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% Check for updates Non-covalent interactions of poly(ADP-ribose) (PAR) facilitate condensate

formation, yet the impact of these interactions on condensate properties
remains unclear. Here, we demonstrate that PAR-mediated interactions
through PARP13, specifically the PARP13.2 isoform, are essential for modulat-
ing the dynamics of stress granules—a class of cytoplasmic condensates that
form upon stress, including types frequently observed in cancers. Single
amino acid mutations in PARP13, which reduce its PAR-binding activity, lead to
the formation of smaller yet more numerous stress granules than observed in
the wild-type. This fragmented stress granule phenotype is also apparent in
PARP13 variants with cancer-associated single-nucleotide polymorphisms
(SNPs) that disrupt PAR binding. Notably, this fragmented phenotype is con-

served across a variety of stresses that trigger stress granule formation via
diverse pathways. Furthermore, this PAR-binding mutant diminishes con-
densate dynamics and impedes fusion. Overall, our study uncovers the
important role of PAR-protein interactions in stress granule dynamics and
maturation, mediated through PARP13.

Stress granules are cytoplasmic biomolecular condensates that formin
cells that encounter environmental challenges'>. The granules are
composed of untranslated mRNAs, translation initiation factors, such
as elF3b, and RNA-binding proteins that dissociate from polysomes®’.
Stress granules are formed when translation initiation is inhibited, a
process commonly mediated by the phosphorylation of the translation
factor elF2a or by inhibiting elF4A functions®. These condensates are
proposed to remodel the cellular transcriptome during stress and
sequester cell death-related signaling molecules'™. Stress granules
have also been implicated in multiple diseases, including viral infec-
tion, cancer, and neurodegeneration'”>. Therefore, gaining insights
into stress granule assembly and disassembly could lead to a better

understanding of these diseases and shed light on new therapeutic
approaches.

Stress granules are highly dynamic and show characteristics of a
liquid-like state’™, supported by the rapid exchange of proteins with
their surroundings. Stress granules evolve dynamically during assembly,
starting small and growing to mature sizes through fusion®. After
removal of the stress trigger, they are disassembled"". Super-resolution
imaging has revealed the non-uniform distribution of the core compo-
nents G3BP1 and UBAP2L within stress granules™'*"®, This observation
aligns with the current assembly model linking stable cores via mole-
cular interactions®™*, Interfering with these interactions, e.g., by inhi-
biting G3BP1 dimerization, reduces stress granule formation®°.
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Notably, disease-associated mutations of stress granule compo-
nents can lead to changes in the biophysical properties of the granules
through a liquid-to-solid transition*"*?2, This type of transition is
implicated as a possible mechanism for forming pathological aggre-
gates in neurodegenerative diseases*"?*. Yet, the mechanisms that
control the physical properties of stress granules and regulate their
size, maturation, and dynamics remain largely undefined.

Work from us and others has revealed that poly(ADP-ribose)
(PAR), a nucleic acid-like polymer that is synthesized by ADP-
ribosyltransferases (aka PARPs), is an important component of stress
granules” 2%, PAR serves as a multivalent scaffold”** and plays a
pivotal role in the structural integrity of these granules®*. PAR’s
precise function and potential impact on stress granule dynamics
remain incompletely understood partly because how PAR interacts
within remains unclear.

In this work, we established that the stress granule-associated
PARP13, specifically the shorter PARP13.2 isoform, can modulate the
dynamics and physical properties of stress granules. Among the five
PARPs localized with stress granules, PARP13 is unique because it lacks
ADP-ribosyltransferase activity, yet it binds to PAR**°, By investigating
mutations in the PAR-binding domain, we identified the role of PARP13
in maintaining the liquid-like state of stress granules. Expression of
these dominant-negative PARP13 mutants resulted in slower stress
granule dynamics, impaired fusion, and the formation of smaller yet
more numerous stress granules.

Results

The PAR-binding function of PARP13 is critical in regulating
stress granule size and number

Following up on the identification of various PARPs in stress
granules®, we noticed that although the number of stress gran-
ules remained similar, those in PARP13 knockout HelLa cells were
smaller compared to those in wild-type cells under arsenite stress
(Fig. 1A, B). To systematically determine the domain crucial for
granule size, we reintroduced PARP13 constructs into the
knockout cells to identify which one could rescue the phenotype.
PARP13 possesses two major isoforms: PARP13.1 and PARP13.2,
with the latter lacking the ADP-ribosyltransferase (ART) domain
typical of all PARPs (Fig. 1C). Compared to PARP13.2, PARP13.1
exhibited significantly lower colocalization with stress granules
(Fig. 1A), consistent with their established localizations and roles
in the endoplasmic reticulum®?. More critically, while transfec-
tion of PARP13.1 in PARP13 knockout cells did not rescue the
stress granule size (Fig. S1A), transfection of PARP13.2 restored
both the mean and total area of stress granules per cell to levels
observed in wild-type cells (Fig. 1A, B). These data indicate that
expressing the shorter isoform—the focus of this study—is suffi-
cient to compensate for the loss observed in the knockout
phenotype.

To further delineate the specific contributions of each remaining
domain of PARP13, we then created different deletion mutants and
examined their effects in HeLa cells (Figs. 1C, D and S1B). Consistent
with prior studies investigating the interactions of PARP13 with RNA
and stress granules®, the N-terminal half of PARP13 (AC), which con-
tains the four RNA-binding zinc fingers, was sufficient for stress gran-
ule localization (Fig. 1C, D). Mutations of residues that are responsible
for zinc coordination® or RNA binding™ led to a complete or partial
loss of stress granule localization, respectively (Fig. SIC, D). Unex-
pectedly, the C-terminal fragments of PARP13.2, including those with
tandem WWE domains and a zinc finger (AN and ZnF5-WWE1&2), and
even just the second WWE domain (WWE2), were sufficient to localize
to stress granules (Fig. 1D). Therefore, domains at both N- and
C-termini of PARP13 play a critical role in stress granule localization—
with the N-terminus likely mediating through its ability to bind RNA,
but the role of the C-terminus remains unclear.

Recent biochemical and structural analyses of PARP13 revealed
that the second WWE domain near the C-terminus specifically binds to
the 2’ terminus of PAR, with binding sites that extend along a positively
charged groove on the surface, accommodating the preceding poly-
meric ADP-ribose units (“PAR path”; Fig. 1E)*°°. Prompted by these
findings, we aimed to investigate the role of PAR binding by PARP13 in
stress granule formation. To identify essential PAR-binding residues in
the second WWE domain of PARP13, we aligned it with the well-
characterized PAR-binding WWE domain of RNF146, identifying two
conserved amino acids (Y659 and Q668) that likely interact with ADP-
ribose (Fig. SIE). We then mutated these residues to alanine in the
ZnF5-WWE1&2 fragment and assessed the mutants’ PAR-binding
capacity in vitro. Using fluorescently labeled 20-mer PAR, we mea-
sured the dissociation constants for both wild-type and mutant frag-
ments via fluorescence polarization, revealing that mutations Y659A
and Q668A significantly decreased PAR binding (Fig. S1F). Notably,
even with these mutations, PARP13.2 still localized to stress granules in
HelLa cells under arsenite stress, suggesting PAR-binding is not the sole
determinant for PARP13 localization (Fig. 1F), consistent with our
finding that the N-terminus also plays a critical role for stress granule
localization (Fig. 1D).

Interestingly, HeLa cells transiently expressing these mutants
exhibited a “fragmented” phenotype, characterized by a greater
number of stress granules that were significantly smaller than the
wild-type (Fig. 1F, G). This observation was not due to expression
levels (Fig. S2A) or specific to a particular cell type, as similar
phenotypes were also observed in U20S cells (Fig. S2B, C). Fur-
ther investigation revealed a similar fragmented stress granule
phenotype in another recently identified PAR-binding mutant
W611A%*°, (Fig. S2D, E) where the tryptophan residue engages
one face of the adenine base of the terminal ADP-ribose within
the WWE2 domain (Fig. 1E). These findings collectively indicated
that the fragmented stress granule phenotype may stem from
reduced PAR-binding by PARP13.2, highlighting the critical role of
PAR binding in stress granule size regulation.

Among these mutants, the Y659A mutant exhibited the most
pronounced phenotype, with the tyrosine residue forming a
hydrogen bond with the terminal ADP-ribose in the WWE2
domain (Fig. 1E). For these reasons, it was selected as our model
mutant for subsequent analyses. Notably, this mutant displayed
stress granules significantly smaller in size (Fig. 1F, G)—a char-
acteristic that closely mirrors the phenotype observed in PARP13
knockout cells (Fig. 1A, B) albeit with a subtle difference: this
mutant generated a greater number of granules than the knock-
out cells and when the total areas of the stress granules were
summed, they were equivalent to those of the wild-type. Obser-
ving the “fragmented” phenotype in cells expressing endogenous
PARP13 (Fig. 1F, G) suggests a potential dominant-negative effect
from PAR-binding deficient mutants, likely due to its ability to
dimerize with endogenous PARP13*. However, this phenotype
was also observed in PARP13 knockout cells transfected with
Y659A, indicating that it can occur without the wild-type protein
(Fig. S2F, G). More importantly, this PAR-binding deficient mutant
failed to rescue the reduced granule size in PARP13 knockout cells
(Fig. S2G). Taken together, these data suggest that the PAR-
binding activity of PARP13 is critical for regulating the number
and size of stress granules.

PARP13 PAR-binding deficiency: no impact on key stress granule
components or associated translation processes

To address whether the smaller condensates formed by the PAR
binding-deficient mutant Y659A are genuine stress granules, we
investigated their composition. In addition to the canonical stress
granule marker elF3b, we examined seven other stress granule markers
using immunofluorescence microscopy. These markers included the
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two core components G3BP1 and UBAP2L'*%, two other RNA-binding
proteins (TIAl and HuR), and three translation initiation factors (elF4A,
elF4E, and elF4G). In all cases, the smaller condensates formed upon
Y659A expression contained the same components as wild-type stress
granules (Fig. 2A). Additionally, the expression levels of key stress
granule proteins, such as G3BP1, UBAP2L, and CARPINI1, were com-
parable between cells expressing either the wild-type or Y659A mutant

WT Y659A Q668A WT Y659A Q668A WT Y659A Q668A

(Fig. S3A). These findings indicate that the smaller size of granules in
cells expressing the PAR-binding mutant is not due to a loss of any of
the tested proteins.

One hallmark of stress granules is their sensitivity to the transla-
tion elongation inhibitor cycloheximide. This inhibitor triggers stress
granule disassembly by trapping mRNAs and translation factors in
polysomes, thereby reducing their availability for granule formation®.
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Fig. 1| PAR-binding ability of PARP13.2 is critical for maintaining stress
granule size. A HeLa wild-type (WT), PARP13 knockout (KO) cells, and KO cells
expressing GFP-PARP13.1 and PARP13.2 were treated with 100 uM sodium arsenite
for1h. Cells were fixed and stained for elF3b (red) and DAPI (blue) for stress granule
analysis. Transfected cells were shown in green. Scale bar, 10 um. B Stress granule
number, mean area, and total area in panel A were quantified by ImageJ. The
mean = s.e. of each parameter was reported from three biological replicates;
**p<0.01, **p < 0.001, ***p < 0.0001, ns = not significant, two-tailed unpaired
Mann-Whitney U test for SG number analysis and two-tailed unpaired Student’s ¢
test for the rest. Number of cells analyzed was provided in Source data. C Diagram
of full-length and truncated forms of PARP13. D Wild-type HeLa cells expressing
GFP-tagged full-length or truncated PARP13.2 constructs were treated with 250 uM
sodium arsenite for 30 min. Cells were fixed and stained for elF3b (red) and DAPI
(blue). Transfected cells were shown in green. The percentage of GFP foci localized

to elF3b in transfected cells was used to measure stress granule colocalization. The
bar graph indicates the percentage of mean + s.e. from three biological replicates.
Scale bar, 10 um. Number of cells analyzed was provided in Source data. E Terminal
ADP-ribose binding cavity of PARP13 (PDB: 7TGQ) with key residues highlighted.
F Wild-type Hela cells expressing GFP-tagged wild-type PARP13.2 or mutants were
treated with 100 uM sodium arsenite for 1 h. Cells were fixed and stained for elF3b
(red) to visualize stress granules. DAPI (blue) was used for nuclei staining. Trans-
fected cells were shown in green. Scale bar, 10 um. G Quantification of panel F. GFP
channel was used for analyzing stress granule number, mean area, and total area.
The mean = s.e. of each parameter was reported from three biological replicates;
**p < 0.01, ***p < 0.0001, ns = not significant, two-tailed unpaired Mann-Whitney U
test for SG number analysis and two-tailed unpaired Student’s ¢ test for the rest.
Number of cells analyzed was provided in Source data.

The smaller condensates formed by the Y659A mutant were sensitive
to cycloheximide (Fig. 2B), further confirming that they are bona fide
stress granules.

Stress granule formation is a multistep process dependent on
translation inhibition, which can be triggered by phosphorylation of
elF2a (e.g., upon arsenite treatment). We, therefore, wondered whe-
ther the stress granule phenotype that we observed could be due to
altered elF2a phosphorylation. However, we observed no differences
in elF2a phosphorylation between wild-type and Y659A mutant-
expressing cells (Fig. S3B). As stress granule formation is linked to
translation®, we also examined if the expression of wild-type or the
Y659A mutant affects global protein translation. Using puromycin to
label and release elongating polypeptide chains from translating
ribosomes, we determined that translation levels remain comparable
between cells expressing the wild-type PARP13 or the Y659A mutant.
The same is observed for arsenite-induced translation inhibition
(Fig. S3C). Therefore, we conclude that the PAR-binding activity of
PARP13 is not required for elF2a phosphorylation upon stress and
does not affect cellular translation.

Restoration of stress granule size requires specific PAR-binding
domains

The smaller stress granule size in cells expressing the Y659A mutant
could instead be due to its inability to bind and retain PAR in stress
granules. Nonetheless, stress granules in cells expressing either the
wild-type or the Y659A mutant were positively stained for PAR using
three different antibodies (Figs. 2C, and S3D), indicating that the
reduced size of these granules is not due to a lack of PAR.

Given that PAR remains present in the smaller granules, we
hypothesized that reintroducing a functional PAR-binding unit in the
PARP13 Y659A mutant could restore its PAR-binding affinity, poten-
tially rescuing the fragmented stress granule phenotype. To test this
hypothesis, we engineered chimera constructs adding either a known
PAR-binding fragment (the fifth ZnF and two WWE domains; ZnF5-
WWE1&2)*, the second WWE domain alone (structurally confirmed to
bind PAR?*°; WWE2), or the established PAR-binding RNF146 WWE
domain®® to the Y659A mutant’s C-terminus (Figs. 2D, and S3E). The
number of stress granules decreased in all cases compared to the
Y659A mutant alone, but it remained higher than for the wild-type
(Fig. 2E, F).

Stress granule size was also partially restored in the presence
of ZnF5-WWE1&2 or WWE2 of PARP13 (Fig. 2E, F). Interestingly,
even though the RNF146 WWE domain binds PAR, adding it to the
C-terminal of the Y659A PARP13.2 mutant did not restore stress
granule size (Fig. 2E, F). While both the PARP13 and RNF146 WWE
domains bind to PAR, they exhibit distinct specificity: the PARP13
WWE domain prefers the 2’ terminus of PAR, while the RNF146
WWE domain recognizes the iso-ADP-ribose unit bridging
between PAR®**°. Taken together, these data suggest that both
the specificity of the PAR interaction and the position of the PAR-

binding domain within PARP13 are critical factors influencing
stress granule size.

Chemical inhibition of stress granule-associated PAR synthesis
recapitulates the fragmented phenotype of the PARP13 PAR-
binding mutant

To determine if the fragmented stress granule phenotype observed
upon expression of PARP13 PAR-binding mutants is indeed dependent
on the loss of PAR interaction, we treated PARP13 knockout cells
expressing either wild-type PARP13.2 or the Y659A mutant with PARP
inhibitors. Our hypothesis was that inhibiting PAR synthesis would
recapitulate the fragmented stress granule phenotype in knockout
cells reconstituted with the wild-type, but it should not have an impact
on cells expressing the PAR-binding mutant.

Among the stress granule-associated PARPs, only PARP5a
adds PAR, while others are either catalytically inactive, such as
PARP13, or limited to adding only single ADP-ribose units*?’.
Therefore, we tested how the size and number of stress granules
are affected by GOO7-LK, which inhibits PARP5a and its ortholo-
gue PARP5b*, Inhibition of these cytoplasmic PARPs reduced the
size and increased the number of stress granules in knockout
cells reconstituted with wild-type PARP13.2 (Fig. 3A, B). However,
in cells expressing the Y659A mutant, the inhibition did not fur-
ther alter the already increased number and reduced size of stress
granules (Fig. 3A, B). These observations were consistent across
other PARP5a/b inhibitors (XAV939, TA91, and TA92; Fig. S4A, B),
and the efficacy of the inhibition was demonstrated by the
increase in the PARP5a/b level***° (Fig. S4C). In contrast, Olaparib
(which inhibits PARP1 or PARP2, both localized in the nucleus) did
not affect the number and size of stress granules in knockout
cells reconstituted with wild-type PARP13 or the Y659A mutant
(Fig. 3A, B). Moreover, treating wild-type HeLa cells with GOO7-LK
induced a greater number of smaller-sized stress granules—an
effect not observed in PARP13 knockout cells (Fig. S4D, E), indi-
cating this fragmented phenotype requires the presence of
PARP13.2. Olaparib, again, had no impact on this process
(Fig. S4D, E). Taken together, these data indicate that cytoplasmic
PAR is critical for the regulation of stress granule size, mediated
at least in part through the PAR-binding WWE domains of PARP13.

The fragmented phenotype induced by PARP13 PAR-binding
mutant is independent of stress triggers

To investigate whether this fragmented phenotype is specific to
arsenite stress, we also treated PARP13 knockout cells transfected
with either wild-type PARP13.2 or the Y659A mutant with various
stressors that trigger elF2a phosphorylation, including osmotic
stress using NaCl and mitochondrial stress using clotrimazole, as
well as two inhibitors targeting the translational initiator elF4A,
hippuristanol and pateamine A’. Across all tested stress condi-
tions, cells expressing the PAR-binding deficient mutant Y659A
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Fig. 2 | Comparative analysis of stress granules from cells expressing wild-type
PARPI13 and PAR-binding mutant. A HeLa PARP13 knockout cells expressing GFP-
tagged WT-PARP13.2 or Y659A mutant were treated with 100 uM sodium arsenite
for 1h. Cells were fixed and stained for the indicated antibodies (red) and DAPI
(blue). Transfected cells were shown in green. Scale bar, 10 um. Representative
images were selected from three biological replicates. B HeLa PARP13 knockout
cells expressing GFP-tagged WT-PARP13.2 or Y569A mutant were treated with
100 uM sodium arsenite for 1 h. Additionally, cells were co-treated with 100 pg/mL
cycloheximide with sodium arsenite for 1 h to trigger stress granule disassembly.
Cells were fixed and stained for elF3b (red) and DAPI (blue) for stress granule
analysis. Transfected cells were shown in green. Scale bar, 10 um. Results were
obtained from three independent replicates, and representative images were
selected. C HeLa GFP knock-in CRISPR wild-type and Y659A mutant cells were
treated with 250 uM sodium arsenite for 1 h (see later sections for characterization).
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Cells were fixed and stained for three PAR antibodies (red) and DAPI (blue) as
indicated. Endogenous PARP13 was shown in green. Scale bar, 10 um. Representa-
tive images were selected from two (Enzo and Tulip) to three (Trevigen) biological
replicates. D Schematics of Y659A chimera constructs. E Wild-type HeLa cells
expressing GFP-tagged wild-type PARP13.2, Y659A, or chimera mutants were trea-
ted with 100 uM sodium arsenite for 1 h. Cells were fixed and stained for elF3b (red)
and DAPI (blue) for stress granule analysis. Transfected cells were shown in green.
Scale bar, 10 um. F The GFP channel of panel E was used for quantifying stress
granule number, mean area, and total area. The mean = s.e. of each parameter was
reported from three biological replicates; **p < 0.01, **p <0.001, ns = not sig-
nificant, two-tailed unpaired Mann-Whitney U test for SG number analysis and two-
tailed unpaired Student’s ¢ test for the rest. Number of cells analyzed was provided
in Source data.
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Fig. 3 | Cytoplasmic PAR regulates the formation of mature-sized stress
granules. A HelLa PARP13 knockout cells transfected with GFP-PARP13.2 or Y659A
were treated with PARP inhibitors (1M for GOO7-LK, 10 uM for Olaparib; OLA) for
30 min, followed by 250 uM sodium arsenite for an additional 30 min. Cells were
fixed and stained for elF3b (red) and DAPI (blue) for analyzing stress granules.
Transfected cells were shown in green. Scale bar, 10 um. B Quantification of panel
A. GFP channel was used for quantifying stress granule number, mean area, and
total area. The mean + s.e. of each parameter was reported from three biological
replicates; ***p < 0.0001, ns = not significant, two-tailed unpaired Mann-Whitney
U test for SG number analysis and two-tailed unpaired Student’s ¢ test for the rest.
Number of cells analyzed was provided in Source data. C HeLa PARP13 knockout

cells expressing GFP-tagged wild-type PARP13.2 or Y659A mutant were treated with
100 uM sodium arsenite (AS), 200 mM sodium chloride (NaCl), 20 uM Clotrimazole
(Clz), 100 nM Pateamine A (PatA), or 1uM of Hippuristanol (Hippu) for 1 h. Cells
were fixed and stained for elF3b (red) and DAPI (blue) for stress granule analysis.
Transfected cells were shown in green. Scale bar, 10 um. D Quantification of panel
C. GFP channel was used for quantifying stress granule number, mean area, and
total area. The mean + s.e. of each parameter was reported from three biological
replicates; **p < 0.01, ***p < 0.0001, ns = not significant, two-tailed unpaired
Mann-Whitney U test for SG number analysis and two-tailed unpaired Student’s ¢
test for the rest. Number of cells analyzed was provided in Source data.

exhibited a greater number of stress granules that were smaller
compared to the wild-type, as in the case of arsenite (Fig. 3C, D).
Considering these stressors initiate stress granule formation via
distinct pathways, these data indicate that although the PAR-
binding activity of PARP13 regulates stress granule size and
number, it is not required for initiating their formation.

The PAR-binding activity of PARP13 modulates stress granule
fusion and disassembly

Given that the stress granules observed in cells expressing the Y659A
mutant were smaller than those in wild-type cells when exposed to
arsenite stress, as shown at the population level (Fig. 1F, G), we hypo-
thesized that the Y659A mutant might impair stress granule fusion. To
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test this hypothesis, we carried out time-lapse cell imaging at the
single-cell level to monitor stress granule assembly (Fig. 4A). We
quantified the mean area of stress granules in HeLa PARP13 knockout
cells reconstituted with wild-type PARP13.2 or the Y659A mutant at 30,
60, 90, and 120 min after arsenite treatment (Fig. S5A). At 30 min, small
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stress granules of similar size formed under both conditions. The
stress granules in cells expressing the wild-type gradually increased in
size after 60 min, consistent with previous studies on stress granule
assembly™*., In contrast, stress granules in cells expressing the Y659A
mutant did not grow after 60 min.
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Fig. 4 | PAR-binding ability of PARP13.2 governs the dynamics and liquid-like
properties of stress granules. A HeLa PARP13 knockout cells expressing GFP-
tagged wild-type PARP13.2 or Y659A mutant were treated with 100 uM sodium
arsenite for time-lapse imaging. Snapshots were taken at indicated time points.
Scale bar, 10 um. B Fusion events were randomly chosen from time-lapsed images.
The aspect ratio and circularity were measured at the 20™ frame (1 min/frame) after
fusion. Fusion events were analyzed from three biological replicates and the
mean = s.e. was indicated in the graph; **p < 0.001, two-tailed unpaired Student’s ¢
test. The initial size of stress granules was measured from three biological replicates
and displayed in violin plot. The embedded boxplots indicate median (middle line),
25th, 75th percentile (box) and 5th and 95th percentile (whiskers). Number of
fusion events and cells analyzed were provided in Source data. C HeLa PARP13
knockout cells expressing GFP-tagged wild-type PARP13.2 or Y659A mutant were
treated with 100 uM sodium arsenite for 1 h. Cells were rinsed and replenished with
fresh medium for recovery. Cells were fixed after 0, 60, or 120 min, and stained for
elF3b (red) and DAPI (blue) to visualize stress granules. Transfected cells were
shown in green. Scale bar, 10 um. D Quantification of panel C. The percentage of
stress granules in transfected cells were quantified at indicated time points from
three biological replicates. The mean = s.e. was indicated in the bar graph; *p < 0.05,
**p < 0.01, ns = not significant, two-tailed unpaired Student’s ¢ test. Number of cells

analyzed was provided in Source data. E GFP-tagged WT PARP13.2 or Y659A CRISPR
knock-in HeLa cells were treated with 100 uM sodium arsenite. Stress granules were
randomly selected 40 min-1.5 h post-treatment for FRAP analyses. Scale bar, 10 um.
F Quantification of panel E. An average of fluorescence intensity (intensity +
standard error) at each respective time point was plotted from three biological
replicates. The number of granules analyzed for WT: n=22; Y659A: n=22. G FRAP
analyses for mScarlet-UBAP2L CRISPR knock-in HeLa cells expressing GFP-PARP13.2
or Y659A mutant. Cells were treated with 100 uM sodium arsenite and stress
granules were randomly selected 40 min-1.5 h post-treatment for FRAP analyses.
Scale bar, 10 um. H Quantification of panel G. An average of fluorescence intensity
(intensity + standard error) at each respective time point in each group was plotted
from three biological replicates. The number of granules analyzed for WT: n=11;
Y659A: n=19. 1 HeLa PARP13 knockout cells expressing GFP vector (Ctrl), GFP-
tagged wild-type PARP13.2, or Y659A were treated with solvent control or 100 uM
sodium arsenite for 1h. Cells were lysed with 0.5% NP-40 containing buffer and
centrifuged to separate soluble (supernatant) and insoluble (pellet) fractions.
Samples were resolved by SDS-PAGE analysis. J Quantification of panel L. Intensity
of GFP signals was normalized to loading control (Tubulin) and mock condition.
The mean £ s.e. was reported from three biological replicates; *p <0.05,

***p < 0.001, two-tailed unpaired Student’s ¢ test.

Next, we examined the actual stress granule fusion event, focus-
ing on the relaxation behavior of fused condensates*’. We randomly
selected multiple fusion events from live cell imaging, tracking from
the initial point of contact through 20 subsequent frames, at a rate of
1 min per frame. For each fusion event, we measured the initial granule
size in cells expressing wild-type and Y659A mutant and quantified the
aspect ratio and circularity of the fused condensate in the final frame
(Fig. 4B). The premise is that if stress granules exhibit liquid-like
properties, a fusion event followed by relaxation would manifest in a
lower aspect ratio and a higher circularity. While stress granules in cells
expressing wild-type PARP13 and the Y659A mutant had comparable
initial size and fused over time, the aspect ratio and circularity mea-
surement indicated that granules in cells expressing wild-type PARP13
relaxed closer to a spherical shape after fusion within 20 min (Fig. 4B).
These data suggest that stress granules in cells expressing the PAR-
binding deficient mutant displayed slower fusion kinetics compared to
stress granules in cells expressing the wild-type.

Besides studying stress granule assembly, we investigated the
impact of PARP13’s PAR-binding ability on the disassembly of stress
granules upon stress relief. We treated PARP13 knockout cells,
reconstituted either with wild-type PARP13.2 or the PAR-binding
mutant, with arsenite. After removing the stress, we monitored stress
granule disassembly for 2 h. After 1h of stress removal, about 40% of
stress granules in cells expressing the wild-type disassembled, while
cells expressing the Y659A mutant retained stress granules at a similar
level as observed during stress (Fig. 4C, D). This pattern persisted after
2 h of recovery, with 80% stress granules remaining in cells expressing
the Y659A mutant, significantly higher than the 30% observed in wild-
type. These data indicate that the PAR-binding ability of PARPI3 is
critical for controlling the rate of stress granule disassembly.

The PAR-binding activity of PARP13 modulates stress granule
dynamics

Considering the impact of the PAR-binding mutant of PARP13 on
reducing the fusion and disassembly of stress granules, we hypothe-
size that the constituent protein dynamics are reduced in stress
granules. We performed fluorescence recovery after photobleaching
(FRAP) analyses in PARP13 knockout cells, expressing either GFP-
tagged wild-type PARP13.2 or the Y659A mutant. Wild-type PARP13
exhibited a significantly faster recovery and reached a higher steady-
state level compared to the Y659A mutant (Fig. S5B). Given protein
dynamics is sensitive to expression levels, we engineered a GFP-tag at
the endogenous locus for expressing PARP13.2 and developed addi-
tional Y659A mutant cell lines via CRISPR-Cas9 (Fig. S5C). Prior to their

use, we confirmed their edited gene sequences and protein expression
(Fig. S5D, E). As expected, the CRISPR-engineered GFP-tagged Y659A
cells exhibited a greater number of stress granules, which were
noticeably smaller than those with the wild-type PARP13.2, upon
arsenite treatment (Fig. S5F). The FRAP experiments revealed a con-
sistent trend in dynamics as observed with the ectopically expressed
system—namely, wild-type PARP13.2 displayed higher dynamics and a
faster recovery rate than the Y659A mutant (Fig. 4E, F). Therefore, the
PAR-binding deficiency not only modulates the size and number of
stress granules but also reduces the dynamics of the PARP13 protein in
stress granules.

To determine if the overall dynamics of stress granules were
affected as well, we analyzed the recovery of the core stress granule
marker UBAP2L'. In HelLa cells expressing mScarlet-tagged UBAP2L
from the endogenous locus™ and transfected with GFP-tagged
PARP13.2 or the Y659A mutant, UBAP2L recovery was slower in the
presence of the PAR-binding mutant compared to the wild-type
(Figs. 4G, H, and S5G). These findings demonstrate that the PAR-
binding activity of PARP13 modulates the dynamics of stress granule
components.

Earlier studies have shown that the movement and fusion of stress
granules follow microtubule dynamics****. Disrupting the dynamics of
microtubules or microfilaments using chemical inhibitors**¢, or
genetic knockdown of microtubule scaffold proteins*, result in smal-
ler stress granules, underlining the crucial role of microtubules in
stress granule maturation. However, no noticeable difference was
found in microtubule staining between cells expressing the PARP13
Y659A mutant and those of the wild type (Fig. S5H), indicating the
presence of an alternative regulatory mechanism affecting stress
granule fusion.

Stress granules exhibit liquid-like properties'®, and the exchange
of their constituents with the surrounding cytoplasm is influenced by
the strength of the intermolecular protein interactions within the
stress granules. We hypothesized that the reduced stress granules
dynamics observed upon expression of the PARP13 PAR-binding
mutant may be indicative of a more solid state. To test this hypothesis,
we performed a solubility assay by transfecting HeLa PARP13 knockout
cells with wild-type PARP13.2 or the Y659A mutant, treated them with
arsenite for 1h or left them untreated, and lysed the cells with deter-
gent. We then separated cell lysates into soluble and insoluble frac-
tions through centrifugation and analyzed the protein content by
western blot. Consistent with our hypothesis, the Y659A mutant pro-
tein displayed greater insolubility than wild-type under arsenite
treatment when stress granules were formed, whereas the solubility
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was equivalent under unstressed conditions (Fig. 41, J). This alteration
in solubility, possibly reflecting a change in the physical state of the
granules, may contribute to the observed impairment in stress granule
fusion. Taken together, the PAR-binding activity of PARP13 is crucial
for maintaining the dynamics and physical properties of stress gran-
ules, which is essential for their proper assembly and disassembly.

Cancer-associated PARP13 SNPs in WWE2 domain reduce PAR
binding and result in fragmented stress granule phenotype

An examination of the COSMIC database*® identified two cancer-
associated SNPs, R681G and R681K, within the “PAR path” of PARP13
(Fig. 5A). This groove binds the extended portion of the polymer
beyond the 2’ terminus of PAR at the WWE2 domain®. This discovery
led us to hypothesize that these mutations reduce PAR binding and
result in a fragmented stress granule phenotype, similar to that
observed with the Y659A mutation (Fig. 1F, G). Despite the limited
solubility of the R681G mutant impeding binding analyses, the R681K
mutation demonstrated weaker in vitro binding to PAR compared to
wild-type PARP13.2 (Fig. 5B). These mutants also exhibited fragmented
stress granule phenotypes, characterized by a greater number of
smaller-sized stress granules than those in the wild-type (Figs. 5C, D,
and S6A). In contrast, the expression of another PARP13 SNP, E553V,
which is distanced from the PAR path (Fig. 5A), did not reduce PAR
binding (Fig. S6B) nor alter the number or size of stress granules
(Fig. 5C, D).

Discussion

In this study, we have identified PARP13, specifically the PAR-binding
activity of PARP13.2, as an important factor in regulating the dynamics
and liquid-like properties of stress granules. Importantly, the loss of
the PAR-binding activity of PARP13 not only reduces the dynamic
properties of PARP13 itself but also lowers the dynamics of the core
stress granule component UBAP2L. This change implies a shift in the
dynamic behavior of the condensate per se. We show that the fusion
frequency of the stress granules that form in the presence of the PAR-
binding mutant of PARP13 is reduced and that their disassembly is
delayed. Altogether, these data suggest that alterations of the mole-
cular interactions within stress granules caused by the expression of
the PARP13 mutant hinder the fusion of smaller condensates and result
in a maturation defect.

PARP13 bridges molecular interaction networks within stress
granules
PAR is critical for maintaining the structural integrity of stress
granules®?*, which is also exemplified by the mislocalization of many
stress granule components when they lose their ability to bind to
PAR*?®, Still, PAR may also play a broader role in preserving stress
granule dynamics by modulating interactions amongst stress granule
components. The PAR-binding mutant of PARP13 that still localizes to
stress granules, likely via its RNA-binding domains, offers a unique tool
to investigate the role of PAR in this context. By comparing data from
RNA-binding and PAR-binding mutants, our results suggest that RNA is
crucial for targeting PARP13 to stress granules, while the PAR-mediated
interaction network is key to modulating stress granule size and
dynamics. In this study, we uncovered several distinct characteristics:

First, the specific mode of PAR interaction is important for mod-
ulating stress granule properties. Adding one or more functional
PARP13 WWE domain to the PAR-binding mutant partially restores the
size of stress granules. In contrast, the addition of the WWE domain of
RNF146, which recognizes the bridging unit instead of the 2’ end of
PAR, is unable to compensate. These findings highlight the sensitivity
of the interaction network to the configuration of the PAR-binding site
within PARP13 and its specific mode of interaction with PAR.

Second, our data demonstrate that losing the PAR interaction of a
single stress granule component, PARP13, is sufficient to alter stress granule

properties, despite the continued presence of PAR. Notably, the cancer-
associated SNP R68IK, which exhibits only a partial reduction in PAR-
binding (threefold weaker than wild type), induces this phenotype. This
finding suggests that the disruption of stress granule assembly by PARP13
does not require an almost complete PAR-binding deficiency, as seen with
the W611A, Q668A, and Y659A mutants, but rather a reduction beyond a
critical threshold. While we cannot entirely rule out other functions of the
WWE domain, the fact that four distinct binding-pocket mutations—each
impairing PAR-binding—produce the same phenotype underscores the
critical role of PAR-binding in maintaining the proper size and assembly of
stress granules.

PARPI13 is part of a growing class of proteins that can bind both
PAR and RNA>?%32354°—two chemically similar yet functionally distinct
nucleic acids integral to stress granule integrity. This dual-binding
capability may facilitate condensate formation by linking various
interaction networks (Fig. 5E). Effectively, PARP13 proteins act as hubs
that connect existing protein-RNA and RNA-RNA interactions to
PARylated proteins (e.g., the core components G3BP1 and G3BP2***°).
Since PAR is a post-translational modification that can be instanta-
neously added to proteins during stress, PARP13 can amplify the
potential for multivalency connecting through the PAR interactome to
the existing RNA interactome, forming mature-sized stress granules
(Fig. 5E). Conversely, the loss of PARP13 or PARP5a activity results in
smaller stress granules due to the loss of this hub or the connecting
polymer, respectively (Fig. S6C, D).

Such a dual-binding capability of PARP13 may also suggest a sce-
nario where mutants incapable of binding to PAR could still occupy
RNA binding sites (Fig. S6E). This mutant occupancy could effectively
prevent the wild-type proteins from functioning, potentially leading to
the observed dominant-negative fragmented phenotype in stress
granules.

Lastly, this crosstalk might also be crucial in determining the
physical properties of the resulting granules. In support of this notion,
our previous work demonstrated that modulating the ratio of RNA and
PAR can influence the physical size and dynamics of FUS condensates
in vitro®. In addition, a recent study demonstrated that PAR prevents
apoptosis signal-regulating kinase 3 (ASK3) from forming solid-like
condensates in vitro and increases the dynamic exchange of this kinase
from condensates to surrounding cytoplasm in cells®.

Physiological, pathological, and therapeutical implications of
PAR-protein interactions

Mutations in stress granule proteins that reduce protein dynamics
in vitro are often implicated in liquid-to-solid transitions and aggregate
formation, which is a characteristic of many neurodegenerative
diseases™"**2, It has been difficult to investigate this phenomenon
directly in cells since it is not easy to differentiate between the direct
effects of mutations on protein function and their impact on granule
properties. Our study uncovers the PARP13 PAR-binding deficient
mutant as a potential research tool to determine whether shifts in the
physical properties of stress granules amplify toxicity in cellular and
animal models of neurodegenerative diseases, especially given its
dominant-negative effect.

Our study also identified two cancer-associated SNPs within the
PAR-binding region, resulting in the fragmented stress granule phe-
notype. Given that recent data establish a causal relationship between
stress granules and certain cancers®*, the PAR-binding activity of
PARP13 might contribute to cancer pathogenesis, warranting further
investigation.

Beyond implications for neurodegeneration and cancer, PARP13—
also known as the zinc finger antiviral protein (ZAP)—plays a notable
role in antiviral defense****¢ and localizes to stress granules during
viral infections*. Curiously, mutations in its PAR-binding site reduce
the activity of PARP13 against retroviruses, such as HIV-1 and murine
leukemia virus”, but confer antiviral activity against alphaviruses, such
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as Sindbis virus”. This raises the intriguing possibility that PARP13’s
antiviral function could also be influenced by changes in the size and
number of stress granules.

Besides stress granules, PAR enrichment has been observed in
other condensates such as nucleoli, DNA damage repair foci, and
mitotic spindles, all of which have potential implications in cancer®,
With almost 2000 PAR-binding proteins identified in proteomics
studies®®**, we are poised to make substantial progress in under-
standing PAR-mediated protein interaction networks. Our study
underscores the importance of characterizing PAR-binding sites and
studying the effects of binding-deficient mutants in live cells and tis-
sues, because their identifications will offer invaluable insights into the
biological roles of PAR-protein interactions. Therapeutic targeting of
these interactions may open avenues in disease treatments.

Methods

Constructs

Various PARP13 deletion, mutant, and chimera constructs were gen-
erated by PCR and confirmed by sequencing.

Cell culture and chemical treatment. Cell lines, including Hela
(Kyoto), HeLa PARP13 knockout (Kyoto)*’, U20S, CRISPR-
engineered PARP13 Hela (Kyoto), mScarlet UBAP2L HeLa cells
were maintained in DMEM supplemented with 10% fetal bovine
serum and cultured at 37 °C and 5% CO, in a humidified incubator.
PARP inhibitors were dissolved in DMSO. Cells were treated with
indicated concentration of inhibitors for 30 min (1uM GOO7-LK;
10 uM Olaparib; 10 uM XAV939; 5 uM TA-91; 5uM TA-92), then trea-
ted with 250 uM sodium arsenite in the presence of the inhibitors for
another 30 min. Various stressors were treated after 24 h of trans-
fection for 1 h unless otherwise indicated (100 uM sodium arsenite;
200 mM NaCl; 20 uM Clotrimazole; 1uM Hippuristanol; 100 nM
Pateamine A).

Endogenous-tagging cells by CRISPR/Cas9 system. CRISPR GFP-
knock-in cells were performed as per the manufacturer’s instruction
(TrueTag™ Donor DNA kit, Invitrogen). Briefly, a donor DNA template
with C-terminal GFP and homologous arms was prepared by PCR.
gRNA was prepared by PCR followed by in vitro transcription (Tran-
scriptAid T7 High Yield Transcription kit, Invitrogen). Donor template,
gRNA, and Cas9 were transfected to the Hela (Kyoto) cells by
lipofectamine-3000. After two days, cells were treated with blas-
ticidine. Single clones were obtained by FACS sorting. Gene editing
was validated by junction-PCR, western blot, and Sanger sequencing.
For the Y659A mutant cell line, donor DNA templates with site muta-
tion were ordered from IDT. Editing efficiency was compared among
three sets of gRNA and donor templates by T7E1 cleavage assay, and
the best pair was selected. After transfecting the DNA donor template,
gRNA, and Cas9 to GFP-PARP13.2 Hela cells, serial dilution was per-
formed to obtain single clones. Potential mutant clones were screened
by restriction enzyme, Bsp 12861, and then confirmed by TOPO cloning
and sequencing.

Transfection and immunofluorescence. 2.5 x 10° cells were seeded
in 6-well plates with sterilized glass coverslips. After 24 h, 1nug
plasmid was transfected to each well by lipofectamine-2000 for
24 h. Cells were mock-treated or treated with 100 uM sodium
arsenite for 1h. Cells were rinsed three times with PBS, then fixed
with 4% paraformaldehyde (PFA) in PBS for 10 min. Cells were per-
meabilized by 0.1% Triton-X-100 for 10 min, followed by three times
PBS wash. Coverslips were blocked by blocking buffer (5% normal
horse serum in PBS) for 15min and were incubated with primary
antibodies for 1 h. Coverslips were washed by PBST (PBS containing
0.1% Tween-20) three times and incubated with fluorescence-
tagged secondary antibodies for 45 min. Coverslips were washed

by PBST three times. Nucleus was stained wtih 0.01% DAPI for 1 min.
Coverslips were quickly rinsed three times by PBS, and the residual
buffer was removed before mounting (ProLong Gold). Images were
acquired by DeltaVision Elite microscope equipped with a 60X (NA
1.42 with 1.516 oil) objective, a DAPI/FITC/TRITC/Cys5 filter set, and a
high-speed CCD camera (Cool SNAP HQ?). Experiments were con-
trolled and recorded by SoftWorx (GE Healthcare).

Stress granule quantitation. For each experimental condition, more
than five images comprising 21 Z-sections (size = 0.2 um) were taken.
Focused z-layer was selected from each image and exported as a tiff file
for ImageJ analysis. The images were processed by macros to increase
signal-to-background ratio. The channel of GFP (transfected cells) or
CyS was used for stress granule quantitation. The proper threshold
(Otsu) and watershed were manually set to cover all granules in the
field with appropriate resolution. DAPI channel was used for nucleus
quantitation, and the corresponding cytoplasmic area was circled by
freehand selection tool as the region-of-interests (ROIs) and were
added to ROI manager. The function “Analyze particles” was used to
measure the nucleus area, stress granule number per cell, average
stress granule area per cell, and total stress granule area per cell. Each
condition was analyzed from at least three biological replicates, with
50-150 cells analyzed. All graphs were made by ggplot2 (RStudio) and
shown by mean + standard error.

Time-lapse cell imaging. Cells were seeded in 4-well Chambered
coverglass (Nunc™, Lab-Tek™ 1I, 1.5 borosilicate glass) and
transfected with GFP-tagged PARP13.2 or Y659A mutant. Before
1h of the experiment, cells were kept at 37 °C, 5% CO,, humidified
environment to ensure the cells were in equilibrium with the
setting of the microscope. Images were acquired by DeltaVision
Elite system (GE Healthcare) microscope equipped with a 60X
(NA 1.42 with 1.520 oil) objective. SoftWorx was used to control
and set the conditions. Around ten Z-stacks (each stack = 0.4 um)
were set to cover the whole volume of the cell. Images were taken
at 1-min intervals. After 5 images, sodium arsenite was applied at
the final concentration of 100 uM and the imaging would be
continued for 2h. Before quantitation, images were maximally
projected and processed by ImageJ. The setting of threshold of
stress granules was identical as previously described in “stress
granule quantitation”. Around 15-20 cells of each condition were
analyzed. The graph was made by ggplot2 (RStudio).

Fluorescence recovery after photobleaching (FRAP). Cells were
seeded in 4-well Chambered coverglass and were mock-treated or
100 uM sodium arsenite treated. Cells were maintained at 37 °C, 5%
CO,, humidified environment during the experiment, and images were
obtained on a single focal plane by confocal microscope (Zeiss
LSM800 GaAsP) equipped with 63X/1.4 Oil DIC M27 PlanApo objective.
ZEN (Zeiss) was used to obtain and record data. Two stress granules
were selected from the same cell, one for bleaching, and the other one
for reference. Two identical sizes of squares were drawn as region-of-
interests (ROIs) to cover the stress granule areas. For CRISPR GFP-
knock-in cells, photobleaching was set with 100% 488 nm laser on ROIs
(Scan speed =7) and images were acquired every 1.5 s. Five images of
each stress granule were taken before bleaching. The area was
bleached for 5 iterations, and the mean fluorescence intensity was
recorded for 5 min. To ensure the bleaching is equally effective among
different ROIs, we only analyzed the ones that have around 10%
fluorescence intensity remaining after bleaching. The mean intensity
of fluorescence and curve fitting was analyzed by Image). Briefly, all
intensity of ROIs was substrated from the background first. ROIs of
bleached or referenced granules were normalized to the averaged five
measurements before bleaching individually. Values of bleached ROIs
were normalized again to referenced ROIs, the values were then used
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for exponential recovery curve fitting. Mobility and T-half were
obtained as follows:

y=ax[l—e™+c M
. a

Mobility = i—¢ 2)

ty=bxIn2 (3)

For mScarlet-UBAP2L cells, photobleaching was set with 50%
561nm and 488 nm laser on ROIs (Scan speed =7). Otherwise, the
settings were identical to the above. We monitored both fluorescence
channels to ensure that the bleaching levels were similar between wild-
type and mutant PARP13.2 transfected cells. Each condition was ana-
lyzed in biological triplicates, with around 15-20 cells, and the graph
was made by ggplot2.

Solubility assay. HeLa PARP13 knockout cells expressing GFP-tagged
vector, PARP13.2, or PARP13.2-Y659A mutant were cultured in 6-well
plates. After 24 h, cells were mock-treated or treated with 100 uM
sodium arsenite for 1 h. Cells were washed three times, scraped down
with cold PBS, and spun down to collect the pellet. 50 uL lysis buffer
(50 mM Tris pH 8.8, 100 mM NaCl, 5mM MgCl,, 0.5% NP-40, 2 mM
DTT, 1mM PMSF, 1X cOmplete EDTA-free protease inhibitor cocktail
(Roche), 1X PhosSTOP (Roche), 1uM Olaparib, 1uM PDDX) was added
to resuspend the pellets. Samples were kept on ice for 20 min and
centrifuged at 18,000 xg at 4°C for 15min. The supernatant was
transferred to new tubes as soluble fraction. For the remaining pellet,
20 pL 1X protein sample buffer (60 mM Tris pH 6.8, 4% SDS, 10% gly-
cerol, 5% B-mercaptoethanol, 3 ug/mL bromophenol blue) was added
for resuspension. The samples were vortexed and boiled at 95 °C for
10 min for insoluble fraction.

Puromycin assay and Western blot. Cells were mock-treated or
treated with 100 uM sodium arsenite for 1 h. Puromycin was added
into the medium before 20 min of harvest (final concentration of
100 pg/mL). Cells were rinsed twice with cold PBS, and 1X protein
sample buffer was added to harvest the cells. The samples were
boiled at 95°C for 10 min for PAGE analyses. Samples were trans-
ferred to nitrocellulose membrane by semi-dry transfer (300 mA,
1h). Membranes were blocked by TBST (TBS+0.15% Tween-20)
containing 4% skimmed milk for 30 min, followed by incubation in
primary antibody diluted by 5% BSA in TBST at cold room overnight.
Membranes were washed for 5min in TBST three times and incu-
bated with corresponding fluorophore-conjugated secondary anti-
body (1:20,000) at room temperature for 30 min. Membranes were
washed another three times for 5 min each in TBST, and images were
acquired by Odyssey imager (Li-COR Biosciences).

Fluorescence polarization. Experiments were performed as pre-
viously published®. Briefly, 20-mer PAR was labeled with FAM at 1"
end. The labeled probe was incubated with indicated concentrations of
proteins in 12 mM HEPES (pH 8.0), 25 mM KClI, 50 ug/mL BSA, 4% gly-
cerol, and 0.1 mM TECP at room temperature for 30 min. Fluorescence
polarization measurements were done on a Victor3V plate reader
(PerkinElmer). Measurements were obtained by subtracting the values
from buffer conditions. For binding curves, the data were fit with
nonlinear regression to obtain binding constant (Kp) values. The graph
was made by hyperbola formula, providing the average Kp value,
standard deviation, maximum and minimum values acquired from
triplicated measurements.

PAR staining and colocalization analysis. 2.5x10° CRISPR-
engineered wild-type or Y659A cells were seeded in 6-well plates
with sterilized glass coverslips. After 48 h, the cells were treated with
250 uM sodium arsenite for 1 h. The cells were rinsed three times with
PBS and then fixed with ice-cold methanol for 5 min at -20 °C. PBS was
added sequentially to dilute the methanol concentration by half each
time, for a total of three dilutions, followed by three PBS wash. Cov-
erslips were blocked with blocking buffer for 20 min and incubated
with primary antibodies (1:50) at 4°C overnight. The remaining
steps were identical to those described in “Transfection and Immu-
nofluorescence”. Colocalization analysis was performed based on
the GFP channel, where equal-sized squares were set as regions of
interest (ROIs) to cover areas of background or stress granules, which
were then added to the ROI manager. The BIOP JAcoP plug-in in
ImageJ was used to manually set the threshold for each channel
and perform the analysis to measure the correlation of PAR
signals with the specified areas. Pearson correlation coefficients for
each area were obtained and pooled from 2-3 biological replicates.
Data were graphed using ggplot2 (RStudio) and presented as
mean + standard error.

Statistics and Reproducibility. All the experiments in this study were
conducted using biological triplicates independently. The number of
cells or granules analyzed is listed in Source data. Data are presented as
mean = standard error or mean * standard deviation, as noted in the
legend. For the analysis of stress granule numbers, groups were
compared using a two-tailed unpaired Mann-Whitney U test. For the
remaining analyses, groups were compared using a two-tailed
unpaired Student’s t-test. Adjusted p-values were applied for multi-
ple comparasions. All statistical analyses were performed using
RStudio.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data supporting this finding are available within the main text, Sup-
plementary Figs. and tables, and Source data. Source data are provided
with this paper.
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