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SUMMARY
C9orf72 repeat expansions are the most common genetic cause of frontotemporal dementia (FTD) and
amyotrophic lateral sclerosis (ALS). Poly(GR) proteins are toxic to neurons by forming cytoplasmic inclu-
sions that sequester RNA-binding proteins including stress granule (SG) proteins. However, little is known
of the factors governing poly(GR) inclusion formation. Here, we show that poly(GR) infiltrates a finely
tuned network of protein-RNA interactions underpinning SG formation. It interacts with G3BP1, the key
driver of SG assembly and a protein we found is critical for poly(GR) inclusion formation. Moreover, we
discovered that N6-methyladenosine (m6A)-modified mRNAs and m6A-binding YTHDF proteins not only
co-localize with poly(GR) inclusions in brains of c9FTD/ALS mouse models and patients with c9FTD,
they promote poly(GR) inclusion formation via the incorporation of RNA into the inclusions. Our findings
thus suggest that interrupting interactions between poly(GR) and G3BP1 or YTHDF1 proteins or
decreasing poly(GR) altogether represent promising therapeutic strategies to combat c9FTD/ALS patho-
genesis.
INTRODUCTION

A G4C2 repeat expansion in chromosome 9 open reading frame

72 (C9orf72) is the most common genetic cause of frontotem-

poral dementia (FTD) and amyotrophic lateral sclerosis (ALS),

two fatal neurodegenerative diseases. While it remains unclear

how C9orf72 repeat expansions cause FTD and ALS (c9FTD/

ALS), mounting evidence indicates that dipeptide repeat

(DPR) proteins atypically translated from the expanded repeat

play a role. Inclusions composed of DPR proteins are consid-

ered a pathognomonic feature of c9FTD/ALS, and preclinical

studies spanning multiple models have shown that the posi-

tively charged arginine-rich DPR proteins, poly(GR) and pol-

y(PR), are especially toxic.1–5 They trigger nucleolar toxicity,

inhibit protein synthesis, impair ribosomal RNA processing

and ribosome biogenesis, interact with RNA-binding proteins,
This is an open access article under the CC BY-N
and alter the liquid-liquid phase separation of various mem-

braneless organelles.1–8 For example, we recently reported

that cytoplasmic poly(GR) inclusions sequester RNA-binding

proteins like TDP-43 and stress granule (SG) proteins.9 Not

only may this promote the formation of TDP-43 inclusions, a

pathological hallmark of c9FTD/ALS, it may also impair SG

biology. SGs are dynamic, phase-separated, cytoplasmic

membraneless assemblies composed of mRNA and protein

that form in response to cellular stress to promote cell survival.

Because a cell’s ability to mount an effective stress response is

paramount to its health, the sequestration of SG proteins by

poly(GR) inclusions is expected to have dire consequences.

As such, we investigated key factors driving the formation of

cytoplasmic poly(GR) inclusions with the purpose of elucidating

the molecular mechanism underpinning this detrimental

phenomenon.
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On the basis of recent reports that G3BP1 andG3BP2 proteins

are essential for arsenite-induced SG assembly,10–12 and based

on our findings that cytoplasmic poly(GR) inclusions contain SG

proteins, we examined whether G3BP1/2 participate in poly(GR)

inclusion formation. In addition, since N6-methyladenosine

(m6A)-modified mRNAs are enriched in SGs, and since m6A-

binding YTHDF proteins are critical for SG formation,13,14 we

investigated whether they too regulate the formation of cyto-

plasmic poly(GR) inclusions. m6A, the most common post-tran-

scriptional RNA modification, participates in multiple RNA

metabolism pathways such as RNA splicing, localization, trans-

lation, and stability. Of note, mounting evidence suggests that

m6A-modified RNAs and m6A-binding proteins are involved in

neurodegenerative diseases such as Alzheimer’s disease and

Parkinson’s disease.15–18 For instance, it was recently shown

that interactions of tau with HNRNPA2B1 and m6A-modified

RNA mediates tauopathy progression.19

Here, we demonstrate that cytoplasmic poly(GR) inclusions

are not formed haphazardly. Rather, poly(GR) infiltrates itself

into awell-described network of protein-RNA interactions having

as a central node the G3BP1 protein.10–12 Indeed, we found that

poly(GR) interacts with G3BP1 and triggers RNA recruitment.

Furthermore, we observed that m6A-modified RNA and YTHDF

proteins co-localize with cytoplasmic poly(GR) inclusions in

mammalian cells, mice, and human patients with c9FTD, and

we show that m6A-modified RNA and YTHDF proteins poten-

tiate the formation of cytoplasmic poly(GR) inclusions via the

incorporation of mRNA into the inclusions. Overall, our findings

suggest that the formation of cytoplasmic poly(GR) inclusions

is achieved by usurping otherwise finely tuned mechanisms un-

derpinning conventional SG formation.
Figure 1. Poly(GR) inclusion formation requires its interaction with G3
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(n = 3 independent experiments).
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RESULTS

G3BP1 and G3BP2 are critical for cytoplasmic poly(GR)
inclusion formation
Given that cytoplasmic poly(GR) inclusions contain SG pro-

teins,4,9,20 and that G3BP1 and G3BP2 (G3BP1/2) trigger arse-

nite-induced SG assembly,10–12 we investigated whether

G3BP1/2 similarly play a critical role in cytoplasmic poly(GR)

inclusion formation. In wild-type U2OS cells expressing green

fluorescent protein (GFP)-tagged (GR)100, large, cytoplasmic

poly(GR) inclusions immunopositive for G3BP1 or other SG

proteins (ataxin 2, eIF3h, or TIA-1) were seen in approximately

22% of GFP-(GR)100-positive cells (Figures 1A, 1B, and S1A).

In contrast, cytoplasmic poly(GR) inclusions were virtually ab-

sent in G3BP1/2 knockout U2OS cells expressing GFP-(GR)100
(Figures 1A, 1B, and S1A). Notably, unlike cytoplasmic pol-

y(GR) inclusions, nucleolar poly(GR) accumulation was not

affected by G3BP1/2 knockout (Figures 1A and S1A). In addi-

tion, G3BP1/2 knockout did not affect the formation of

poly(GA) inclusions in U2OS cells expressing GFP-(GA)100
(Figures S1B and S1C). Since G3BP1/2 proteins are essential

for poly(GR) inclusion formation, we examined how they

mediate this process. The G3BP1 protein harbors a nuclear

transport factor 2-like (NTF2L) domain suggested to play a

role in protein-protein interactions including G3BP1 dimeriza-

tion, an RNA recognition motif (RRM), and three distinct intrin-

sically disordered regions (IDRs) that regulate G3BP1 liquid-

liquid phase separation (LLPS) propensity (Figure S1D). Under

physiological conditions, G3BP1 reportedly adopts a closed

conformation through electrostatic interactions of the nega-

tively charged IDR1 and the positively charged IDR3.11,12
BP1 and RNA recruitment

ild-type (WT) orG3BP1/2knockout (GGKO)U2OScells expressingGFP-(GR)100
yellow arrows indicate nucleolar poly(GR) accumulation. Scale bars, 5 mm.

T or GG KO U2OS cells expressing GFP-(GR)100 48 h post transfection (n = 3

erry in GGKOU2OS cells co-expressing GFP-(GR)100 andmCherry or for GFP-

herry-G3BP1 species. The PLA signal is indicative of these protein interactions.

g GFP-(GR)100 andmCherry or for GFP-(GR)100 andmCherry-G3BP1 species in

.

cells expressing GFP-(GR)100 and stably expressing mCherry-G3BP1 species.

n GG KO U2OS cells expressing GFP-(GR)100 and stably expressing mCherry-

) inclusions in GG KO U2OS cells stably expressing mCherry-G3BP1 species

expressing mCherry-G3BP1 species (n = 3 independent experiments).

tal) in GG KO U2OS cells stably expressing mCherry-G3BP1 species (n = 3

ted recombinant G3BP1 protein species mixed with (GR)20 peptides (0–1 mM).

t G3BP1 protein species mixed with (GR)20 peptides (0–1 mM) and total RNA

protein species mixed with (GR)20 peptides (0, 1 mM) and total RNA (20 ng/mL)

t. In (D), **p = 0.0032 and ****p < 0.0001, one-way ANOVA, Tukey’s post hoc

, ns (not significant) p = 0.6381, ** (left to right) p = 0.0036 and p = 0.0089, one-

005 and p = 0.0006, one-way ANOVA, Tukey’s post hoc analysis. In (L), (left to

st hoc analysis.
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However, in response to ARS treatment, polysome disas-

sembly causes an increase in free, negatively charged cyto-

solic RNA that competes with the IDR1 for binding to the

IDR3.11,12 These G3BP1-RNA complexes are believed to pro-

mote LLPS and SG assembly.11,12 Given that poly(GR) is high-

ly positively charged, we hypothesized that poly(GR) binds to

the negatively charged IDR1 domain of G3BP1, thus promot-

ing cytoplasmic poly(GR) inclusion formation. To test this pos-

sibility, we generated cell lines stably expressing different

mCherry-tagged G3BP1 species (i.e., full-length G3BP1 [FL]

or G3BP1 with a deleted [D] NTF2L, IDR1, IDR3, or RRM) un-

der a G3BP1/2 knockout background. Immunoblot analysis

confirmed that these exogenous G3BP1 species were ex-

pressed comparably in cells (Figure S1E). Like endogenous

G3BP1,10,11 immunofluorescence analysis showed that they

were diffusely distributed throughout the cytoplasm under

basal conditions (Figure S1F). Using these cell lines, we con-

ducted a proximity ligation assay (PLA) in which a fluorescent

PLA signal is indicative of GFP-(GR)100 binding to a given

G3BP1 species. Compared to the mCherry control, a signifi-

cant increase in PLA fluorescence was detected within the

cytosol and in poly(GR) inclusions in cells expressing

mCherry-tagged FL G3BP1 (Figures 1C and 1D). Of note,

deletion of IDR1, the domain we hypothesized to bind pol-

y(GR), significantly decreased the PLA signal compared to

that in cells expressing FL G3BP1 (Figures 1C and 1D), indi-

cating that DIDR1 interacts poorly with poly(GR). The pol-

y(GR)-G3BP1 interaction was also decreased when deleting

the NTF2L domain of G3BP1 but not the IDR3 or RRM domain

(Figures 1C and 1D). These results indicate that NTF2L and

IDR1 domains mediate poly(GR)-G3BP1 interaction.

To study the G3BP1 domains important for poly(GR) inclu-

sion formation, we expressed GFP-(GR)100 in cell lines stably

expressing different mCherry-tagged G3BP1 species under a

G3BP1/2 knockout background. We found that DNTF2L and

DIDR3 failed to rescue cytoplasmic GFP-(GR)100 inclusion for-

mation, whereas FL, DIDR1, or DRRM G3BP1 did rescue the

formation of GFP-(GR)100 inclusions (Figures 1C, 1E–1G,

S1G, and S1H). Regarding the latter, it must nonetheless be

noted that the size of cytoplasmic poly(GR) inclusions was

significantly decreased in DRRM-expressing G3BP1/2

knockout cells compared to G3BP1/2 knockout cells express-

ing FL or DIDR1 (Figures 1C, 1E, 1F, 1H, S1G, and S1H). Given

that the RRM domain of G3BP1 modulates the size of cyto-

plasmic poly(GR) inclusions, we investigated whether RNA

recruitment is critical for maintaining poly(GR) inclusion size

by probing for oligo(dT) in poly(GR) inclusions using fluores-

cence in situ hybridization. In G3BP1/2 knockout cell lines sta-

bly expressing FL, DIDR1, or DRRM, oligo(dT)-positive mRNA

co-localized with cytoplasmic GFP-(GR)100 inclusions (Fig-

ure 1F); however, compared to the FL and DIDR1 cell lines,

the oligo(dT) fluorescence intensity within the inclusions vs.

within the whole cell was significantly decreased in DRRM-ex-

pressing cells (Figure 1I). We also noted that, while DIDR1 in-

teracted less strongly with poly(GR) in comparison to FL

G3BP1, it nonetheless rescued poly(GR) inclusion formation

to a similar degree as FL G3BP1. In contrast, while DIDR3 in-

teracted with poly(GR) at a similar level as FL G3BP1, it failed
4 Cell Reports 42, 112822, August 29, 2023
to rescue cytoplasmic GFP-(GR)100 inclusion formation. To

elucidate the potential mechanism for this phenomenon, we

tested whether poly(GR) peptides influence DIDR1 and

DIDR3 LLPS given recent in vitro studies showing that pol-

y(GR) peptides induce recombinant FL G3BP1 protein

LLPS.21 We found that synthetic (GR)20 peptides, at either

0.5 or 1 mM, caused FL G3BP1 to phase separate into conden-

sates (Figure 1J). However, DIDR1 G3BP1 condensate forma-

tion was only observed in the presence of 1 mM (GR)20 pep-

tides (Figure 1J), indicating that deleting IDR1 attenuates

poly(GR)-mediated LLPS of G3BP1, which is likely due to

the decreased interaction of DIDR1 with (GR)20 peptides. We

also observed that DIDR3 G3BP1 failed to form condensates

at either (GR)20 peptide concentration, indicating that IDR3 is

required for poly(GR)-mediated LLPS of G3BP1 (Figure 1J).

Given that deleting IDR1 from G3BP1 facilitates RNA recruit-

ment and thereby induces LLPS of G3BP1,11 we tested

whether the addition of RNA would rescue poly(GR)-induced

DIDR1 condensate formation. Consistent with prior findings,11

we found that adding RNA induced LLPS of FL and DIDR1 in

the absence of (GR)20 peptides (Figure 1K). Moreover, adding

RNA rescued DIDR1 condensate formation in the presence of

0.5 mM (GR)20 peptide (Figure 1K). Compared to RNA alone,

adding (GR)20 peptides along with RNA significantly enhanced

the number of FL and DIDR1 condensates (Figure 1L). As the

number of DIDR1 and FL G3BP1 condensates were compara-

ble, DIDR1 and FL G3BP1 exhibit similar LLPS activity in the

presence of both RNA and (GR)20 peptides. In contrast, the

addition of RNA failed to rescue poly(GR)-induced LLPS of

DIDR3 G3BP1 because the IDR3 domain mediates G3BP1

binding to RNA (Figure 1K).11 Collectively, our results suggest

that poly(GR) interacts with the NTF2L and IDR1 domains of

G3BP1, and the resulting complex recruits RNA and initiates

cytoplasmic poly(GR) inclusion formation. In addition, NTF2L

and/or IDR3 domains are required for poly(GR) inclusion for-

mation, and RNA recruitment is also critical for maintaining

proper poly(GR) inclusion size.

m6A-modified RNA and the m6A-binding YTHDF1
protein co-localize with poly(GR) inclusions in vitro and
in vivo

On the basis of our finding that RNA is recruited to cyto-

plasmic poly(GR) inclusions via the SG protein G3BP1,

we investigated the role of m6A-modified RNA and m6A-bind-

ing YTHDF proteins in poly(GR) inclusion formation. Both

m6A-modified RNA—the most abundant post-transcriptional

mRNA modification—and YTHDF proteins are enriched in

SGs.22,23 Indeed, m6A-modified RNA potentiates the conden-

sation of YTHDF proteins and guides them to SGs, thus

contributing to mRNA partitioning in SGs. We thus examined

whether these SG components are enriched in cytoplasmic

poly(GR) inclusions in vitro and in vivo. In HEK293T cells ex-

pressing GFP-(GR)100, we observed cytoplasmic poly(GR) in-

clusions immunopositive for G3BP1 both 24 and 48 h post

transfection with the number and size of poly(GR) inclusions

being greater at the 48-h time point (Figures S2A–S2C). Of

note, YTHDF1 co-localized with cytoplasmic poly(GR)

inclusions but not with nucleolar poly(GR) (Figure S2A), and



Figure 2. YTHDF1 and m6A-modified RNAs co-localize with cytoplasmic poly(GR) inclusions

(A) Representative images of immunohistochemical analysis of YTHDF1 in the cortex of 12-month-old (G4C2)2 or (G4C2)149 mice (n = 6 per group). Black arrows

indicate inclusions. Scale bars, 20 mm.

(B) Double-immunofluorescence staining for poly(GR) and YTHDF1 in the cortex of 12-month-old (G4C2)2 or (G4C2)149 mice (n = 6 per group). Scale bars, 2 mm.

(C) Double-immunofluorescence staining for poly(GR) and m6A-modified RNAs in the cortex of 12-month-old (G4C2)2 or (G4C2)149 mice. Scale bars, 2 mm.

(D) Double-immunofluorescence staining for poly(GR) and YTHDF1 in the cortex of 2-week-old GFP-(GR)200 mice. Scale bars, 2 mm. NT, non-transduced cells;

Diffusion, cells with diffuse poly(GR); Inclusion, cells with poly(GR) inclusions.

(E) Quantification of the percentage of NT cells and transduced cells with diffuse poly(GR) or poly(GR) inclusions with YTHDF1 inclusions (n = 6).

(F) Double-immunofluorescence staining for poly(GR) and m6A-modified RNAs in the cortex of 2-week-old GFP-(GR)200 mice. Scale bars, 2 mm.

(G) Quantification of the percentage of NT cells or transduced cells with diffuse poly(GR) or poly(GR) inclusion with m6A-modified RNA-containing inclusions (n = 6).

(H) Double-immunofluorescence staining for poly(GA) and YTHDF1 in the cortex of 3.5-month-old (GA)100-V5 mice (n = 3). Scale bars, 2 mm.

(I) Double-immunofluorescence staining for poly(GA) and m6A-modified RNAs in the cortex of 3.5-month-old (GA)100-V5 mice (n = 3). Scale bars, 2 mm.

(J) Double-immunofluorescence staining for poly(GR) and YTHDF1 in the mid-frontal cortex of patients with c9FTD. The intracellular localization of YTHDF1 is

shown for cells without or with poly(GR) inclusions (n = 6). Scale bars, 2 mm.

(legend continued on next page)
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m6A-modified RNA was also enriched in cytoplasmic poly(GR)

inclusions (Figures S2D and S2E).

Wesubsequently examinedwhethermice expressing 149G4C2

repeats, which develop DPR protein pathology in the brain, show

YTHDF1 or m6A-modified RNA aberrations using anti-YTHDF1

and anti-m6A antibodies, respectively. Immunohistochemical

analysis revealeddiffuse, cytoplasmicYTHDF1 in controlmiceex-

pressing only two G4C2 repeats, whereas cytoplasmic inclusions

immunopositive for YTHDF1 were seen in the cortex of (G4C2)149
mice (Figure 2A). Immunofluorescence studies confirmed that

these YTHDF1-containing inclusions were immunopositive for

poly(GR) (Figure 2B). Moreover, cytoplasmic poly(GR) inclusions

in (G4C2)149 mice additionally contained m6A-modified RNA (Fig-

ure 2C). To determine whether YTHDF1 and m6A specifically

co-localize to poly(GR) inclusions, we performed co-immunofluo-

rescence staining for YTHDF1 or m6A using mice transduced to

express GFP-(GR)200 or (GA)100-V5 in the brain. As observed in

(G4C2)149 mice, YTHDF1 and m6A-modified RNA co-localized

with cytoplasmic poly(GR) inclusions in the cortex of GFP-

(GR)200 mice. However, no YTHDF1- or m6A-positive inclusions

were seen in cells with only diffuse poly(GR) (Figures 2D–2G). In

contrast to our findings in GFP-(GR)200 mice, YTHDF1 and m6A

did not co-localize with cytoplasmic poly(GA) inclusions in

(GA)100-V5 mice (Figures 2H and 2I). Finally, we confirmed that

m6A-modified RNA and YTHDF1 were enriched in cytoplasmic

poly(GR) inclusions in postmortem brain tissues from patients

with c9FTD (Figures 2J and 2K). Collectively, our data demon-

strate that YTHDF1 andm6A-modified RNA co-localize with cyto-

plasmic poly(GR) inclusions.

m6A-binding YTHDF proteins enhance poly(GR)
inclusion formation
Given thatm6A-binding YTHDF proteins andm6A-modified RNA

co-localize with cytoplasmic poly(GR) inclusions, we evaluated

whether YTHDF proteins and/or m6A-modified RNA influence

poly(GR) inclusion formation. To do so, we first depleted

YTHDF1 and YTHDF3 in HEK293T cells expressing GFP-

(GR)100 (Figure S3A), and we assessed poly(GR) expression

and inclusion formation 48 h after transfection. Even though

YTHDF proteins are involved in protein synthesis,24,25 knocking

down both YTHDF1 and YTHDF3 did not alter poly(GR) expres-

sion as determined by immunoassay (Figure S3B). However, we

did observe significant decreases in the number of GFP-positive

cells containing cytoplasmic poly(GR) inclusions and in inclusion

size when YTHDF1 and YTHDF3 were knocked down (Figures

3A–3C). In contrast, neither the number of GFP-positive cells

containing cytoplasmic poly(GA) inclusions nor inclusion size

was affected by knockdown of YTHDF1 and YTHDF3 (Figures

S3C–S3E). We next overexpressed V5-tagged YTHDF1 in

HEK293T cells co-expressing either GFP or GFP-(GR)100 for

24 h (Figure S3F). Consistent with our data above, modulating

YTHDF1 expression did not change GFP-(GR)100 abundance
(K) Double-immunofluorescence staining for poly(GR) and m6A-modified RNAs in

m6A-modified RNA is shown for cells without and with poly(GR) inclusions (n = 6

Data are shown as the mean ± SEM. In (E), ****p < 0 .0001, one-way ANOVA, Tuke

analysis.

6 Cell Reports 42, 112822, August 29, 2023
(Figure S3G). We did nonetheless see significant increases in

the number of GFP-positive cells containing cytoplasmic pol-

y(GR) inclusions and an increase in inclusion size in V5- and

GFP-positive cells when YTHDF1 was overexpressed (Figures

3D–3F). These data indicate that YTHDF proteins promote pol-

y(GR) inclusion formation without altering poly(GR) protein

expression.

m6A-modified RNA promotes poly(GR) inclusion
formation
To study the effect of m6A-modified RNA on poly(GR) inclusion

formation, we knocked down the m6A demethylase, ALKBH5,

in HEK293T cells expressing GFP-(GR)100 for 24 h (Figure S3H).

While ALKBH5 depletion and the resulting increase in m6A-

modified RNA (Figures S3I–S3K) did not alter GFP-(GR)100
expression (Figure S3L) nor the expression of YTHDF1 or

YTHDF3 proteins (Figure S3H), it did increase both the number

of GFP-positive cells containing cytoplasmic poly(GR) inclusions

and inclusion size (Figures 3G–3I). In contrast, neither the num-

ber of GFP-positive cells containing cytoplasmic poly(GA) inclu-

sions nor inclusion size was affected by ALKBH5 knockdown

(Figures S3M–S3O). We next overexpressed Flag-tagged

ALKBH5 in cells co-expressing GFP or GFP-(GR)100 for 48 h

and found that m6A-modified RNA levels were decreased as

were the number of cells with cytoplasmic poly(GR) inclusions

and inclusion size despite no change in GFP-(GR)100, YTHDF1,

or YTHDF3 expression (Figures 3J–3L and S3P–S3T). These re-

sults demonstrate that m6A-modified RNA enhances poly(GR)

inclusion formation without altering GFP-(GR)100 or YTHDF pro-

tein abundance.

YTHDF proteins are required for m6A-modified RNA to
promote poly(GR) inclusion formation
Given that m6A-modified RNA induces YTHDF protein conden-

sation and partitioning to SGs,22,23 and that both m6A-modified

RNA and YTHDF proteins enhance cytoplasmic poly(GR) inclu-

sion formation, we investigated whether m6A-modified RNA

andYTHDFproteinswork in concert to promote cytoplasmic pol-

y(GR) inclusion formation. Toward this end,we expressedGFPor

GFP-(GR)100 in HEK293T cells either depleted only of ALKBH5 or

depleted of ALKBH5, YTHDF1, and YTHDF3 (Figure S3U). As

above, m6A-modified RNA was increased upon ALKBH5 deple-

tion; however, additionally depleting YTHDF1 and YTHDF3 did

not alter m6A-modified RNA abundance (Figure S3V). Although

GFP-(GR)100 expression did not change among any of the tested

conditions (Figure S3W), the number of GFP-positive cells con-

taining cytoplasmic poly(GR) inclusions as well as inclusion

size were significantly greater in cells depleted of ALKBH5 alone

compared to control cells or cells depleted of ALKBH5, YTHDF1,

and YTHDF3 (Figures 3M–3O). These results indicate that

YTHDF proteins are required for m6A-modified RNA to promote

cytoplasmic poly(GR) inclusion formation.
the mid-frontal cortex of patients with c9FTD. The intracellular localization of

). Scale bars, 2 mm.

y’s post hoc analysis. In (G), ****p < 0.0001, one-way ANOVA, Tukey’s post hoc
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YTHDF proteins and m6A-modified RNA carry mRNA to
poly(GR) inclusions
We show above that m6A-modified RNA is enriched in cyto-

plasmic poly(GR) inclusions as has been observed in SGs

formed in response to oxidative stress (Figures 2C, 2F, 2G,

S2D, and S2E).13,14 Since we demonstrated that RNA partition-

ing affects poly(GR) inclusions (Figures 1E–1I), we examined

whether complexes of m6A-modified RNA and YTHDF proteins

incorporate RNA into poly(GR) inclusions. To test this, we fist

examined whether the binding of m6A-modified RNA to

YTHDF proteins is required for YTHDF proteins to interact with

poly(GR). To do so, we performed PLA studies in HEK293T cells

expressing GFP-(GR)100 and either wild-type YTHDF1 (YTHDF1-

WT) or YTHDF1 with a mutation in the YTH domain that disrupts

m6A-modified RNA binding (YTHDF1-mut) (Figure 4A).26

Compared to the tagBFP-V5 control, a significant increase of

the fluorescent PLA signal was detected in the cytoplasm and

in cytoplasmic poly(GR) inclusions in cells expressing tagBFP-

V5 tagged YTHDF1-WT and YTHDF1-mut (Figures 4B and 4C),

indicating that both YTHDF1-WT and YTHDF1-mut interact

with GFP-(GR)100 independently of m6A-modified RNA binding.

When overexpressing YTHDF1-WT or YTHDF1-mut in YTHDF1/

3-depleted HEK293T cells expressing GFP-(GR)100, we

observed that YTHDF1-WT, but not YTHDF1-mut, significantly

increased the number and size of cytoplasmic poly(GR) inclu-

sions compared to controls (Figures 4D–4F). These findings

demonstrate that the ability of YTHDF1 to bind m6A-modified

RNA does not influence its binding to poly(GR) but is crucial for

it to promote poly(GR) inclusion formation.
Figure 3. YTHDF proteins and m6A-modified RNAs promote cytoplasm

(A) Double-immunofluorescence staining for YTHDF1 and G3BP1 in YTHDF1/3-d

bars, 10 mm.

(B) Quantification of the percentage of GFP-positive cells containing poly(GR) in

independent experiments).

(C) Quantification of the size of poly(GR) inclusions in YTHDF1/3-depleted HEK2

(D) Double-immunofluorescence staining for V5 and G3BP1 in HEK293T cells co-

YTHDF1 (tagBFP-DF1-V5). Scale bars, 10 mm.

(E) Quantification of the percentage of GFP-positive cells containing poly(GR) inc

tagBFP-DF1-V5 (n = 3 independent experiments).

(F) Quantification of the size of poly(GR) inclusions in GFP-(GR)100 overexpress

independent experiments).

(G) Double-immunofluorescence staining for YTHDF1 and G3BP1 in ALKBH5-de

after GFP-(GR)100 transfection. Scale bars, 20 mm.

(H) Quantification of the percentage of GFP-positive cells containing poly(GR) in

independent experiments).

(I) Quantification of the size of poly(GR) inclusions in ALKBH5-depleted HEK293T

(J) Double-immunofluorescence staining for Flag and G3BP1 in Flag-ALKBH5 ov

(K) Quantification of the percentage of GFP-positive cells with poly(GR) inclusion

(n = 3 independent experiments).

(L) Quantification of the size of poly(GR) inclusions in Flag-ALKBH5 and GFP-(GR

(M) Double-immunofluorescence staining for YTHDF1 and G3BP1 in HEK293T c

ALKBH5 and YTHDF1/3 were depleted. Scale bars, 20 mm.

(N) Quantification of the percentage of GFP-positive cells containing poly(GR) inc

depleted or in which ALKBH5 and YTHDF1/3 were depleted (n = 3 independent

(O) Quantification of the size of poly(GR) inclusions in ALKBH5-depleted or ALK

independent experiments).

Data are shown as mean ± SEM. In (B), **p = 0.0095, unpaired two-tailed t test. In

tailed t test. In (F), ****p < 0 .0001, unpaired two-tailed t test. In (H), ****p < 0.0001, u

0.0033, unpaired two-tailed t test. In (L), ***p = 0.0007, unpaired two-tailed t test. In

In (O), *** (left to right) p = 0.0001 and p = 0.0001, one-way ANOVA, Tukey’s pos
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To investigate whether mRNA incorporation into cytoplasmic

poly(GR) inclusions is affected by m6A-modified RNA and

YTHDF proteins, we analyzed m6A and oligo(dT) intensity

in cytoplasmic GFP-(GR)100 inclusions in YTHDF-depleted

HEK293T cells overexpressing YTHDF1-WT or YTHDF1-mut.

Consistent with the fact that the YTHDF1-mut has an impaired

ability to bind m6A-modified RNA, the abundance of m6A-modi-

fied RNA and oligo(dT) in poly(GR) inclusions was significantly

lower in cells expressing YTHDF1-mut compared to cells ex-

pressing YTHDF1-WT (Figures 4G–4J). These data show that

the ability of YTHDF proteins to bind m6A-modified RNA is

important for mRNA incorporation into cytoplasmic poly(GR)

inclusions.

To examine the role of m6A-modified RNA in poly(GR) inclu-

sion formation further, we assessed mRNA incorporation into

cytoplasmic poly(GR) inclusions in ALKBH5-depleted or

ALKBH5-overexpressing cells. As knocking down ALKBH5

increased m6A-modified RNA, and overexpression of ALKBH5

decreased it (Figures S3I–S3K and S3Q–S3S), Oligo(dT) intensity

in poly(GR) inclusions was significantly increased in ALKBH5-

depleted cells and significantly decreased in cells overexpress-

ing ALKBH5 (Figures S4A–S4D). Our data thus demonstrate that

m6A-modified RNA and YTHDF proteins function to carry mRNA

to cytoplasmic poly(GR) inclusions.

DISCUSSION

In this study, we uncovered a key mechanism driving cyto-

plasmic poly(GR) inclusion formation: poly(GR) binding to
ic poly(GR) inclusion formation

epleted HEK293T cells expressing GFP-(GR)100 48 h post transfection. Scale

clusions in YTHDF1/3-depleted HEK293T cells expressing GFP-(GR)100 (n = 3

93T cells expressing GFP-(GR)100 (n = 3 independent experiments).

expressing GFP-(GR)100 and either tagBFP-V5 or tagBFP/V5 tagged wild-type

lusions in HEK293T cells co-expressing GFP-(GR)100 and either tagBFP-V5 or

ing HEK293T cells co-expressing either tagBFP-V5 or tagBFP-DF1-V5 (n = 3

pleted HEK293T cells expressing GFP-(GR)100. Staining was performed 24 h

clusions in ALKBH5-depleted HEK293T cells expressing GFP-(GR)100 (n = 4

cells expressing GFP-(GR)100 (n = 4 independent experiments).

erexpressing HEK293T cells co-expressing GFP-(GR)100. Scale bars, 20 mm.

s in Flag-ALKBH5 overexpressing HEK293T cells co-expressing GFP-(GR)100

)100 co-expressing HEK293T cells (n = 3 independent experiments).

ells expressing GFP-(GR)100 in which only ALKBH5 was depleted or in which

lusions in HEK293T cells expressing GFP-(GR)100 in which only ALKBH5 was

experiments).

BH5 and YTHDF1/3-depleted HEK293T cells expressing GFP-(GR)100 (n = 3

(C), ****p < 0.0001, unpaired two-tailed t test. In (E), **p = 0.0011, unpaired two-

npaired two-tailed t test. In (I), *p = 0.0101, unpaired two-tailed t test. In (K), **p =

(N), ***p = 0.0006 and *p = 0.0193, one-way ANOVA, Tukey’s post hoc analysis.

t hoc analysis.



Figure 4. YTHDF proteins incorporate mRNA into poly(GR) inclusions via m6A-modified RNA binding

(A) Schematic of the tagBFP/V5 tagged YTHDF1 wild-type (tagBFP-DF1-WT-V5) and mutant (tagBFP-DF1-mut-V5) constructs, the latter having mutations in the

YTH domain that impair the ability of YTHDF1 to bind m6A-modified RNA (top).

(B) Representative images of proximity ligation assay (PLA) for GFP-(GR)100 and tagBFP or tagBFP-YTHDF1 species in HEK293T cells co-expressing GFP-

(GR)100 and tagBFP or tagBFP-YTHDF1 species. Scale bars, 2 mm.

(C) Quantification of the intensity for PLA signal in HEK293T cells co-expressing GFP-(GR)100 and tagBFP or tagBFP-YTHDF1 species (n = 152–176 cells).

(legend continued on next page)
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G3BP1, a molecular switch known to trigger SG assembly.10–12

Of importance, we also discovered that m6A-modified RNAs

and m6A-binding YTHDF proteins not only co-localize with cyto-

plasmic poly(GR) inclusions in vitro and in vivo but also promote

poly(GR) inclusion formation via the incorporation of RNA to the

inclusions.

Recently, G3BP1/2 proteins were identified as key molecules

regulating arsenite-induced SG assembly.10–12 Notably, even

though poly(GR) spontaneously forms cytoplasmic inclusions

containing SG proteins in the absence of conventional stressors,

G3BP1/2 was nonetheless required for cytoplasmic poly(GR) in-

clusion formation. Indeed, in the absence of G3BP1/2, cyto-

plasmic poly(GR) inclusions were not formed in poly(GR)-ex-

pressing cells. The IDR domains of G3BP1 are reported to

influence its conformation and propensity to initiate SG forma-

tion.11,12 More specifically, under non-stress conditions, intra-

molecular interactions between the acidic IDR1 and the basic

IDR3 of G3BP1 are believed to create a compact or closed

conformation. However, stress-induced increases in free

mRNA result in the binding of RNA to IDR3; this displaces

IDR1 from IDR3 and putatively permits the G3BP1-RNA complex

to adopt an open conformation capable of initiating SG assem-

bly.11,12 In the present study, we found that the highly positively

charged poly(GR) interacts with G3BP1, and this may promote

poly(GR) inclusion formation, at least in part, by its binding to

the IDR1 of G3BP1. In this manner, poly(GR) likely prevents

IDR1 from interacting with IDR3, allowing G3BP1 to initiate

LLPS. Our PLA studies also revealed that, in addition to the

IDR1 domain, poly(GR) binds the NTF2L domain of G3BP1. We

investigated the importance of these interactions on cytoplasmic

poly(GR) inclusion formation using G3BP1/2 knockout cells sta-

bly expressing G3BP1 protein species lacking specific domains.

Whereas exogenous FL G3BP1 restored poly(GR) inclusion for-

mation in G3BP1/2 knockout cells, G3BP1 lacking the NTF2L

domain failed to rescue poly(GR) inclusion formation. These find-

ings highlight a crucial role for the G3BP1 NTF2L domain in cyto-

plasmic poly(GR) inclusion formation, as has been observed for

SG formation.10,11 Also of interest, although G3BP1 lacking the

IDR3 domain has a similar activity as FL G3BP1 to bind poly(GR),

it failed to rescue poly(GR) inclusion formation. This is likely

because G3BP1 lacking the IDR3 domain changes the confor-
(D) Immunofluorescence staining for V5 in YTHDF1/3-depleted HEK293T cells ex

DF1-mut-V5. Scale bars, 10 mm.

(E) Quantification of the percentage of cells with poly(GR) inclusions in YTHDF

tagBFP-DF1-WT-V5, or tagBFP-DF1-mut-V5 (n = 3 independent experiments).

(F) Quantification of the size of poly(GR) inclusions in YTHDF1/3-depleted HEK293

tagBFP-DF1-mut-V5 (n = 3 independent experiments).

(G) Triple-immunofluorescence staining for GFP, V5, and m6A in YTHDF1/3-dep

DF1-WT-V5, or tagBFP-DF1-mut-V5. Scale bars, 5 mm.

(H) Quantification of the relative ratio of m6A intensity (poly(GR) inclusions/total)

tagBFP-V5, tagBFP-DF1-WT-V5, or tagBFP-DF1-mut-V5 (n = 3 independent exp

(I) Immunofluorescence staining for V5 followed by RNA-FISH for oligo(dT) in Y

tagBFP-DF1-WT-V5, or tagBFP-DF1-mut-V5. Scale bars, 5 mm.

(J) Quantification of the relative ratio of oligo(dT) intensity (poly(GR) inclusions/tota

tagBFP-V5, tagBFP-DF1-WT-V5, or tagBFP-DF1-mut-V5 (n = 3 independent exp

Data are shown asmean ±SEM. In (C), ****p < 0.0001 and ns p = 0.0547, one-way A

significant) p = 0.3670, one-way ANOVA, Tukey’s post hoc analysis. In (F), ****p <

****p < 0.0001 and ns p = 0.4376, one-way ANOVA, Tukey’s post hoc analysis. In (J
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mation of the poly(GR)-G3BP1 complex and/or reduces RNA

recruitment. Moreover, G3BP1 lacking the IDR1 domain inter-

acted less strongly with poly(GR) in comparison to FL G3BP1

but nonetheless rescued poly(GR) inclusion formation to a

similar degree as FL G3BP1. In G3BP1/2 knockout cells ex-

pressing G3BP1 without the IDR1 domain, cytoplasmic poly(GR)

inclusions were comparable in size to those in cells expressing

FL G3BP1. The deletion of IDR1 from G3BP1 likely facilitated

RNA recruitment to poly(GR) inclusions by exposing IDR3 and

RRM domains and enabling RNA binding.11,12 Indeed, our

in vitro LLPS studies showed that addition of RNA rescues

(GR)20 peptide-inducedDIDR1 condensate formation to a similar

extent as FL G3BP1, suggesting that interaction of RNA and

DIDR1 G3BP1 enhances poly(GR) inclusion formation when the

interactions between poly(GR) and G3BP1 are compromised.

Furthermore, the cytoplasmic poly(GR) inclusions in G3BP1/2

knockout cells expressing DRRM contained less RNA and

were smaller, further supporting the critical roles of RNA in medi-

ating poly(GR) inclusion formation. Collectively, these results

suggest that both poly(GR)-G3BP1 interactions and the rec-

ruitment of RNA into this protein complex are required for

cytoplasmic poly(GR) inclusion formation and to regulate inclu-

sion size.

Further bolstering the notion that RNA plays an important role

in cytoplasmic poly(GR) inclusion formation, we demonstrate

that m6A-binding YTHDF proteins and m6A-modified RNAs

co-localize with poly(GR) in cultured cell and mouse models

and in tissues from patients with c9FTD/ALS, as well as

enhancing poly(GR) inclusion formation. Regarding the latter,

we found that depleting YTHDF proteins in cells expressing pol-

y(GR) significantly compromised poly(GR) inclusion formation

and resulted in smaller cytoplasmic inclusions. Additionally,

increasing m6A-modified RNAs by knocking down ALKBH5,

an m6A-eraser,27–29 also increased both the percentage of cells

with poly(GR) inclusions and inclusion size. We also observed

that YTHDF proteins and m6A-modified RNAs work in concert

to promote cytoplasmic poly(GR) inclusion formation. Indeed, in-

creases in m6A-modified RNAs failed to appreciably enhance

poly(GR) inclusion formation when YTHDF proteins were

depleted, and a m6A-recognition deficient YTHDF1 mutant

failed to promote poly(GR) inclusion formation despite its ability
pressing GFP-(GR)100 and either tagBFP-V5, tagBFP-DF1-WT-V5 or tagBFP-

1/3-depleted HEK293T cells expressing GFP-(GR)100 and either tagBFP-V5,

T cells expressing GFP-(GR)100 and either tagBFP-V5, tagBFP-DF1-WT-V5, or

leted HEK293T cells expressing GFP-(GR)100 and either tagBFP-V5, tagBFP-

from YTHDF1/3-depleted HEK293T cells expressing GFP-(GR)100 and either

eriments).

THDF1/3-depleted HEK293T cells expressing GFP-(GR)100 and tagBFP-V5,

l) from YTHDF1/3-depleted HEK293T cells expressing GFP-(GR)100 and either

eriments).

NOVA, Tukey’s post hoc analysis. In (E), ***p = 0.0007, **p = 0.0022, and ns (not

0.0001 and ns p = 0.0576, one-way ANOVA, Tukey’s post hoc analysis. In (H),

), ****p < 0.0001 and ns p = 0.9690, one-way ANOVA, Tukey’s post hoc analysis.
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to interact with poly(GR). Based on these findings, we propose

the following mechanism through which YTHDF proteins and

m6A-modified RNAs promote cytoplasmic poly(GR) inclusion

formation: the binding ofm6A-modified RNAs to YTHDF proteins

causes the resulting RNA-YTHDF complex to be incorporated

into cytoplasmic poly(GR) inclusions through YTFDF1 and pol-

y(GR) interactions, thereby enhancing poly(GR) inclusion

formation.

Studies examining the partitioning of m6A-modified RNAs to

SGs have yielded conflicting results with some studies,22,23 but

not all,30 showing that m6A-modified RNAs and YTHDF proteins

are present in SGs formed in response to oxidative stress. Despite

these differences in findings, that cytoplasmic poly(GR) inclusions

contain m6A-modified RNAs and YTHDF proteins along with SG

proteins points once again to shared mechanisms between SG

assembly and poly(GR) inclusion formation. It must nonetheless

be noted that poly(GR) inclusions are more stable than conven-

tional SGs induced by acute stressors such as sodium arsenite

and oxidate stress.4,7 The persistent sequestration of RNA-bind-

ing proteins and mRNAs in poly(GR) inclusions is expected to

impair gene expression and RNA quality control and thus have

dire consequences on cellular health. For example, we have

shown that, in the brain of GFP-(GR)200 mice, TDP-43 is seques-

tered into cytoplasmic poly(GR) inclusions, and we also observed

a greater age-dependent loss of cells containing poly(GR) inclu-

sions versus cells with diffuse poly(GR).9 These findings highlight

the detrimental impact causedby the abnormal sequestration and

loss of function of RNA-binding proteins like TDP-43, a major

pathological protein in c9FTD/ALS, by poly(GR) inclusions.

The present study sheds valuable light on the mechanisms

driving cytoplasmic poly(GR) inclusion formation, information

important in our quest to combat c9FTD/ALS. Our data suggest

that cytoplasmic poly(GR) inclusions are formed by poly(GR) in-

teracting with G3BP1, which triggers RNA binding and recruit-

ment to the cytoplasmic poly(GR)-G3BP1-RNA complexes. We

further show that m6A-modified RNAs and YTHDF1 are key reg-

ulators of cytoplasmic poly(GR) inclusion formation. Our findings

thus indicate that interrupting interactions between poly(GR) and

G3BP1 or YTHDF1 proteins or decreasing poly(GR) altogether

represent promising therapeutic strategies to combat c9FTD/

ALS pathogenesis.

Limitations of the study
Along with the knowledge gained from our findings above, limi-

tations with the present study must be recognized. Although

we observed that G3BP1, m6A-modified mRNAs, and YTHDF

proteins are crucial for cytoplasmic poly(GR) inclusion formation

in cultured cells, validation studies utilizing a mouse model to

confirm these findings in vivo are warranted. Moreover, future in-

vestigations aimed at deciphering which m6A-modified mRNAs

accumulate in cytoplasmic poly(GR) inclusions are needed as

they may provide insight on the harmful influence of poly(GR)

on RNA metabolism.
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anti-G3BP1 Proteintech Cat#13057-2-AP; RRID:AB_2232034

anti-GFP Thermo Fisher Scientific Cat#33-2600; RRID:AB_2533111

anti-G3BP1 BD Biosciences Cat#611126; RRID:AB_398437

anti-mCherry Novus biologicals Cat#NBP1-96752; RRID:AB_11034849
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anti-V5 Thermo Fisher Scientific Cat#R960-25; RRID:AB_2556564
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anti-GAPDH Meridian Life Science Cat#H86504M; RRID:AB_151542

anti-eIF3h Santa Cruz Cat#sc-137214; RRID:AB_2277705

anti-Ataxin 2 BD Biosciences Cat#611378; RRID:AB_398900

anti-TIA-1 Abcam Cat#ab40693; RRID:AB_2201438

anti-GR Millipore Cat#MABN778; RRID:AB_2728664

anti-eIF3h Santa Cruz Cat#sc-16377; RRID:AB_671941

Anti-GA Millipore Cat#MABN889; RRID:AB_272866

anti-GR (Rb7810) Gendron, T.F., et al.31 N/A

BIOTIN-Anti-C9RANTV2. 9259 Purified

antibody

Zhang, Y.J., et al.4 N/A

Sulfo-Affinity Purified 7810 (Anti-GR) Zhang, Y.J., et al.4 N/A

Peroxidase AffiniPure F(ab’)₂ Fragment

Donkey Anti-Mouse IgG (H+L)

Jackson ImmunoResearch Cat#715-036-150; RRID:AB_2340773

Peroxidase AffiniPure F(ab’)₂ Fragment

Donkey Anti-Rabbit IgG (H+L)

Jackson ImmunoResearch Cat#711-036-152; RRID:AB_2340590

AlexaFluor 488 (Donkey anti-Rabbit IgG

(H+L))

Invitrogen Cat#A32790; RRID:AB_2762833

AlexaFluor 488 (Donkey anti-Rat IgG (H+L)) Invitrogen Cat#A48269; RRID:AB_2893137

AlexaFluor 568 (Donkey anti-Mouse IgG

(H+L))

Invitrogen Cat#A10037; RRID:AB_2534013

AlexaFluor 568 (Goat anti-Rabbit IgG (H+L)) Invitrogen Cat#A11034; RRID:AB_2576217

AlexaFluor 647 (Donkey anti-Mouse IgG

(H+L))

Invitrogen Cat#A31571; RRID:AB_162542

AlexaFluor 647 (Donkey anti-Rabbit IgG

(H+L))

Invitrogen Cat#A31573; RRID:AB_2536183

Bacterial and virus strains

RosettaTM(DE3)pLysS competent cells Millipore Cat#70956

rAAV9-(GA)100-V5 Shao W., et al.32 N/A

rAAV9-GFP-(GR)200 Cook, C.N., et al.9 N/A

rAAV9-(G4C2)2 Chew, J., et al.20 N/A

rAAV9-(G4C2)149 Chew, J., et al.20 N/A

Biological samples

Postmortemmid-frontal cortex tissues from

c9FTD patients

Mayo clinic Florida Brain Bank Table S1
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Chemicals, peptides, and recombinant proteins

DNase Sigma-Aldrich Cat#11284932001

RNase Sigma-Aldrich Cat#R6748

Protease inhibitor Roche Cat#A32965

Glutathione Sepharose 4B resin GE Health Cat#17-0756-01

PreScission Protease Cytiva Cat#27084301

TRIzol Thermo Fisher Scientific Cat#15596026

RNeasy Plus Mini Kit Qiagen Cat#74034

SecureSeal Imaging Spacers Grace Bio-laboratories Cat#470352

Opti-MEM Thermo Fisher Scientific Cat#51985034

Lipofectamine 2000 Thermo Fisher Scientific Cat#11668500

FuGENE HD Promega Cat#E2311

Lipofectamine RNAimax Thermo Fisher Scientific Cat#13778500

Sodium Deoxycholate Sigma-Aldrich Cat#D6750-100G

Benzonase Sigma-Aldrich Cat#E8263

Polyethylenimine Polyscience, Inc. Cat#23966

Isopropyl b-d-1-thiogalactopyranoside

(IPTG)

Thermo Fisher Scientific Cat#BP1755

Triton X-100 Sigma-Aldrich Cat#T9284-1L

Phosphate Buffered Saline Thermo Fisher Scientific, Cat#BP3994

Dulbecco’s Phosphate Buffered Saline Thermo Fisher Scientific, Cat#14190144

Dithiothreitol (DTT) Genesee Cat#18-203

Coomassie Brilliant Blue R-250 Bio-Rad Cat#1610400

Direct-zol RNA microprep kit Zymo Research Cat#R2062

Dynabead mRNA purification kit Thermo Fisher Scientific Cat#61006

G418 Sulfate Gemini Bioproducts Cat#400-111P

Protease inhibitor tablets Roche Cat#A32965

RNase inhibitor Invitrogen Cat#AM2696

Wash buffer A for sequential staining Biosearch Technologies Cat#SMF-WA1-60

Hybridization buffer for sequential staining Biosearch Technologies Cat#SMF-HB1-10

Cy5-Oligo d(T)20 Genelink Cat#26-4420-02

Wash buffer B for sequential staining Biosearch Technologies Cat#SMF-WB1-20

Dako Peroxidase Block DAKO Cat#S2001

Dako Protein Block Serum-Free DAKO Cat#X0909

Dako Envision-Plus anti-rabbit DAKO Cat#K4003

Liquid DAB+ substrate Chromogen System DAKO Cat#K3468

Gill’s Hematoxylin Statlab (SLMP LLC) Cat#HXGHE1LT

(GR)20 peptide Peptide 2.0 Inc N/A

G3BP1 FL This study N/A

G3BP1 DIDR1 This study N/A

G3BP1DIDR3 This study N/A

Critical commercial assays

Duolink In Situ PLA� Probe Anti-Rabbit

PLUS

Sigma-Aldrich Cat#DUO92002

Duolink In Situ PLA� Probe Anti-Mouse

MINUS

Sigma-Aldrich Cat#DUO92004

Duolink In Situ Detection Reagents FarRed Sigma-Aldrich Cat#DUO92013

Duolink In Situ Wash Buffers, Fluorescence Sigma-Aldrich Cat#DUO82049
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EpiQuik m6A RNA methylation

quantification Kit

EpigenTek Cat#P-9005

Coomassie Plus (Bradford) Assay Kit Thermo Fisher Scientific Cat#23236

PierceTM BCA Protein Assay Kit Thermo Fisher Scientific Cat#23227

Experimental models: Cell lines

HEK293T cell line ATCC Cat#CRL-3216

G3BP1/2 KO U2OS cell line Sanders, D.W. et al.10 N/A

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory Cat#000664; RRID:IMSR_JAX:000664

Oligonucleotides

siALKBH5 ON-TARGETplus human

ALKBH5

Dharmacon Cat#L-004281-01

siYTHDF1 ON-TARGETplus human

YTHDF1

Dharmacon Cat#L-018095-02

siYTHDF3 ON-TARGETplus human

YTHDF3

Dharmacon Cat#L-017080-01

siYTHDF1 ON-TARGETplus human

YTHDF1 3’UTR

Dharmacon Cat#J-018095-19

siYTHDF3 ON-TARGETplus human

YTHDF3 3’UTR

Dharmacon Cat#J-017080-10

Primers for site-directed mutagenesis of

YTHDF1

Li, Q., et al.26 Table S2

Recombinant DNA

pmCherry-C1 Clontech Laboratories Cat#632524

pmCherry-C1 G3BP1 FL This study N/A

pmCherry-C1 G3BP1 DNTF2L This study N/A

pmCherry-C1 G3BP1 DIDR1 This study N/A

pmCherry-C1 G3BP1 DIDR3 This study N/A

pmCherry-C1 G3BP1 DRRM This study N/A

pGEX-6P-1 GE Health Cat#28-9546-48

pGEX-6P-1 G3BP1 FL This study N/A

pGEX-6P-1 G3BP1 DNTF2L This study N/A

pGEX-6P-1 G3BP1 DIDR1 This study N/A

pGEX-6P-1 G3BP1 DIDR3 This study N/A

pGEX-6P-1 G3BP1 DRRM This study N/A

pGEX-4T-1 YTHDF1 Wang, X. et al.33 Addgene Cat#70087

pcDNA6 V5-His A Invitrogen Cat#V22120

mTagBFP2-ER-5 Subach, O.M., et al.34 Addgene Cat#55294

pAAV-tagBFP This study N/A

pcDNA6 V5-tagBFP This study N/A

pcDNA6 tagBFP-YTHDF1-WT-V5 This study N/A

pcDNA6 tagBFP-YTHDF1-mut-V5 This study N/A

pCMV-Flag-ALKBH5 SinoBiological Cat#HG24078-CF

pEGFP-(GR)100 Cook, C.N., et al.9 N/A

pEGFP-(GA)100 Cook, C.N., et al.9 N/A

pFDelta6 Chakrabarty, P., et al.35 N/A

pCap9 Chakrabarty, P., et al.35 N/A

pAM/CBA-pl-WPRE-BGH (pAAV) Chakrabarty, P., et al.35 N/A

pAAV-(GA)100-V5 Shao W., et al.32 N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pAAV-GFP-(GR)200 Cook, C.N., et al.9 N/A

pAAV-(G4C2)2 Chew, J., et al.20 N/A

pAAV-(G4C2)149 Chew, J., et al.20 N/A

Software and algorithms

Graphpad Prism v9 GraphPad Software, LLC https://www.graphpad.com/scientific-

software/prism/

ImageScope� software Leica Biosystems https://www.leicabiosystems.com/us/

digital-pathology/manage/aperio-

imagescope/

Zeiss Zen 2.3 Carl Zeiss https://www.zeiss.com/microscopy/en/

products/software/zeiss-zen.html

CellProfiler Lamprecht, M.R., et al.36 https://cellprofiler.org/

Others

Zeiss AxioObserver A1 microscope Zeiss https://www.zeiss.com/microscopy/en/

products/light-microscopes/widefield-

microscopes/axio-observer-for-life-

science-research.html

Zeiss LSM980 laser scanning confocal

microscope

Zeiss https://www.zeiss.com/microscopy/en/

products/light-microscopes/confocal-

microscopes/lsm-980-with-

airyscan-2.html

MESO QUICKPLEX SQ 120 Meso Scale Diagnostics https://www.mesoscale.com/en/

products_and_services/instrumentation/

quickplex_sq_120mm

Amersham ImageQuant 800 Cytiva https://www.cytivalifesciences.com/en/us/

shop/protein-analysis/molecular-imaging-

for-proteins/imaging-systems/amersham-

imagequant-800-systems-p-11546
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Leonard

Petrucelli (Petrucelli.Leonard@mayo.edu).

Materials availability
All unique plasmids and reagents used in this study are available from the lead contact with a completed materials transfer

agreement.

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

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture, transfections, and treatments
HEK293T cells and U2OS cells were grown in Opti-Mem supplemented with 10% FBS and 1% penicillin–streptomycin. Cells were

incubated and grown at 5%CO2 and 37�C. Cells grown in 6-well plates or on glass coverslips in 24-well plates were transfected with

the indicated plasmids using Lipofectamine 2000 (Thermo Fisher Scientific) for HEK293T cells or FuGENE HD Transfection Reagent

(Promega) for U2OS cells according to the manufacturers’ instructions. When HEK293T cells were transfected with RNAi and the

plasmids, RNAi was transfected 24 h after plating cells using Lipofectamine RNAimax (Thermo Fisher Scientific) followed by plasmid
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transfection using Lipofectamine 2000 (Thermo Fisher Scientific) 24 h after that. Cells were harvested or fixed for Western blot and

immunofluorescence staining, respectively, 24 or 48 h post-transfection. siRNAs used in this study are summarized in key resources

table.

Animal studies
All procedures in this study usingmice were performed in accordance with the National Institutes of Health Guide for Care and Use of

Experimental Animals and approved by the Mayo Clinic Institutional Animal Care and Use Committee (IACUC) (Protocol number

A00005246-20). Male and female C57BL/6J mice (Jackson Laboratories) were maintained in the animal facilities at Mayo Clinic Flor-

ida on a 12-hour light/dark cycle in standard housing. When in their home cage, animals had access to standard mouse chow and

water ad libitum. Mouse pups on postnatal day 0 were used for neonatal viral injection of rAAV9-(GA)100-V5, rAAV9-GFP-(GR)200,

rAAV9-(G4C2)2 or rAAV9-(G4C2)149. The 2-week-old GFP-(GR)200 mice (n = 6, 4 males and 2 females), 3.5-month-old (GA)100-V5

mice (n = 3, 2 males and 1 female), 12-month-old (G4C2)2 (n = 6, 3 males and 3 females) or (G4C2)149 (n = 6, 3 males and 3 females)

mice were used in this study.

Human tissues
Postmortem mid-frontal cortical tissues from patients with frontotemporal lobar degeneration, the neuropathological diagnosis of

frontotemporal dementia (FTD) with a C9orf72 repeat expansion were obtained from the Mayo Clinic Florida Brain Bank. Information

on human patients is provided in Table S1. Written informed consent was obtained before study entry from all subjects or their legal

next of kin if they were unable to give written consent, and biological samples were obtained with Mayo Clinic Institutional Review

Board (IRB) approval.

METHOD DETAILS

Generation of plasmids
To generate plasmids of mCherry-G3BP1 andGST-G3BP1 species, the plasmids containing FLG3BP1 orDNTF2L,DIDR1,DIDR3 or

DRRM G3BP1 species, which have been described previously,10 were used as templates to amplify DNA fragments. Then the frag-

ments of G3BP1 species were cloned into pmCherry-C1 (Clontech Laboratories) using Eag1/BamH1 restriction sites or cloned into

pGEX-6P-1 (GE Health) using BamH1/SalI restriction sites. To generate pAAV-tagBFP plasmid, the plasmid containing tagBFP

(Addgene) were used as templates to amplify the DNA fragments. tagBFP was cloned into an AAV packaging vector [pAM/CBA-

pl-WPRE-BGH (‘‘pAAV’’)] containing the CMV-enhanced chicken b-actin promoter using HindIII and Xho restriction enzymes. To

generate the tagBFP-YTHDF1-V5 plasmid, the plasmids containing YTHDF1 (Addgene) was used to amplify DNA fragments.

YTHDF1 was cloned into pcDNA6 V5-His A (Invitrogen) using EcoRI and XhoI restriction sites. tagBFP was amplified from pAAV-

tagBFP and cloned into pcDNA6 V5-His A YTHDF1 using BamHI and EcoRI restriction sites. To generate the V5-BFP-YTHDF1

mutant plasmid (a YTH domain deficient mutant), site-directed mutagenesis was performed using V5-BFP-YTHDF1 as a template,

which mutated Lysine 395 and Y397 to Alanine.26 See Table S2 for the sequence of mutagenesis primers.

Virus production
rAAV9 virus was produced as previously described.9,20,37 In brief, AAV vectors expressing (GA)100-V5, GFP-(GR)200, (G4C2)2 or

(G4C2)149 were co-transfected with helper plasmids in HEK293T cells using polyethylenimine (Polysciences, Inc). Cells were har-

vested 48 h following transfection and lysed in the presence of 0.5% sodium deoxycholate and 50 units/mL Benzonase (Sigma-

Aldrich) by freeze-thawing. The virus was isolated using a discontinuous iodixanol gradient. The genomic titer of each virus was

determined by qRT-PCR, and AAV solutions were diluted in Dulbecco’s phosphate-buffered saline (DPBS; Thermo Fisher Scientific).

Purification of different recombinant G3BP1 proteins
GST-tagged G3BP1 FL,DIDR1 or DIDR3 plasmids were used for transformation in RosettaTM(DE3)pLysS competent cells (Millipore).

To induce expression of recombinant proteins, bacteria were cultured overnight at 16�C in the presence of 1 mM isopropyl b-d-1-

thiogalactopyranoside (IPTG, Thermo Fisher Scientific). After centrifugation, the bacteria pellet waswashedwith phosphate-buffered

saline (PBS), and then lysed on ice for 30 min with PBS containing 1% Triton X-100, 1 mM DTT, DNase (1 mg/mL, Sigma-Aldrich),

Rnase (10 mg/mL, Sigma-Aldrich) and a protease inhibitor tablets (Roche). After sonication, the lysates were centrifuged at

18,000g for 30 min. The resulting supernatant was applied to a Glutathione Sepharose 4B resin (GE Health). After washing resin

with PBST and 50 mM Tris-HCl (pH 8.0), incubate the resin by PreScission Protease (80 unit/mL, Cytiva) in 50 mM Tris-HCl (pH

8.0) on ice for 4 hours. Afterward, the recombinant proteins were collected from the resin by centrifugation at 500 g for 5min. The

recombinant proteins were concentrated using Amicon Ultra-15 centrifugal filter units (10kDa, Millipore, Cat#UFC9010). The protein

concentration determined by Coomassie staining and BCA assay.

Liquid-liquid phase separation of recombinant G3BP1 proteins and (GR)20 peptides
All liquid-liquid phase separation reactions were done in phosphate buffered saline (PBS; Thermo Fisher Scientific). The recombinant

G3BP1 protein species (FL, DIDR1or DIDR3) were diluted in PBS at the final concentrations of 0.2 mM. (GR)20 peptides were mixed
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with the recombinant G3BP1 protein species under evaluation at the final concentration of 0.5 or 1 mM. For experiments in which RNA

was used, RNAwas extracted fromU2OS cells using TRIzol (Thermo Fisher Scientific), followed by RNApurification using the Rneasy

PlusMini kit (Qiagen). RNAwas added to the G3BP1-(GR)20 mixture to a concentration of 20 ng/mL. After mixture in Eppendorf tubes,

3 mL of each reaction were spotted on a glass slide containing wells created by SecureSeal Imaging Spacers (Grace Bio-

Laboratories, Cat#470352). The wells were then covered with a coverslip and inverted. After a 20 min incubation at room tempera-

ture, settled droplets on the coverslips were imaged using Zeiss AxioObserver A1 microscope with DIC at 203. For quantification

analysis, images of six regions of interest per sample were collected. The number of droplets was quantified using Cellprofiler.36 Min-

imum cross-entropy thresholding was used for DIC image segmentation.

Generation of U2OS G3BP1/2 knockout cell lines stably expressing mCherry-G3BP1 species
To generate stable cell lines expressing mCherry-G3BP1 species under a G3BP1/2 knockout background, previously described

U2OS G3BP1/2 knockout (GG KO) cells were seeded in a 6-well plate.10 Once 90% confluency was reached, cells were transfected

with 0.75 mg mCherry-G3BP1 species using FuGENE HD Transfection Reagent (Promega) according to the manufacturer’s instruc-

tions. Forty-eight hours after transfection, the cells were subcultured at 2.0 3 105 cells in a 10 cm dish. Twenty-four hours later,

600 mg/mL G418 (Gemini Bioproducts) was added to the medium to screen for clones resistant to G418. After incubating cells for

10 days, single clones were picked and seeded into a 24-well plate. The cells were grown in Opti-Mem supplemented with 10%

FBS, 1%penicillin/streptomycin and 400 mg/mLG418.When the cells reached�80%confluency, each clone was split into duplicate

wells of a 6-well plate. Cells in one of the duplicate wells was subjected to Western blot analysis to examine the expression of

mCherry-G3BP1 species. The other was used to make frozen cell stocks. The clones with comparable expression levels of

mCherry-G3BP1 species were chosen and used throughout the study.

Preparation of cell lysates
Cell pellets were lysed in Co-IP buffer (50 mM Tris–HCl, pH 7.4, 300 mMNaCl, 1% Triton X-100, 5 mM EDTA) plus 2% SDS and both

protease and phosphatase inhibitors, sonicated on ice, and then centrifuged at 16,000 3 g for 20 min. Supernatants were saved as

cell lysates. The protein concentration of lysates was determined by BCA assay (Thermo Fisher Scientific), and samples were then

subjected to Western blot analysis.

Western blot analysis
Western blot analysis was performed as described previously.4,5,37,38 In brief, lysates were diluted with 2 3 SDS-loading buffer at a

1:1 ratio (v/v), and then heated at 95�C for 5min. Afterwards, equal amounts of protein were loaded into 10-well 10%Tris-glycine gels

or 4-20% Tris-glycine gels (Novex). After transferring proteins to membranes, membranes were blocked with 5% nonfat dry milk in

Tris-buffer saline (TBS) plus 0.1% Tween 20 (TBST) for 1 h, then incubated with primary antibody (key resources table) overnight at

4�C. Membranes were washed in TBST and incubated with donkey anti-rabbit or anti-mouse IgG antibodies conjugated to horse-

radish peroxidase (1:5000; key resources table) for 1 h at room temperature. Protein expression was visualized by enhanced chem-

iluminescence treatment and exposure to film or Amersham ImageQuant 800.

MSD immunoassay
Preparation of cell lysates for MSD immunoassays to detect poly(GR) expression in HEK293T cells was done using Urea-containing

buffer (7 M urea, 2 M thiourea, 4% CHAPS, 30 mM Tris, pH 8.5). After sonication and centrifugation at 16,000 3 g for 20 min, the

protein concentration of lysates was determined by Bradford assay (Thermo Fisher Scientific), and an equal amount of protein lysate

was used for a poly(GR) sandwich immunoassay. Lysates were diluted in Tris-buffered saline (TBS). Antibodies used in this assay are

summarized in key resources table. MesoScale Discovery (MSD) electrochemiluminescence detection technology was used tomea-

sure poly(GR) levels in each sample. Response values according to the intensity of emitted light upon electrochemical stimulation of

the assay plate were acquired with the MSD QUICKPLEX SQ120.

N6-methyladenosine (m6A) quantification by ELISA
Quantification of m6A-modified RNA in GFP-(GR)100-expressing HEK293T cells overexpressing or depleted of YTHDF or ALKBH5

was performed using mRNA purified from cells. In brief, total RNA was prepped from the cells using Direct-zol RNA microprep kit

(Zymo Research) according to manufacturer’s instructions. Ten micrograms of total RNA were used for mRNA purification using

the Dynabead mRNA purification kit (Thermo Fisher), then m6A modification in 200 ng of purified mRNA was quantified using the

EpiQuik m6A RNA methylation quantification Kit (EpigenTek).

Immunofluorescence staining
HEK293T or U2OS cells were fixed with 4% paraformaldehyde for 10 min at room temperature, followed by permeabilization using

0.5% Triton X-100 for 10 min, blocked with 5% nonfat dry milk in DPBS for 1 h, then incubated with primary antibody (key resources

table) overnight at 4�C. After washing, cells were incubated with corresponding Alexa Fluor 488-, 568- or 647-conjugated donkey

anti-species antibodies (1:500 or 1:1000, key resources table) for 2 h. Hoechst 33258 (1 mg/mL, Thermo Fisher Scientific) was

used to stain cellular nuclei. Images were obtained on a Zeiss LSM 980 laser scanning confocal microscope.
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For m6A immunofluorescence using the antibody against m6A, HEK293T cells were fixed and permeabilized with Methanol:AcOH

(3:1) solution for 15 min at -20�C, washed 3 times with cold Wash buffer A (Biosearch Technologies) for 30 min in 37�C, then blocked

with blocking solution (2% BSA, 1X DPBS, 0.05% Triton X-100, 100 U RNase inhibitor (Invitrogen) for 1 h at room temperature. After

blocking, cells were incubated with m6A (SySy) andGFP antibodies (Millipore) overnight at 4�C. Secondary antibody incubations and
Hoechst 33258 staining were performed as described above.

Sequential staining (immunofluorescence + fluorescence in situ hybridization)
Fixed cells were washed twice with DPBS and permeabilized with DPBS plus 0.1% Triton X-100 for 5 min at room temperature, fol-

lowed bywashing with DPBS. Then appropriately diluted primary antibodies (key resources table) in DPBSwere added into eachwell

and incubated at room temperature for 1 h. Cells were washed twice with DPBS for 10 min and incubated with appropriately diluted

secondary antibodies at room temperature for 1 h, followed by twowasheswith DPBS for 10min. Cells were then treatedwith fixation

buffer for 10 min and washed twice with DPBS. The wash buffer A (Biosearch Technologies) was added into each well and incubated

for 5 min at room temperature. During the incubation, a humidified chamber was prepared by placing a single layer of Parafilm on top

of a flat water-saturated paper towel in a 150 mm tissue culture plate. Within the humidified chamber, 50 ml of the hybridization buffer

(Biosearch Technologies) containing Cy5-Oligo d(T)20 (1:40, Genelink) and 10% formamide was dispensed onto the Parafilm. Cov-

erslips where gently placed, cell side down, onto the 50 ml drop of hybridization buffer and incubated in the dark at 37�C for 16 h. After

incubation, the coverslips were gently transferred to a fresh 24-well plate containing 500 ml of Wash Buffer A and incubated at 37�C
for 30 min. Wash Buffer A containing Hoechst 33258 was added on the coverslips and incubated for another 30 min at 37�C. The
coverslips were incubated with Wash Buffer B (Biosearch Technologies) at room temperature for 5 min. After labeling, coverslips

were mounted cell side down onto slides. Images were obtained on a Zeiss LSM980 laser scanning confocal microscope.

Proximity ligation assay (PLA)
Duolink In Situ kit (Sigma-Aldrich) was used for PLA assays to measure the interaction between GFP-(GR)100 and G3BP1 species, or

GFP-(GR)100 and YTHDF1 species. HEK293T cells or U2OS cells in an 8-well chamber slide (Ibidi, Cat#80826) were fixed with 4%

paraformaldehyde for 10 min at room temperature, followed by permeabilization with 0.1% Triton X-100 for 10 min, blocked with

Duolink� blocking solution in a heated humidity chamber for 60 min at 37�C, then incubated with primary antibody (key resources

table) overnight at 4�C. After washing with PBS plus 0.05% Tween 20, cells were incubated with the PLA probes MINUS and PLUS

(1:5 dilution) for 1 hour at 37�C. After washing in 13wash buffer A, cells were incubated with the ligase (1:40 dilution) in ligation buffer

for 30 min at 37�C. Cells were washed with 13 wash buffer A, and then inoculated with polymerase (1:80 dilution) in amplification

buffer for 90min at 37�C. Cells were washed in 13wash buffer B, followed by 0.013wash buffer B. Hoechst 33258 (1 mg/mL, Thermo

Fisher Scientific) was used to stain cellular nuclei. Images were obtained on a Zeiss LSM 980 laser scanning confocal microscope.

Neonatal viral injections
Intracerebroventricular injections of virus were performed as previously described.4,5,20,37,39 In brief, 2 ml (0.531010 or 131010 ge-

nomes/ml) of rAAV9-(GA)100-V5, rAAV9-GFP-(GR)200, rAAV9-(G4C2)2 or rAAV9-(G4C2)149 solution was manually injected into each

lateral ventricle of cryo-anesthetized C57BL/6J mouse pups on postnatal day 0. Pups were allowed to recover from cryoanesthesia

on a heating pad and were then returned to the home cage with the mother.

Tissue processing
The mice were euthanized by CO2. Brains were then harvested and cut sagittally across the midline. The brain was rapidly removed

and hemisected. Sagittal half brains were immersion fixed in 4% paraformaldehyde, embedded in paraffin, sectioned (5 mm thick),

and then mounted on glass slides for immunofluorescence and immunohistochemistry.

Immunohistochemistry staining
The paraffin sections were deparaffinized in xylene, and rehydrated through a series of ethanol solutions, followed by washing in

dH2O. Antigen retrieval was performed by steaming slides in sodium citrate buffer (pH 6.0) for 30 min followed by a 5 min incubation

in Dako Peroxidase Block (DAKO) to block endogenous peroxidase activity. The slides were blockedwith Dako Protein Block Serum-

Free (DAKO) for 1 h, and incubated with primary antibody (key resources table) for 45min. After washing, sections were incubated for

30min in Dako Envision-Plus anti-rabbit (DAKO) labeled HRPpolymer. Peroxidase labeling was visualizedwith the Liquid DAB +Sub-

strate Chromogen System (DAKO). Following labeling, all sections were counterstained with hematoxylin (Statlab), dehydrated

through ethanol and xylene washes, and coverslipped with Cytoseal mounting medium (Thermo Fisher Scientific). Slides were

scanned with a ScanScope� AT2 (Leica Biosystems), and representative images taken with ImageScope� software

(v12.4.2.7000; Leica Biosystems).

Immunofluorescence in mouse and human brains
For immunofluorescence, paraffin sections (5 mm) of mouse and human brain tissues were deparaffinized, rehydrated, steamed for

30 min in sodium citrate buffer (pH 6.0), blocked with Dako Protein Block Serum-Free (DAKO) for 1 h, and incubated with primary

antibody (key resources table). After washing, sections were incubated with corresponding Alexa Fluor 488-, 568- or
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647-conjugated donkey anti-species antibodies (1:500, key resources table) for 2 h. Hoechst 33258 (1 mg/mL, Thermo Fisher Scien-

tific) was used to stain cellular nuclei. Images were obtained on a Zeiss LSM 980 laser scanning confocal microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of the percentage of cells with inclusions, inclusion size and the ratio of RNA fluorescence, as well as
m6A and PLA fluorescence intensity
To quantify the percentage of GFP-(GR)100-transfected cells with cytoplasmic poly(GR) inclusions, we counted �80–270 GFP-pos-

itive cells with and without poly(GR) inclusions within each group from 3 or 4 independent experiments. The same method was used

when quantify the percentage of GFP-(GA)100-transfected cells with poly(GA) inclusions. To quantify the percentage cells containing

YTHDF1 or m6A-modified RNA inclusions, �140–600 cells non-transduced (NT) cells and cells with diffuse poly(GR) or poly(GR) in-

clusions permousewere counted in theGFP-(GR)200mice. To quantify the size of cytoplasmic poly(GR) or poly(GA) inclusions, Zeiss

Zen 2.3 was used to measure the area of all inclusions within a cell; �50–200 cells per group were tested across 3 or 4 independent

experiments. To quantify the ratio of oligo(dT) RNA or m6A-modified RNA fluorescence intensity in cells expressing poly(GR) for 24 or

48 h, Zeiss Zen 2.3 was used to measure the sum fluorescence intensity of oligo(dT) or m6A in poly(GR) inclusions within a cell, and

total cellular m6A fluorescence intensity; �50–150 cells per group were analyzed across 3 independent experiments. The sum fluo-

rescence intensity in poly(GR) inclusions was divided by that within cells, and then normalized to the corresponding controls. To

quantify the total m6A intensity of ALKBH5-modulated HEK293T cells, Zeiss Zen 2.3 was used to measure the mean fluorescence

intensity of m6A with in a cell;�50–100 cells per group were analyzed across 3 independent experiments. To quantify PLA intensity,

Zeiss Zen 2.3 was used to measure the sum fluorescence intensity of PLA signal and area of each cell: 38‒87 cells were analyzed for

U2OS cells, and 152‒176 cells were analyzed for HEK293T cells. The sum fluorescence intensity of PLA within a cell was divided by

the area of the cell, and then normalized to the corresponding controls (U2OS: G3BP1 FL as the control; HEK293T: YTHDF1 WT as

the control). All quantification analyses were done in an unblinded fashion.

Statistics
Data are presented as mean ± standard error of the mean (SEM), and analyzed with unpaired two-tailed t test or one-way ANOVA

followed by Tukey’s post-hoc analysis (Prism statistical software). P < 0.05 is considered statistically significant. All of the statistical

details of experiments can be found in the figure legends. No methods were used to determine whether the data met assumptions of

the statistical approach.
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