB1-mcherry were imaged
with a Nikon inverted microscope coupled to the Andor Dragonfly
spinning disk. Images were acquired using an EMCCD iXon888
Life Andor camera (pixel size: 0.11 μm) with a 100× oil-immersion
objective (Plan Apo lambda 1.45 NA 0.13 mm WD). Images were
acquired every 0.3 s during 45 s at 37°C in a thermo-regulated at-
mosphere. Signal was then tracked in each individual cell using
Matlab and the PlusTipTracker (75) open source software package
with the following parameters: σ1 = 1, σ2 = 4, K = 3, search radius
range = 1 to 5 pixels, minimum subtrack length = three frames,
maximum gap length = 30 frames, maximum shrinkage factor = 1.5,
maximum angle forward = 30°, maximum angle backward = 10°,
and fluctuation radius = 2 pixels. Results tables were then exported
and further analyzed using Excel.

Fluorescence-activated cell sorting analysis
U2OS cells (6-cm dishes) were transfected with either empty or
GFP-expressing pcDNA3 construct (1 μg). Forty-eight hours after
transfection, cells were harvested and processed on Aria IIU Becton
Dickinson cytometer, and data were analyzed by FACSDiVa
software.

Cell viability–clonogenic assays
For cell viability assays, cells were seeded in 96-well plates (500 cells
per well) and treated as indicated. Cell viability was measured in
triplicates using the CellTiter-Glo Luminescence assays from
Promega or by counting live cells using Countess 3 (Invitrogen) ac-
cording to the manufacturer ’s instructions. For the clonogenic
assay, cells were seeded in six-well plates (20,000 cells per well)
and treated as indicated. Plates were washed, fixed with methanol
for 20 min at RT, and dried, and colonies were stained with
Giemsa stain and counted.

Western blot analysis
Extracts were prepared by lysing cells in 2× SDS Laemmli buffer.
Proteins were mainly resolved on precast Novex (Invitrogen) 4 to
12% gradient SDS polyacrylamide gels and transferred onto nitro-
cellulose membrane (GE Healthcare). Membranes were washed
once with PBS and blocked with 5% milk solution (PBS, 0.1%
Tween 20, and 5% skimmed milk) for 1 hour at RT with gentle ag-
itation. Then, membranes were washed three times with PBST (PBS
with 0.1% Tween 20) for 10 min each and incubated with primary
antibodies (diluted in PBS, 0.1% Tween 20, 3% bovine serum
albumin, and 0.1% NaN3) overnight at 4°C or for 3 hours at RT
with gentle agitation. After washing three times with PBST for 15
min, membranes were incubated with secondary antibodies
diluted in 5% milk solution for 1 hour at RT with gentle agitation.
Then, membranes were washed three times with PBST and two

times with PBS for 15 min each before they were soaked in ECL
Western Blot Detection solution (Amersham) and exposed to
Medical Films (Konica Minolta).

Mass spectrometry
Diglycine motif peptide identification was performed by Cell Sig-
naling Technology, following UbiScan protocols and instructions
(Cell Signaling Technology) using ubiquitin branch motif antibody
(K-ε-GG) #3925. Peptides were loaded onto 10 cm × 75 μm PicoFrit
Capillary column packed with Magic C18 AQ reversed-phase resin.
The column was developed with a 90-min linear gradient of
acetonitrile in 0.125% formic acid delivered at 280 nl/min. MS
parameters settings are as follows: MS run time, 96 min; MS1
scan range, 300.0 to 1500.00, and top 20 MS/MS [min signal, 500;
isolation width, 2.0; normalized coll. energy, 35.0; activation-Q,
0.250; activation time, 20.0; lock mass, 371.101237; charge state re-
jection enabled; charge state, 1+ rejected; dynamic exclusion
enabled; repeat count, 1; repeat duration, 35.0; exclusion list size,
500; exclusion duration, 40.0; exclusion mass width relative to
mass; exclusion mass width, 10 parts per million (ppm)]. MS/MS
spectra were evaluated using SEQUEST 3G and the SORCERER 2
platform from Sage-N Research (v4.0, Milpitas, CA). Searches were
performed against the most recent update of the National Center for
Biotechnology Information (NCBI) human database with mass ac-
curacy of ±50 ppm for precursor ions and 1 Da for product ions.
Results were filtered with mass accuracy of ±5 ppm on precursor
ions and the presence of the intended motif (K-ε-GG). LTQ-
Orbitrap Velos was used (Thermo Fisher Scientific). A 5% default
false-positive rate was used to filter the SORCERER results.

PARP-1 site-directed mutagenesis
All KR PARP-1 mutants were generated by site-directed mutagen-
esis, and sequences were verified by automated sequencing.

Imaging of C. elegans
For imaging of SGs, GFP–GTBP-1–expressing young adults (L4)
were placed on a fresh NGM-seeded plate, and for heat shock,
plates were incubated at 30°C for 4 hours.

For the arsenite treatment, unseeded NGM plates were soaked
with sodium arsenite to achieve a final concentration of 10 mM. Ar-
senite-coated plates were then seeded with bacteria, and young
adults were placed on these plates for 2 hours. After treatment,
animals were mounted on 2% (w/v) agarose pads and immobilized
using 25 mM levamisole in M9 buffer. Images of the anterior region
of the worm consisting of pharynx were captured using a fluores-
cence microscope (Zeiss AxioImager Z2) with a Plan-Apochromat
100×/1.40 oil objective using ZEN software (version 3.4.91, Blue
edition). Representative images are presented following max-
project of Z-stacked images using maximum intensity projection
type with Fiji ImageJ software (version 2.3.0/1.53f ). SGs were
counted using cell counter plugin. The size of SGs was measured
using ImageJ.

Swimming behavior (motility) assay
The protocol described in (65) was used. Young adults (L4) were
treated overnight with 5 mM paraquat (oxidative stress) in NGM-
seeded plates. Three worms were placed in a drop of 5 μl of M9
buffer inside the ring drawn using a hydrophobic PAP pen on mi-
croscopic slide. Movies were recorded at 22 frames/s for 30 s and
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analyzed with the CeleST software in Matlab R2019b (version
9.7.0.1216025; MathWorks Inc., Natick, MA, USA). Worms were
randomly selected for analysis, and the number of body waves ini-
tiated from either the head or tail per minute is presented as wave
initiation rate. Swimming rates from three repeats are presented.

Statistical analysis
Leica LAS (FRAP analysis), SEQUEST 3G and SORCERER 2 (mass
spectrometry analysis), GraphPad Prism, PlusTipTracker, ImageJ,
and Cytoscape were used. For SG assembly/disassembly process,
about 100 cells randomly selected per condition were scored for
the presence of SGs. Statistical significance was calculated by
Mann-Whitney test; ns: nonsignificant; *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001. In all experiments, n values represent
the number of independent experiments, as indicated in
figure legends.

Supplementary Materials
This PDF file includes:
Figs. S1 to S7
Legends for movies S1 to S11
Legends for data S1 and S2

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S11
Data S1 and S2
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