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PABPC1 mediates degradation
of C9orf72-FTLD/ALS GGGGCC repeat RNA

Ryota Uozumi,! Kohji Mori,** Shiho Gotoh,' Tesshin Miyamoto,’ Shizuko Kondo," Tomoko Yamashita,'
Yuya Kawabe,"? Shinji Tagami,”* Shoshin Akamine,” and Manabu lkeda’

SUMMARY

GGGGCC hexanucleotide repeat expansion in C9orf72 causes frontotemporal lobar degeneration and
amyotrophic lateral sclerosis. Expanded GGGGCC repeat RNA accumulates within RNA foci and is trans-
lated into toxic dipeptide repeat proteins; thus, efficient repeat RNA degradation may alleviate diseases.
hnRNPAZ3, one of the repeat RNA-binding proteins, has been implicated in the destabilization of repeat
RNA. Using APEX2-mediated proximity biotinylation, here, we demonstrate PABPC1, a cytoplasmic
poly (A)-binding protein, interacts with hnRNPA3. Knockdown of PABPC1 increased the accumulation
of repeat RNA and RNA foci to the same extent as the knockdown of hnRNPA3. Proximity ligation assays
indicated PABPC1-hnRNPA3 and PABPC1-RNA exosomes, a complex that degrades repeat RNA, prefer-
entially co-localized when repeat RNA was present. Our results suggest that PABPC1 functions as a medi-
ator of polyadenylated GGGGCC repeat RNA degradation through interactions with hnRNPA3 and RNA
exosome complex.

INTRODUCTION

Frontotemporal lobar degeneration (FTLD) and amyotrophic lateral sclerosis (ALS) are seemingly distinct but pathologically and genetically
overlapping neurodegenerative diseases."” Hexanucleotide repeat expansion in the non-coding region of the C90rf72 gene is the most
common genetic mutation that causes familial forms of both FTLD and ALS (C9-FTLD/ALS). The expanded DNA repeat region is transcribed
in both the sense and antisense directions and produces GGGGCC (G4C,) or CCCCGG (C4Gy) repeat-containing RNA (repeat RNA). The
accumulated repeat RNA forms RNA foci, which may selectively sequester a subset of RNA-binding proteins (RBPs), thereby impairing the
physiological functions of these RBPs. G4C, and C4G; repeat RNAs can even be translated in all possible reading frames into dipeptide repeat
proteins (DPR) termed poly-GA, poly-GR, poly-PR, poly-PA, and poly-GP (from sense and antisense strands) through repeat-associated non-
AUG (RAN) translation.”” Pathologically, DPR co-localizes with the selective autophagy adaptor p62, most prominently in the hippocampus
and cerebellum in the postmortem brains of C9-FTLD/ALS patients.*” Repeat RNA foci are also predominantly found in neuronal nuclei in the
hippocampus, cerebellum, frontal, and motor cortices,” "' and rarely in microglia, astrocytes, and oligodendrocytes.® Since the repeat RNA
is positioned upstream of the pathological disease cascade, promoting its degradation is a way to overcome neurodegeneration; however,
the underlying mechanism of repeat RNA degradation is still largely unclear.

Heterogeneous nuclear ribonucleoprotein A3 (hnRNPA3) has been identified as an RBP that selectively binds to G4C; repeat RNA.'?
hnRNPA3 co-localizes with a portion of DPR inclusions in the hippocampal dentate gyrus of patients, implying that it is closely involved in
the pathogenesis of CO-FTLD/ALS."*"® hnRNPA3 is involved in RNA splicing, mRNA stabilization, and translation.'” Structurally, hnRNPA3
is characterized by two RNA recognition motifs at the N-terminus and a glycine-rich low-complexity (LC) domain at the C-terminus.'* Such
structures are highly common among RBPs,'® and hnRNPA3 itself is not thought to have the enzymatic activity to degrade RNA. We previously
reported that decreased expression of hnRNPA3 led to the accumulation of G4C; repeat RNA in cells derived from C9orf72 mutation carriers
and corresponding DPRs in cellular models of C9-FTLD/ALS.">'® Interestingly, overexpression of wild-type hnRNPA3 reduced poly-GA
expression, but RNA-binding ability deficient mutant hnRNPA3 overexpression failed to suppress DPR expression levels in the cellular model
or the Drosophilamodel.">'? From these observations, we hypothesized that hnRNPA3 that binds to G,C, repeat RNA may physically interact
with RNA degradation factors and facilitate selective RNA degradation in cells.

Several hnRNPs, including hnRNPA3, have been reported to undergo liquid-liquid phase separation (LLPS) in cells to form membrane-less
organelles.'® LLPS is a complex process that partially involves the LC domains of these RBPs, which tend to enhance weak intermolecular
interactions, including electrostatic and - interactions.”’*” In vitro and in cells, RBPs incorporate RNA or single-stranded DNA into
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phase-separated droplets.””' These droplets may serve as sites for efficient RNA metabolism.”””* Hence, physiological weak interactions be-
tween hnRNPA3 and its proximal proteins may be essential for the repeat RNA degradation pathway in the cellular environment.

Immunoprecipitation is a useful approach to assessing intermolecular interactions, but its application is limited to analyzing molecules with
high-affinity interactions.”” This limitation may prevent the identification of proteins with relatively weak intermolecular interactions, such as
those involved in LLPS. One way to overcome such limitations is to apply proximity-labeling technology. Ascorbate peroxidase (APEX) is gener-
ated from class | cytosolic plant peroxidase and developed as an alternative tag to gain high-resolution intracellular imaging using electron
microscopy’” and subsequently adapted for proximity labeling technology.”® Recently, a mutated version of APEX, APEX2, was generated
to improve the sensitivity of proximity-labeling reactions.”” APEX2 is a 27 kDa peroxidase that converts biotin-phenol (BP) to biotin-phenoxyl
radicals in the presence of hydrogen peroxide (H,Q5) in living cells.**** Oxidized BP is highly sensitive and short-lived (<1 ms)*’; hence, the
APEX?2 assay enables specific biotinylation of cellular molecules that are proximal (<20 nm) to APEX2 active sites.”"”>**° Biotinylated proteins
are easily purified using streptavidin beads and can be identified using liquid chromatography-tandem mass spectrometry (LC-MS/MS).

In this study, to elucidate the G4C, repeat RNA degradation pathway involving hnRNPA3, an APEX2 proximity-labeling proteomics assay
was performed using hnRNPA3 fused to APEX2 to comprehensively identify proteins in the proximity of hnRNPA3 in living cells.

RESULTS
Proximity biotin-phenol labeling by hnRNPA3-APEX2 in Hela cells

hnRNPA3 is potentially involved in the G,C; repeat RNA degradation pathway. However, no intrinsic RNase activity has so far been reported,'’
and structurally, it is not assumed to have RNase activity. Therefore, we hypothesized that hnRNPA3 might interact with genuine RNA-degrading
proteins. To comprehensively identify proteins close to hnRNPA3 in living cells, we performed the APEX2 proximity labeling assay (Figure 1A).7**
First, V5-tagged APEX2 was fused to the C-terminal glycine-rich LC domain through which hnRNPA3 interacts with other proteins (Figure 1B).'**°
We then expressed the hnRNPA3-V5-APEX2 construct in Hela cells under the control of the CMV promoter. Western blot analysis confirmed
hnRNPA3-V5-APEX2 protein expression at the expected molecular weight (Figure 1C). hnRNPA3 is a nucleocytoplasmic shuttling protein
with nuclear predominance under physiological conditions. Consistent with this, immunofluorescence analysis confirmed that hnRNPA3-V5-
APEX2 was localized mainly to the nucleus, with a weak cytoplasmic distribution (Figure 1D). Next, to assess the biotinylation activity of
hnRNPA3-V5-APEX2, transfected cells were stimulated with BP and H,O, for up to 30 min (Figure 1E). Biotinylated proteins in whole-cell lysates
were then visualized using SDS-PAGE with a streptavidin-HRP conjugate. This time-course analysis revealed that APEX2-mediated biotinylation
occurred within 1 min of incubation and that further accumulation of biotinylated proteins was observed in time-dependent manner (Figures 1F,
1G, and S1). The specificity of APEX2-dependent biotinylation was supported by the observation that biotinylated signals were very subtle in the
absence of either the hnRNPA3-V5-APEX2 construct, BP, or H,O,. Some biotinylated proteins found in non-stimulated conditions can be ex-
plained by endogenous biotinylated proteins, such as enzyme-biotin intermediates of carboxylase reactions that use biotin as a co-factor.”’
To avoid excessive biotinylation, which may lead to nonspecific biotin labeling, we applied 1-min stimulation in the following experiments. While
hnRNPA3-V5-APEX2 was localized mainly to the nucleus and weakly to the cytoplasm as a shuttling hnRNP (Figure 1D), immunofluorescence with
NeutrAvidin-Alexa Fluor 488 revealed that biotinylation was relatively enriched in the cytoplasm of these cells (Figure 1H). This could be due to
the limited access of BP through the nuclear membrane.? These results confirmed that hnRNPA3-V5-APEX2 exhibits biotin-labeling activity in
living cells and preferentially labels cytoplasmic proteins. Since cytoplasmic G4C; repeat RNA can be an immediate substrate for RAN translation
and hnRNPA3 may suppress DPR expression by promoting G4C, repeat RNA degradation, we focused on the analysis of the cytoplasm-enriched
factors coupled with hnRNPA3-mediated G4C, repeat RNA degradation, which can be approached with this system.

APEX2 proteomics for identification of proximity proteins of hrnRNPA3

To identify proximal interactors of hnRNPA3 that may be involved in G4,C; repeat RNA degradation, we performed APEX2 assay in the presence
or absence of (G4Cy)gp repeat-expression, followed by identification with LC-MS/MS (Figures 2A and 2B). To begin, we confirmed that poly-GA
was produced through RAN translation in repeat expressing Hela cells, as previously reported (Figure 2C).">* Cells co-expressing (G4Co)go and
hnRNPA3-V5-APEX2 were treated with BP and H,O, to biotinylate intracellular factors in the proximity of hnRNPA3-V5-APEX2. After cell lysis,
biotinylated proteins were pulled down using streptavidin magnetic beads. The samples were then dialyzed and separated using SDS-PAGE.
Detection with streptavidin-HRP revealed that biotinylated proteins were selectively increased in cells treated with BP (Figure 2D). Each sample
was subjected to LC-MS/MS analysis to identify these biotinylated proteins quantitatively and qualitatively (Figure 2E). We identified a total of 552
proteins (Figure 2F, and Table S1). The following filtering protocol was then applied to prioritize the proteins that might be involved in the degra-
dation of the C90rf72 G4C, repeat RNA (Figure 2F). First, 190 proteins that were detected more than twice out of three by LC-MS/MS were
selected. Among these, 66 proteins were selected for which the absolute differences between the expression and non-expression of (G4Cj)go
in average quantitative value (AQV) were equal to or more than 2.00 (Figure 2F). We initially intended to identify hnRNPA3-related RNA-degrad-
ing factors (e.g., RNases); however, apparent RNA-degrading proteins were not included in the list of these 66 proteins. Second, to gain more
insight into their functions, Gene Ontology analysis (GO analysis) was performed (Figures 2G and 2H), and we focused on 24 RNA binding pro-
teins (GO: 0003723) that were significantly enriched and presumed to be most relevant for RNA-degrading activity. Among the 24 proteins, we
excluded 15 hnRNP family proteins from further analysis because they also have no direct RNA-degrading activities predicted from their struc-
tures similar to hnRNPA3. Through APEX proteomics and subsequent filtering, we selected nine RNA binding proteins (SFPQ, ALYREF, PPIA,
DDX39B, FKBP4, DHX9, SF3B2, PABPC1, and DDX5), whose abundance varied with the presence or absence of the (G4Cy)go repeat RNA, as
potential factors that might be relevant to hnRNPA3 mediated G4C, repeat RNA degradation (Figures 2F-2H, Tables S1, and S2).
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Figure 1. Biotin-phenol (BP)-labeling activity of hnRNPA3-V5-APEX2 protein in Hela cells

(A) Schematic of APEX2 proximity labeling assay.

(B) Schema showing the construct expressing the hnRNPA3-APEX2 fusion protein with inserted V5 tag.

(C) Detection of hnRNPA3-V5-APEX2 expression by western blotting with an anti-hnRNPA3, an anti-V5 tag, and anti-B-actin antibodies.

(D) Fluorescence images of Hela cells expressing hnRNPA3-V5-APEX2 with an anti-V5 tag antibody. Nuclei were visualized with DAPI.

(E) Timeline outlining the time-course assay to verify the BP labeling of hnRNPA3-V5-APEX2. The starting point (Day 0) was the seeding of Hela cells.

(F) Representative image of the time-course assay of hnRNPA3-V5-APEX2 biotinylation. The construct was expressed in Hela cells and treated with BP/H,O; (for
1,2, 5,15, and 30 min) detected by the streptavidin-HRP conjugate.

(G) Quantification of the hnRNPA3-V5-APEX2 biotinylation time-course assay. Three independent experiments were performed.

(H) Spatial characterization of hnRNPA3-V5-APEX2-mediated biotinylation. Biotinylated molecules were visualized using the NeutrAvidin-Alexa Fluor 488 (AF488)
conjugate. Nuclei were visualized with DAPI. Scale bars = 20 um. RRM, RNA recognition motif; Gly, glycine. *p < 0.05, **p < 0.001, and ***p < 0.0001 by one-way
ANOVA with Dunnett’s multiple-comparison test to non-H,O, treatment (—). A circle in the graphs represents the mean of two biological replicates. See also

Figure S1.

Identification of proteins associated with C9orf72 repeat RNA degradation

To test whether these nine RBPs indeed affect G4C, repeat RNA degradation, a secondary siRNA screening using quantitative reverse transcrip-
tion (gRT)-PCR was performed on G4C, repeat RNA-expressing Hela cells. Interestingly, of the nine RBP candidates, G4C, repeat RNA accumu-
lation increased only when PABPC1 expression was reduced with the corresponding siRNA (Figure 3A). Conversely, siRNA-mediated knockdown
of PPIA, FKBP4, and DDX39B reduced repeat RNA accumulation while DDX39B reduction missed statistical significance (p = 0.076). Reductions
of the other five RBPs did not affect the repeat RNA accumulation compared to non-targeting control knockdown (Figure 3A). These results impli-
cate that four of the nine RBPs we have identified as potential hnRNPA3 interactors affect the G4C, repeat RNA metabolism.
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Figure 2. Screening for identification of proximity proteins of hnRNPA3-APEX2 using LC-MS/MS and Gene Ontology (GO) analysis

(A) Schematic of APEX2 proteomics.

(B) Timeline of APEX2 proteomics with seeding of Hela cells as the starting point (Day 0).

(C) Schematic representation of plasmids expressing (G4Cy)go repeats and (G4Cy)o repeats. Both constructs contained an FLAG tag. Each plasmid was expressed
in Hela cells and detected by western blotting with an anti-FLAG-tag antibody.

(D and E) hnRNPA3-V5-APEX2 expressing Hela cells were treated with BP/H,0O, and pulled down using streptavidin magnetic beads. (D) Detection of biotin
signals using streptavidin-HRP conjugate. (E) Silver staining (n = 3). Black boxes indicate the lanes in which LC-MS/MS analysis were performed.

(F) Flowchart of the filtering of candidate proteins potentially involved in G,C, repeat RNA degradation from the 552 proteins identified by LC-MS/MS. QVs
reflected the signal intensity calculated by the Scaffold software.

(G) List of genes encoding proteins for which the absolute difference in AQVs between (G4Cy)go or (G4Cy)o repeats was equal to or more than 2.00 in the LC-MS/
MS analysis. Genes were classified using GO analysis. Nine RNA-binding proteins (RBPs) underlined were selected for secondary knockdown screening for G4C,
repeat RNA expression.

(H) GO enrichment analysis of 25 or 41 (increased or decreased in [G4Cslgo vs. [G4Colo) proteins that screened with AVQs using PANTHER classification system. bp,
base pair; BP (+), BP-treated; BP (—), BP-non-treated; Beads, streptavidin magnetic beads only; QV, quantitative value calculated in Scaffold software; AQV,
average of QVs within n = 3; FDR, false discovery rate. An asterisk (*) indicates FDR p < 0.05. See also Table S1 andS2.

PPIA and DDX39B maintain C90rf72 repeat RNA expression

In our secondary screening, we found that siRNA-mediated knockdown of PPIA, FKBP4, and DDX39B decreased repeat RNA accumulation
(Figure 3A). To exclude the off-target effects of siRNA and confirm the target effects, we performed qRT-PCR using alternative siRNAs target-
ing different sequences of each RBP (Figure S2). As a result, we validated that the reduction of PPIA and DDX39B led to a decrease in the
accumulation of repeat RNA in C9orf72 repeat-expressing Hela cells (Figure S2B and S2D). Therefore, in contrast to hnRNPA3 and
PABPC1, PPIA and FKBP4 appear to maintain the expression levels of G4C, repeat RNA via unidentified mechanisms. Although the mecha-
nisms of action of these molecules are of interest, the primary aim of this study was to find a repeat RNA degradation pathway associated with
hnRNPA3, and henceforth, the following analyses in this study focused on PABPC1, which may be involved in the degradation pathway.

Reduced PABPC1 expression promotes C9orf72 repeat RNA accumulation

PABPC1, a cytoplasmic isoform of poly (A)-binding proteins (PABP), directly binds to the polyadenylated sites of both unspliced and fully
spliced MRNA in mammalian cells.** Structurally, it contains four RNA recognition motifs (RRMs) in the N-terminal domain and one helical
domain consisting of five a-helices in the C-terminal domain.*® PABPC1 is localized in stress granules (SGs) during cellular stress condi-
tions***” and regulates RNA processes by incorporating mRNA into SGs.””*

First, in addition to the original siRNA targeting PABPC1 used in the secondary screening (#5), the knockdown of PABPC1 with another
siRNA targeting a different region (#7) confirmed the accumulation of repeat RNA in the (G4Cy)go-expressing Hela cells, as observed in those
cells upon hnRNPA3 knockdown (Figures 3B and 3C). Moreover, overexpression of siRNA-resistant PABPC1 reduced the accumulation of
(G4Co)go repeat RNA, with or without knockdown of endogenous PABPC1 (Figures 3D and 3E), further validating the involvement of
PABPC1 in G4C, repeat RNA degradation. Next, we tested whether a reduction in PABPC1 promotes the formation of repeat RNA foci as
a disease-associated phenotype of repeat RNA accumulation.”*’ Fluorescence in situ hybridization (FISH) analysis of (G4Cy)go expressing
Hela cells revealed that siRNA-mediated knockdown of PABPC1 increased the number of (G4C,)go repeat RNA foci positive cells, which is
comparable to cells with hnRNPA3 knockdown (Figures 3F and 3G). These results suggest that PABPC1 is involved in the degradation
pathway of G4C, repeat RNA as well as hnRNPA3.

PABPC1 is involved in the degradation of in vitro transcribed C9orf72 repeat RNA

To further validate the involvement of PABPC1 in the G4C, repeat RNA degradation pathway, irrespective of transcription, we performed a
time-dependent degradation assay of in vitro transcribed (G4Cy)go repeat RNA in the cells. First, we synthesized in vitro both 5 cap- and 3
poly (A)-attached (G4Cy)o or (G4Cy)so repeat RNA using each plasmid DNA as a template (Figure 2C). Agarose-formamide gel electrophoresis
confirmed expected RNA product sizes (Figure 3H). Next, in vitro transcribed G4C, repeat RNA was transfected into PABPC1-knockdown
Hela cells and quantified its amount at each time point (0, 3, 6, and 12 h) by gRT-PCR (Figure 3I). As expected, we found that the stability
of G4C; repeat RNA was relatively maintained in PABPC1-knockdown cells compared with the control knockdown cells (Figure 3J). Our results
support that PABPC1 is indeed involved in the degradation pathway of G4C; repeat RNA.

PABPC1 and hnRNPA3 collaborate in the C9orf72 repeat RNA degradation pathway

If PABPC1 and hnRNPA3 are in proximity, where does this occur in the cell? PABPC1 is enriched in the cytoplasm and partially shuttles into the
nucleus. % hnRNPA3 also shuttles between the nucleus and cytoplasm but is predominantly located in the nucleus and partially in the cyto-
plasm under physiological conditions.”’ Immunostaining revealed that PABPC1 was prominently localized in the cytoplasm, regardless of
hnRNPA3-V5-APEX2 expression (Figure S3).

To gain additional evidence of in vivo interaction between PABPC1 and hnRNPA3, together with information on localization, we performed
fluorescence in situ proximity labeling assay (PLA). Close protein-protein interactions within approximately 40 nm produce a PLA signal
through the hybridization of a pair of oligonucleotide-conjugated antibodies.””"** Strikingly, while the cells expressing (G4Co)g repeats
showed weak PLA signals between the anti-PABPC1 and anti-hnRNPA3 antibodies, the cells expressing (G4Cz)go repeat RNA showed
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Figure 3. siRNA-mediated single knockdown screening identified G,C, repeat RNA degrading-associated RNA-binding proteins (RBPs)

(A and C) Quantification of accumulated G4C; repeat RNA was normalized to B-actin. Quantitative RT-PCR was performed in seven (A) or six (C) independent
experiments.

(B) Western blotting images of the knockdown efficacy of two siRNAs targeting PABPC1.

(D) The expression of siRNA-resistant PABPC1 in Hela cells was detected by western blotting with anti-PABPC1 and anti-B-actin antibodies.

(E) Quantification of accumulated G4C, repeat RNA normalized to B-actin in rescue analysis. Quantitative RT-PCR was performed in three independent
experiments.

(F and G) siRNA-mediated single knockdown of PABPC1 increased RNA foci in Hela cells expressing (G4Cy)go repeats, as visualized by FISH targeting sense
repeat sequences. Six independent experiments were performed.

(H) Agarose-formaldehyde gel electrophoresis image of 5' cap- and 3’ poly (A)-attached in vitro transcribed (G4Cy)o or (G4Cy)go repeat RNA. In vitro transcription
of (G4Cy)go repeat RNA was performed in four independent test tubes.

() Timeline of in vitro transcribed G4C, repeat RNA degradation assay.

(J) Quantification of time-dependent degradation of G4C, repeat RNA was normalized to B-actin. Quantitative RT-PCR was performed in four independent
experiments. Quantification of (G4Cy)o repeat RNA was only performed at O h time point. Scale bars = 10 um. Ctrl, non-targeting siRNA; PABPC1ys or 47,
siRNA targeting PABPC1; PPIA,7, siRNA targeting PPIA; DDX39Bys, siRNA targeting DDX39B. *p < 0.05, **p < 0.001, ***p < 0.0001, and Tp =0.076. n:s.; not
significant by one-way ANOVA with Dunnett’s multiple-comparison test to control (A, C, and G), Tukey’s HSD test (E), or two-tailed paired Student's t-test
{([G4C2lgo repeat RNA + siCtrl) vs. ([G4Cjlgo repeat RNA + siPABPC1y5)} (J). A circle in the graphs represents the mean of two biological replications (A, C, E,
and J) or a result from the single culture well (G). The center lines in the boxplots represent the median, with the 25" and 75" percentiles marked by the box
limits. The whiskers represent the farthest data points, and the circles outside the boxes are outliers. The line graphs represent the mean + SEM. See also
Figure S2 and S3.

increased PLA signals (Figures 4A and 4B). Negative control PLA staining using either the PABPC1 antibody or hnRNPA3 antibody showed few
nonspecific signals, thus validating the specificity of the PLA signals (Figures 4A and 4B). Positive PLA signals were particularly enriched in the
cytoplasm; however, some signals were also detected in the nucleus. This finding is consistent with the predominant cytoplasmic biotinylation
observed in our APEX2 assay (Figure 1G).

Next, we investigated whether PABPC1 and hnRNPA3 are involved in the same pathway of G4C; repeat RNA degradation. To do so, we
performed gRT-PCR and FISH upon simultaneous knockdown of PABPC1 and hnRNPA3. If PABPC1 and hnRNPAS3 function in the same
RNA degradation pathway, no additive effect would be expected upon the double knockdown of these proteins, whereas if they are
on distinct degradation pathways, then there should be an additive effect on G4C; repeat RNA accumulation. As a result, two siRNA-medi-
ated simultaneous knockdowns of both PABPC1 and hnRNPA3 did not show additive effects on the accumulation of G4C; repeat RNA
(Figure 4C), and formation of (G4Cy)gp repeat RNA foci (Figures 4D and 4E). Previously, increased expression of hnRNPA3 has induced
G4C, repeat RNA reduction in the cellular model or the Drosophila model.”>"” Therefore, if PABPC1 is involved in the G4C, repeat
RNA degradation pathway in collaboration with hnRNPA3, PABPC1 reduction would diminish the effect of hnRNPA3 overexpression.
Indeed, an increased expression of hnRNPA3 reduced (G4Cy)go repeat RNA, and this effect was compromised by siRNA-mediated
PABPC1 knockdown (Figure 4F). Together, these results suggest that PABPC1 and hnRNPA3 in proximity collaborate in the same pathway
of G4C; repeat RNA degradation.

Reduced PABPC1 expression promotes C90orf72 repeat RNA foci formation in patient-derived cells

The expression of plasmid-derived G,C; repeat RNA had artificial sequences, including linker and tag regions, and the other plasmid-derived
sequences included a 3’ poly (A) tail. Since PABPC1 specifically binds to the poly (A) tail of mRNA, it is possible that APEX2 proteomics iden-
tified PABPC1 due to an artificial effect. Therefore, the crucial question is whether PABPC1 affects the degradation of G4C, repeat RNA in an
endogenous sequence context in cells derived from C9-FTLD/ALS patients. To answer this question, siRNA-mediated knockdown of PABPC1
was performed in fibroblasts from C9-FTLD/ALS patients and healthy controls,* and sense repeat RNA foci were visualized using FISH (Fig-
ure 5A, S4A, and $4D). Reductions in PABPC1 and hnRNPA3 increased both the frequency of G4C; repeat RNA foci positive nuclei and the
number of RNA foci per nucleus compared to those of control knockdown (Figures 5B, 5C, S4B, S4C, S4E, and S4F). These results indicate that
PABPC1 is indeed involved and collaborates with hnRNPA3 in the RNA degradation pathway of disease-causing expanded G4C; repeat RNA
in C9orf72 patient-derived cells.

PABPC1-mediated C90orf72 repeat RNA degradation pathway

Structurally, PABPC1 itself, as well as hnRNPA3, were assumed to have no RNA degradation function. Our recent study reported that the RNA
exosome complex is involved in G4C, repeat RNA degradation.* Decreased expression levels of the RNA exosome complex, which consists
of the core region and two ribonuclease subunits (EXOSC10 and DIS3), promote the accumulation of G4C; repeat RNA and the formation of
nuclear RNA foci in the cells.** Furthermore, PABPN1, one of the most abundant PABP isoforms in the nucleus, recognizes poly (A)-containing
RNA and functions as an adaptor of the RNA exosome complex for RNA degradation.***® Based on these findings, we hypothesized that
PABPC1 interacts with the RNA exosome complex to effectively degrade G4C, repeat RNA. EXOSC10 is known to be enriched in the nucleoli,
but a weak cytoplasmic distribution of EXOSC10 is also recognized, and DIS3 is both in the nucleus and cytoplasm.®*” Thus, to investigate
the interaction of PABPC1 and the RNA exosome complex in cells, we performed PLA in (G4Cy)go repeat-expressing cells. (G4Cy)go repeat-
expressing Hela cells showed more prominent PLA signals in the cytoplasm than (G4Cy)o repeat-expressing cells, whereas the negative
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Figure 4. Single and double knockdown of PABPC1 and hnRNPAS3 increased G,C, repeat RNA accumulation and RNA foci formation to the same level
(A and B) The proximity labeling assay (PLA) signal intensity of PABPC1 and hnRNPA3 was increased in Hela cells expressing the (G4Cy)go repeat. Six independent
experiments were performed.

(C) Relative quantification of accumulated G4C, repeat RNA normalized to B-actin in siRNA-mediated double knockdown of PABPC1 and hnRNPA3. Four
independent experiments were performed.

(D and E) siRNA-mediated double knockdown of PABPC1 and hnRNPA3 increased RNA foci in Hela cells expressing the (G4C»)go repeat, as visualized by FISH
targeting the sense repeat sequence.

(F) Quantification of accumulated G4C, repeat RNA was normalized to B-actin. Quantitative RT-PCR was performed in three independent experiments. Scale
bars = 20 um (A) and 10 um (D). Ctrl, non-targeting siRNA; PABPC1ys or 47, siRNA targeting PABPC1. *p < 0.05, **p < 0.001, and ***p < 0.0001. n.s.; not
significant by two-tailed paired Student's t-test (B) or one-way ANOVA with Tukey's HSD test (C, E, and F). A circle in the graphs represents the mean of two
biological replications (C and F) or a result of a single culture well (B and E). The center lines in the boxplots represent the median, with the 25" and 75"
percentiles marked by the box limits. The whiskers represent the farthest data points. See also Figure S3.

controls (PABPC1 alone, EXOSC10 alone, and DIS3 alone) showed few signals (Figures 6A-6D). In addition, when we reduced the expression
of each protein using siRNA, we detected weaker PLA signals than control knockdown in (G4Cy)go repeat-expressing cells (Figure S5). This
indicates that these PLA signals were certainly derived from targeted protein-protein interactions. XRN1 is a major 5'— 3’ exoribonuclease
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Figure 5. Knockdown of PABPC1 increased RNA foci formation in the C90rf72 mutation carrier-derived cells

(A) siRNA-mediated single or double knockdown of PABPC1 and hnRNPA3 increased RNA foci in the C90rf72 mutation carrier-derived fibroblasts visualized by
FISH targeting the sense repeat sequence. Nuclei were stained with DAPI.

(B) Quantification of % RNA foci positive nuclei. Six independent experiments were performed.

(C) Quantification of the number of RNA foci/nuclei. Eight independent experiments were performed. Scale bars = 10 um. Ctrl, non-targeting siRNA; PABPC 145 or
47, sSiRNA targeting PABPC1. *p < 0.05, and **p < 0.001. n.s.; not significant by one-way ANOVA with Tukey’s HSD test. A circle in the graphs represents a result of
asingle culture well. The center lines in the boxplots represent the median, with the 25 and 75! percentiles marked by the box limits. The whiskers represent the

farthest data points, and the circles outside the boxes are outliers. See also Figure S4.

in the cytoplasm, degrading RNA in the opposite direction to the RNA exosome complex. If the RNA exosome complex and PABPC1 interact
on the 3’ side of the RNA, XRN1, which is on the 5’ side of the RNA substrate, is not expected to be present in the proximity of PABPC1. To
experimentally validate this expectation, PLA of PABPC1 and XRN1 was performed (Figures 6E and 6F). In clear contrast to the PLA of PABPC1
and the components of the RNA exosome complex (Figures 6A-6D), the PLA signals of PABPC1-XRN1 did not increase in (G4Cp)go repeat-
expressing cells (Figures 6E and 6F). This result further implicates the specific contribution of PABPC1 to RNA exosome-mediated G,C,
repeat RNA degradation. These results suggest that in the presence of G4C, repeat RNA, PABPC1 is in proximity with the RNA exosome
complex, a genuine and pervasive RNA-degrading machinery.

Differential effects of PABPC1 and hnRNPA3 on RAN translation

In eukaryotic cells, the 5 cap and 3’ poly (A) tail of mRNA are structurally required for efficient translation. PABP interacts with translation
initiation factors, such as elF4G, to recognize the 5 cap and form a closed-loop mRNA structure, which helps protein synthesis through
efficient AUG-dependent translation.’”*® To investigate the effect of PABPC1 or hnRNPA3 reduction on global translation, we performed
a SUnSET assay.”” Puromycin, an analog of aminoacyl-tRNA, was incorporated into the newly synthesized peptide chains. The signal in-
tensity of puromycin-labeled proteins reflects the efficiency of global translation. Compared with the non-targeting control, PABPC1
and hnRNPA3 knockdown did not affect the amount of puromycin-incorporated protein (Figures S6A and S6B). When the cells were
treated with cycloheximide (CHX), the signal intensity of puromycin was significantly reduced (Figures S6A and S6C). These results suggest
that the transient reduction of PABPC1 and/or hnRNPA3 did not compromise global translation, at least under our experimental

conditions.
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Figure 6. PABPC1 and RNA exosome complex present in proximity in G4C, repeat RNA-expressing cells
(A-D) The PLA signal intensity of PABPC1 and RNA exosome components (EXOSC10 and DIS3) was increased in Hela cells expressing the (G4C5)go repeat.
(E and F) The PLA signal intensity of PABPC1 and XRN1 did not increase in Hela cells expressing the (G4Cy)go repeat compared with cells expressing the (G4Cy)o
repeat. Six independent experiments were performed. Scale bars = 20 um **p < 0.001 and ***p < 0.0001. n.s.; not significant by two-tailed paired Student's t-test.
A circle in the graphs represents a result of a single culture well. The center lines in the boxplots represent the median, with the 25" and 75" percentiles marked
by the box limits. The whiskers represent the farthest data points. See also Figure S5.

An important consequence of RNA accumulation is increased global protein translation. The G4C; repeat RNA is translated into DPR
through RAN translation.”*%*%*" The neurotoxicity of DPR has been shown in multiple disease models and postulated in C9-FTLD/ALS pa-
tients.>”™’ We previously reported that siRNA-mediated knockdown of hnRNPA3 leads to increased DPR expression in cellular and
Drosophila models of C9-FTLD/ALS.">'*"? In the current study, PABPC1 knockdown, as well as hnRNPA3 knockdown, increased G4C; repeat
RNA levels. Therefore, we examined whether reduced expression of PAPBC1 also increases DPR expression.

To do so, we transfected a CMV promoter-driven (G4Cp)go repeat plasmid into Hela cells (Figure 7A). Consistent with a previous re|oor‘[,15
the knockdown of hnRNPA3 increased poly-GA expression (Figures 7B and 7C). Unexpectedly, the knockdown of PABPC1 had no effect on
poly-GA expression (Figures 7B and 7C), despite increasing the accumulation of G4C, repeat RNA compared to the control knockdown (Fig-
ure 4C). While PABPC1 and hnRNPA3 have similar effects on repeat RNA degradation, these seemingly opposite results on RAN translation
suggest that hnRNPA3 has an additional activity that inhibits RAN translation, whereas PABPC1 does not. Therefore, we examined poly-GA
expression through RAN translation under PABPC1 and hnRNPA3 double knockdown conditions. The simultaneous reduction in PABPC1 and
hnRNPA3 expression had no additive effect on G4C; repeat RNA accumulation (Figure 4C). However, this significantly increased poly-GA RAN
translation compared to PABPC1 knockdown alone (Figures 7D and 7E).

Collectively, these results suggest that hnRNPA3, but not PABPC1, has a latent suppressive effect on RAN translation while sharing similar
consequences on the degradation of G4C; repeat RNA.
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Figure 7. Simultaneous reductions of PABPC1 and hnRNPA3 promotes repeat-associated non-AUG (RAN) translation, but not when PABPC1 is reduced
alone

(A) Plasmids expressing (G4Cy)go repeat and (G4Cy)o repeat. Both plasmids contained FLAG tag sequences.

(B and C) FLAG-tagged poly-GA expression increased with a single knockdown of hnRNPA3 but not with a single knockdown of PABPC1.

(D and E) FLAG-tagged poly-GA expression increased by PABPC1 and hnRNPA3 double knockdown. bp, base pair. Three (C) or four (E) independent
experiments with two biological replicates were performed. A circle in the graphs represents the mean of two biological replicates. Ctrl, non-targeting
siRNA; PABPC1ys or 47, siRNA targeting PABPC1. *p < 0.05 and **p < 0.001. n.s.; not significant by one-way ANOVA with Tukey’s HSD test. All bar graphs
are shown as the mean + SEM. See also Figure S6.

DISCUSSION

Because G4C; repeat RNA is located upstream of C9-FTLD/ALS pathological cascades, it is important to elucidate the pathway of G4C; repeat
RNA degradation. Increased expression of hnRNPA3 reduced repeat RNA accumulation'”'>'” and hnRNPA3 does not appear to have a direct
RNA-degrading function; hence, we hypothesized that hnRNPA3 and its associating factors cooperate in the degradation of G4C, repeat RNA.

Through the stringent filtering protocol followed by the secondary screening of siRNA-mediated knockdown, we revealed that some RBPs
were potentially involved in C9orf72 repeat RNA degradation in the cells. PPIA is an isoform of the peptidyl-prolyl cis-trans isomerase, and
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DDX39B is a member of the DEAD box family of RNA-dependent ATPases. These two RBPs may indeed inhibit G4C, repeat RNA degrada-
tion; however, further investigation is required for experimental validation. PABPC1°® and hnRNPA3'? have been reported to bind to G,C,
repeat RNA. The current study revealed that PABPC1 and hnRNPA3 cooperate in the G4C; repeat RNA degradation pathway.

PLA signals between endogenous hnRNPA3 and endogenous PABPC1 were significantly increased in the presence of G4C; repeat RNA
and clear evidence of their functional interactions was provided; however, the overexpressed hnRNPA3-APEX2-mediated PABPC1 bio-
tinylation in G4C, repeat expressing cells was rather decreased. Currently, we have no clear explanation for the observation. Overexpression
of hnRNPA3-APEX2 fusion construct itself might affect the intermolecular distance of hnRNPA3-APEX2 and PABPC1 in the presence or
absence of G4C, repeat RNA, and/or differences in detectable intramolecular distances between the two assays (<20 nm in APEX2 assay,
and <40 nm in PLA) might also affect the result.

Since PABPC1 and hnRNPA3 were expected to have no intrinsic RNase activity, we assumed that there are unknown downstream effectors
that collaborate with them and execute repeat RNA degradation. In this study, we suggest that the RNA exosome complex is one of such
executors responsible for PABPC1-mediated G,C, repeat RNA degradation. In a previous study, we showed that the RNA exosome complex
is involved in G4C, repeat RNA degradation.® In line with the evidence that G,C, repeat-expanded intron-containing RNA is polyadenylated
in the expansion carriers,” our findings implicate that PABPC1 and hnRNPA3 recognize the G4C, repeat RNA transcript and recruit the RNA
exosome complex, but not XRN1, to degrade the repeat RNA from the 3’ end.

Although PABPC1 predominantly localizes in the cytoplasm and interacts with the components of RNA exosome complex in the presence of
G4C; repeat RNA, the reduction of PABPC1 promotes the formation of RNA foci in the cell nucleus. These results suggest that in addition to its
role in RNA degradation, PABPC1 may also be involved in the transport of G,C; repeat RNA from the nucleus to the cytoplasm. Indeed, PABPC1
has previously been reported as a nuclear-cytoplasmic shuttling protein and is known to bind to newly synthesized RNA in the nucleus.>

PABPC1 and translation initiation factors recognize the 5’ cap and 3’ poly (A) tail of mRNA to help synthesize proteins through the AUG-
dependent translation mechanism.*®° Since PABPC1 plays a key role in the AUG-dependent protein synthesis, we initially expected that
PABPC1 may be an essential factor for RAN translation. However, this was not the case. In contrast to the reduction of hnRNPA3, the reduction
of PABPC1 showed no effect on poly-GA expression levels, despite increasing G4C, repeat RNA levels and RNA foci formation. Moreover,
simultaneous reduction of hnRNPA3 in addition to PABPC1 unleased poly-GA expression through RAN translation. These results indicate that
hnRNPA3 has an additional role in repressing RAN translation that has not previously been distinguished from its effect on repeat RNA degra-
dation. Our current findings end up with a new question that remains to be answered; "How does hnRNPA3 inhibit RAN translation?”.

Collectively, we revealed that PABPC1 in association with the RNA exosome complex plays a role in the hnRNPA3-mediated degradation of
pathological G4C; expanded repeat RNA. Moreover, we found a novel aspect of hnRNPA3 in the suppression of RAN translation, thus providing
further evidence of the complexity between RNA degradation and translation. Our study elucidated a mechanistic example of RNA binding
protein-mediated degradation of G4C, repeat RNA. Facilitation of efficient degradation of G4C; repeat RNA is a way to compensate neurode-
generation and may help develop new therapeutic strategy for C9-FTLD/ALS and even other repeat expansion diseases.

Limitations of the study

We recognize our study has at least five limitations. First, hnRNPA3-APEX2-fusion protein biotinylated proximate molecules primarily in the cyto-
plasm. This could be partly because the hydrophilicity of the hydroxy group attached to the phenyl group of BP makes it difficult for BP to pene-
trate the nuclear membrane.?*° Additional approaches are needed to learn about the proximity molecules of hnRNPA3 in the nucleus and the
RNA degradation pathways mediated by them. Second, in the primary screening with LC-MS/MS and Gene Ontology analysis, the criteria and
filtering protocols might be too stringent, and we might have missed proteins that were potentially important in the hnRNPA3-mediated G4C,
repeat RNA degradation pathway. Further analysis of these proteins may provide additional insights into the RNA degradation pathway,
including how the silencing of PABPC1 affects RNA foci in the nucleus. Third, our study suggested that the mode of interaction between
hnRNPA3 and hnRNPA3 interactors is altered by the expression of G4C, repeat RNA, but whether these interactions are truly RNA-dependent
has not been experimentally validated. Fourth, there is limited validation data with patient-derived cells: knockdown of PABPC1 does indeed
affect the accumulation of G4,C; repeat RNA foci in C9-FTLD/ALS patient-derived fibroblasts; however, biochemical measurement of the repeat
RNA and DPR levels have not been performed on patient-derived cells. Fifth, although APEX2 proteomics and PLA showed that PABPC1-
hnRNPA3 and PABPC1-RNA exosome complex are in proximity in the G,C; repeat RNA degradation pathway, it remains unclear the underlying
molecular mechanisms by which PABPC1 interacts with hnRNPA3 and RNA exosome complex, thus leaves room for further investigations.
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SOURCE

IDENTIFIER

Antibodies

Rabbit anti-DYKDDDDK (FLAG) tag (WB: 1:1000)
Mouse anti-V5 tag (WB: 1:1000, IF: 1:1000)
Rabbit anti-hnRNPA3 (WB: 1:1000, PLA 1:1000)

Mouse anti-PABPC1 (WB: 1:1000, IF: 1:100,
PLA: 1:500)

Mouse anti-cyclosporin A (WB: 1:200)

Mouse anti-BAT1/DDX39 (WB: 1:200)

Rabbit anti-EXOSC10 (WB: 1:500, PLA: 1:100)
Rabbit anti-DIS3 (WB: 1:2000, PLA: 1:500)
Rabbit anti-B-actin (WB: 1:1000)

Rabbit anti-XRN1 (PLA: 1:500)

Mouse anti-puromycin (WB: 1:25000)

Cell Signaling Technology
Abcam
Abcam

Santa Cruz Biotechnology

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Atlas Antibodies
Proteintech

Cell Signaling Technology
Invitogen

Merck Millipore

Cat# 2368; RRID: AB_2217020
Cati# ab27671; RRID: AB_471093
Cati# ab78300; RRID: AB_2041662
Cat# sc-32318; RRID: AB_628097

Cat# sc-134310; RRID: AB_2169131
Cat# sc-271395; RRID: AB_10609494
Cat# HPA028484; RRID: AB_10611250
Cat# 29664-1-AP; RRID: AB_2918336
Cat# 4970; RRID: AB_2223172

Cat# PA5-5711; RRID: AB_2649702
Cat# MABE343; RRID: AB_2566826

Goat anti-Rabbit IgG (H + L) HRP Conjugate Promega Cat# W401B
(WB: 1:20000)

Goat anti-Mouse IgG (H + L) HRP Conjugate Promega Cat# W402B
(WB: 1:10000)

Bacterial and virus strains

NEB Stable Competent E. coli (High Efficiency) New England BioLabs Cat# C3040
Chemicals, peptides, and recombinant proteins

Streptavidin-Horseradish Peroxidase (HRP) Invitrogen Cat# SA10001
Conjugate (Far-WB: 1:5000)

AlexaFlour 488 streptavidin conjugate Invitrogen N/A

(IF: 1:4000)

Puromycin Nacalai Tesque N/A
Cycloheximide FUJIFILM Wako N/A
NanoLINK Streptavidin Magnetic Beads Vector Laboratories Cat# M-1002

Biotin-Phenol

Hydrogen Peroxide solution

cOmplete Protease Inhibitor
Opti-MEM

Lipofectamine RNAIMAX
Lipofectamine LTX

PLUS reagent

I-Block Protein-Based Blocking Reagent
4%-Paraformaldehyde phosphate buffer solution
M-MLV Reverse Transcriptase

RiboLock RNase Inhibitor

PCR nucleotide mix

Formamide

Ribonucleoside-vanadyl complex
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AdipoGen

Nacalai Tesque

Roche

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Invitrogen

Nacalai Tesque
Promega

Thermo Fisher Scientific
Roche

FUJIFILM Wako

New England BioLabs

Cat# CDX-B0270
Cat# 20779-65
N/A

N/A

N/A

N/A

Cat# 11514015
Cat# T2015
Cat# 09154
N/A

N/A

N/A

N/A

Cat# S1402S

(Continued on next page)
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3’—O—Me—m7GpppG anti-reverse cap analog (ARCA) New England BioLabs Cat# S1411

RQ1 RNase-free DNase Promega Cat# M6101

E. coli Poly (A) Polymerase New England BioLabs Cat# M0276

RNase Inhibitor, Murine New England BioLabs Cat# M0314

Agarose S
Formaldehyde Solution
RNA ladder (0.125-6 kb)

FUJIFILM Wako
FUJIFILM Wako
FUJIFILM Wako

Cat# 312-01193
Cat# 061-00411
Cat# 311-06261

Critical commercial assays

DCA assay kit

Silver Stain MS Kit

RNeasy MINI kit

QlAshredder

TURBO DNA-free kit

Duolink PLA Detection Reagent

Duolink In Situ PLA Probe Anti-Rabbit PLUS probes
Duolink In Situ PLA Probe Anti-Mouse MINUS probes
HiScribe T7 high-yield RNA synthesis kit

Bio-Rad Laboratories
FUJIFILM Wako
QIAGEN

QIAGEN

Invitrogen
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

New England BioLabs

N/A

Cat# 299-58901
Cat# 74106
Cat# 79656
Cat# AM1907
N/A

Cat# DUO92002
Cat# DUO92004
Cat# E2040S

RNA clean and Concentrator-25 kit Zymo Research Cat# R1017
Experimental models: Cell lines

HelLa cells (human) ATCC Cat# CCL-2
Fibroblasts (human) Mori et al.’® N/A
Oligonucleotides

ON-TARGETplus siRNA Dharmacon See Table S3
Oligo-(dT) 12-18 Primer Invitrogen Cat# 18418012
Repeat TAG Primer Forward: TCTCAAACTGG Mori et al.' N/A
GATGCGTAC

Repeat TAG Primer Reverse: GTAGTCAAGC Mori et al."” N/A
GTAGTCTGGG

Repeat TAG Probe:/56-FAM/TGCAGATAT/ Mori et al.’® N/A
Zen/CCAGCACAGTGGCG/3IABKFQ/

B-actin Primer Forward: ACAGAGCCTCGCCTTTG IDT N/A

B-actin Primer Reverse: CCTTGCACATGCCGGGAG IDT N/A
B-actin Primer Probe:/56-FAM/TCATCCATG/Zen/ IDT N/A
GTGAGCTGGCGG/3IABKFQ/

5" Cy-3-labeled (C4G,) x4 probe IDT N/A

5’ cap-/3' poly (A) tail-attached (G4C;)o or This paper N/A
(G4Co)go repeat RNA

Recombinant DNA

Plasmid: hnRNPA3-V5 tag-APEX2 expression This paper N/A
constructs

Plasmid: EF1 promoter-driven (G4Cp)o or (GaC2)so Mori et al."”® N/A
repeat expression vectors

Plasmid: CMV promoter-driven (G4C5)g or (G4C)so Mori et al.® N/A

repeat expression vectors

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: siRNA-resistant PABPC1 constructs This paper N/A

Plasmid: mCherry-hnRNPA3 constructs Mori et al.'” N/A

Software and algorithms

Mascot software http://www.matrixscience.com/ N/A

UniProt database https://www.uniprot.org/ N/A

Scaffold software https://www.proteomesoftware.com/ N/A

AmiGO 2 database http://amigo.geneontology.org/ N/A
amigo

PANTHER classification system 18.0 https://pantherdb.org N/A

ZEN software https://www.zeiss.com/microscopy/ N/A
en/products/software/zeiss-zen.html

ImageJ software https://imagej.nih.gov/ij/ N/A

Multi Gauge software FUJIFILM N/A

JMP Statistical software https://www.jmp.com/en_us/ N/A
home.html

Other

SnakeSkin dialysis tube (10-kDa molecular Thermo Fisher Scientific Cat# 68100

weight cutoff)

Amersham Imager 600 or 680 GE Healthcare N/A

Countess 3 automated cell counter Invitrogen N/A

Confocal Laser Scanning Microscope LSM710 Carl Zeiss N/A

UltiMate 3000 Nano LC systems Thermo Fisher Scientific N/A

Q-Exactive Thermo Fisher Scientific N/A

ViiA7 Real-Time PCR System Applied Biosystems N/A

QuantStudio 6 Pro Applied Biosystems N/A

WSE-5400 Printgraph Classic ATTO N/A

RESOURCE AVAILABILITY
Lead contact

Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Kohji Mori (kmori@psy.med.osaka-

u.ac.jp).

Materials availability

All reagents generated in this study will be available with a completed material transfer agreement.

Data and code availability

e Data reported in this paper will be shared by the lead contact upon request.

e This paper does not report original code.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

Hela cells were obtained from the American Type Culture Collection and cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco)
supplemented with 10% fetal bovine serum (Sigma-Aldrich) and penicillin (100 U/mL)/streptomycin (100 pg/mL) (P/S). The cell incubator main-
tained its temperature at 37°C and the CO, concentration at 5.0%. Cell confluency was measured using a Countess 3 automated cell counter

(Invitrogen). Hela cells were seeded at a density of 1.30 x 10° cells/mL for the following biological experiments.
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Patient-derived fibroblasts

We used fibroblast cell lines obtained from C%orf72 mutation ALS cases (n = 3) and healthy cases (n = 2). The cells were acquired based on
informed consent following the Helsinki Convention.'>** Fibroblasts were cultured in DMEM supplemented with 20% fetal calf serum (FCS)
and P/S. The expanded C9orf72 repeat sequence was verified using repeat prime PCR.®’

METHOD DETAILS

Plasmids

The EF1 promoter- or CMV promoter-driven (G,Cy)go repeat expression vectors have been described previously.”'** The control vector
lacking the G4C, repeat sequence (0 repeat) has also been described previously.'” To generate the hnRNPA3-V5-APEX2 expression vector,
the hnRNPA3 sequence lacking the TAA stop codon was amplified from the mCherry-hnRNPA3 vector'® and subcloned into Hindlll/BamHI
sites of pcDNAS/FRT/TO vector (Invitrogen). hnRNPAZ3, in which repetitive and higher-structure-forming sequences have been designed to
minimize while conserving the primary amino acid sequence.'” V5 tag-APEX2-cording DNA fragments were synthesized, HPLC purified
(fasmac), and subcloned into BamH]I sites (hnRNPA3-V5-APEX2 vector). For rescue experiments, a siRNA-resistant version of the PABPC1
construct containing several silent mutations in siRNA-targeted sequences was obtained from GenScript. The DNA sequence was confirmed
by Sanger sequencing.

siRNA-mediated knockdown and plasmid transfection

The siRNAs were obtained from Dharmacon (Table S3). Ten nanomoles of each siRNA were reverse-transfected using Opti-MEM and lipofect-
amine RNAi Max (Thermo Fisher Science). After overnight incubation, DMEM was exchanged and 500 ng/pL of each plasmid was transfected
with lipofectamine LTX and PLUS reagent (Thermo Fisher Science). DMEM was exchanged after 6 h of incubation. The cells were cultured for
24 h after plasmids transfection for following experiments.

Western blot (WB)

HelLa cells were lysed with RIPA buffer and sonicated using a Bioruptor (BM Equipment) for 10 min with cycles of 30 s on/30 s off. SDS loading
buffer was added to the cell lysates and boiled at 100°C for 10 min. The samples were then separated on a 10% tris-glycine gel and transferred
onto a PVDF membrane (Sigma-Aldrich). After blocking with I-Block (Applied Biosystems) in phosphate-buffered saline (PBS), the membrane
was incubated in primary antibody solution overnight at 4°C. The following day, the membrane was washed with TBST and incubated in
HRP-conjugated secondary antibody solution for 1 h. HRP signals were detected with ECL Western Blotting Detection Reagents (Cytiva),
and images were obtained using Amersham Imager 600 or Amersham Imager 680 (GE Healthcare). The HRP signal intensity of each protein
band was quantified using Multi Gauge software (version 3.0) (FUJIFILM).

Immunofluorescence

The cells cultured on glass coverslips were fixed in 4% paraformaldehyde phosphate buffer solution (Nacalai Tesque) and permeabilized with
0.2% Triton X-100. The cells were washed with PBS and blocked with 5% FCS for 30 min at room temperature. The blocking solution was then
removed, replaced with primary antibody solution, and incubated overnight at room temperature. The following day, the cells were washed
with PBST for 5 min and incubated in a secondary antibody solution for 60 min at room temperature. The cells were washed thrice with PBST
and further washed with PBS. The cell nuclei were counterstained with 0.1 pg/mL DAPI for 20 min at room temperature and then washed three
times with 0.02% Tween in PBS. Coverslips were mounted on glass slides using ProLong Diamond Antifade (Life Technologies). Fluorescence
images were obtained using a Confocal Laser Scanning Microscope LSM710 (Carl Zeiss).

APEX2 time-course assay

Hela cells were cultured in 24-well plate. Cells were incubated in DMEM medium containing 250 uM biotin-phenol (Adipogen) for 30 min at 37°C
to provide substrates for the APEX2 enzyme. Next, to stimulate the APEX2 enzyme, cells were treated with 2 mM hydrogen peroxide (H,O5)
solution (Nacalai Tesque) for indicated time (1, 2, 5, 15, and 30 min) at room temperature. After stimulation, the medium was quickly aspirated,
and APEX2-mediated biotinylation was quenched by three treatments with ice-cold quenching buffer containing 500 mM Trolox (Sigma-Aldrich),
1 M sodium ascorbate (Nacalai Tesque), and 1 M sodium azide (Wako). Cells were washed with PBS and then subjected to WB.

APEX2 proximity labeling assay

Hela cells were cultured in 10 cm dishes. hnRNPA3-V5-APEX2 expression cells were treated with 250 uM biotin-phenol (Adipogen) for 30 min
at 37°C followed by 2 mM hydrogen peroxide (H,O,) solution (Nacalai Tesque) for 1 min at room temperature. After treatment, APEX2-medi-
ated biotinylation was quenched with same step as described above. Cells in dishes were treated with lysis buffer containing 50 mM Tris-HClI,
500 mM NaCl, 0.2% SDS, 1 mM DTT, 10 mM sodium azide, 10 mM sodium ascorbate, 5 mM Trolox (Sigma-Aldrich), and cOmplete protease
inhibitor (Roche) for 15 min on ice to lyse cells. Cells were then scraped into microtubes with cell scrapers and sonicated for 21 min with 60-s
on/30-s off cycles. The cell lysate was centrifuged (21,500 X g) for 12 min at 4°C, and the collected supernatant was diluted with the same
volume of 50 mM Tris-HCI. The supernatant was transferred into a SnakeSkin dialysis tube (10-kDa molecular weight cutoff, Thermo Fisher
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Science) and spun overnight at 4°C with dialysis buffer (50 mM Tris-HCI, 250 mM NaCl, 0.1% SDS, 1% Triton X-100) to remove excess biotin
from the samples. The dialysis buffer was replaced every hour for the first 4 h. The next day, the total protein concentration in each sample was
quantified using a DC protein assay kit (Bio-RAD), and then to align the protein concentration, samples were diluted with ultra-pure water. To
collect the biotin-labeled proteins, NanoLink Streptavidin Magnetic Beads (Vector) were added to each sample and agitated overnight at
4°C. The next day, the supernatant was discarded, and magnetic beads were washed with a series of four wash buffers (Buffer 1; 2% SDS.
Buffer 2; 50 mM Tris-HCI, 100 mM NaCl, 0.1% deoxycholic acid, 1% Triton X-100, 1 mM EDTA. Buffer 3; 10 mM Tris-HCI, 250 mM NaCl,
0.5% deoxycholic acid, 0.5% NP-40, 1 mM EDTA. Buffer 4; 50 mM ammonium bicarbonate) at 4°C for 5 min. Next, to dissociate biotin-labeled
proteins from streptavidin beads, an SDS loading buffer containing 20 mM DTT and 2 mM biotin was added to the samples and boiled for
10 min at 100°C. Samples were prepared for subsequent SDS-PAGE experiments. The gels were stained using the Silver Stain MS kit (Wako)
and used as samples for mass spectrometry to visualize the proteins.

Mass spectrometry and Gene Ontology analysis

The lanes of interest were cut from the acrylamide gels and subjected to reduction, alkylation, and in-gel trypsin digestion. Peptides were
injected into UltiMate 3000 Nano LC systems (Thermo Fisher Scientific), followed directly by LC-MS/MS analysis on a Q-Exactive (Thermo
Fisher Scientific). Protein identification was performed using Mascot (Mascot Distriller_version 2.5 and Mascot Server_version 2.5) (Matrix
Science) software and the UniProt database. Scaffold software (version Scaffold_4.4.3) (Proteome Software Inc.) was used to quantify the
detected proteins. Quantitative values (QVs) corresponding to the number of identified proteins were calculated for each treatment condition
using the following criteria: Protein Threshold: 99.0% minimum, Peptide Threshold: 90.0%, and two peptides minimum. The calculated QVs of
detected proteins were obtained as follows.

Calculated QVs of each protein = (QVs in BP-treated) — (QVs in BP-non-treated)
— (QVs in streptavidin magnetic beads only)

The average QVs (AQVs) were then calculated with the mean of them in triplicates.

The AmiGO 2 database (version 2.5.17) was used for GO analysis. GO enrichment analysis was performed using PANTHER classification
system (version 18.0). The following annotation filters were applied to GO analysis: Organism: Homo sapiens, Aspect: molecular function, and
Contributor: UniProt.

Quantitative reverse transcription (QRT)-PCR

The cells expressing (G4Co)so repeat RNA, incubated in a 12-well plate, were lysed with Buffer RLT (RNeasy MINI kit, QIAGEN). Total RNA was
then purified using the RNeasy MINI kit and QlAshredder (QIAGEN). RNA preparations were treated using a TURBO DNA-free kit (Invitro-
gen). RNA samples were then equally diluted in RNase-free water, mixed with Oligo-(dT) (Invitrogen), and incubated for 5 min at 65°C. RNA
was reverse transcribed with reverse transcription reaction solution containing M-MLV Reverse Transcriptase (Promega), RiboLock RNase In-
hibitor (Thermo Fisher Scientific), and PCR nucleotide mix (Roche). Quantitative reverse transcription (QRT)-PCR was performed using TagMan
technology. Probes and primers were designed for the 3' TAG region of the repeat construct, as previously reported.®* Repeat TAG Primer 1:
TCTCAAACTGGGATGCGTAC, Repeat TAG Primer 2: GTAGTCAAGCGTAGTCTGGG, Probe:/56-FAM/TGCAGATAT/Zen/CCAGCACAG
TGGCG/3IABKFQ/. B-actin primer 1: ACAGAGCCTCGCCTTTG, B-actin primer 2: CCTTGCACATGCCGGGAG, Probe:/56-FAM/TCATCCA
TG/Zen/GTGAGCTGGCGG/3IABKFQ/. Quantitative RT-PCR was performed using the ViiA7 Real-Time PCR System (Applied Biosystems) or
QuantStudio 6 Pro (Applied Biosystems). Each biological sample was analyzed in triplicate, and the signal intensity was computed by the
AACt method using B-actin as the endogenous control.

Fluorescence in situ hybridization (FISH)

The cells cultured on glass coverslips were fixed in 4% paraformaldehyde and permeabilized with 0.2% Triton X-100, followed by washing with
2 x SSC and then incubated at 57°C for 30 min in prehybridization solution containing 40% formamide (Wako), 2 x SSC, 0.8 mg/mL tRNA
(Roche), 0.8 mg/mL single strand salmon sperm DNA (Sigma-Aldrich), 0.16% BSA, 8% Dextran sulfate (Sigma-Aldrich), 1.6 mM Ribonucleo-
side-vanadyl complex (New England Biolabs) and 5 mM EDTA. Then the coverslips were incubated at 57°C overnight in hybridization solution
containing 40% formamide (Wako), 2 x SSC, 0.8 mg/mL tRNA (Roche), 0.8 mg/mL single strand salmon sperm DNA (Sigma-Aldrich), 0.16% BSA,
8% Dextran sulfate (Sigma-Aldrich), 1.6 mM Ribonucleoside-vanadyl complex (New England Biolabs), 5 mM EDTA, 20 ng (Hela) or 10 ng (fibro-
blast)/mL5 Cy3-labeled (C4G,) X 4 probe (IDT).* The following day, cells were washed three times for 30 min each at 57°C with 40% formamide
(Wako), 0.5 x SSC, and then with 0.5 x SSC for 10 min each at room temperature. After a brief rinsing with PBS, nuclei were stained with 0.1 ng/mL
DAPI for 20 min and then washed three times with 0.02% Tween in PBS for 5 min each. Glass coverslips were mounted with ProLong Diamond
Antifade (Life Technologies). Fluorescence images were obtained using a Confocal Laser Scanning Microscope LSM710 (Carl Zeiss).

Proximity ligation assay (PLA)

Hel.a cells cultured on glass coverslips were fixed in 4% paraformaldehyde phosphate buffer solution (Nacalai Tesque) for 15 min, washed with
PBS, and permeabilized with 0.2% Triton X-100. The proximity ligation assay (PLA) was performed according to the Duolink PLA Fluorescence
Protocol (Sigma-Aldrich). The cultures were incubated in Duolink Blocking Solution at 37°C for 1 h, and then the blocking solution was

20 iScience 27, 109303, March 15, 2024



iScience ¢? CellPress
OPEN ACCESS

removed and replaced with primary antibody solution diluted in Duolink Antibody Diluent overnight at room temperature. The coverslips
were washed twice with Wash buffer A (Sigma-Aldrich) for 5 min each, then Duolink In Situ PLA Probe Anti-Rabbit PLUS and Duolink In
Situ PLA Probe Anti-Mouse MINUS probes (Sigma-Aldrich) diluted in Duolink Antibody Diluent were applied, and then the coverslips
were incubated in a humidified chamber for 1 h at 37°C. After washing the coverslips with wash buffer A, ligase mixed with Duolink Ligation
Buffer (Sigma-Aldrich) was applied and incubated for 30 min at 37°C. Then, the coverslips were washed twice with wash buffer A, followed by
the addition of amplification solution and incubation for 100 min at 37°C. The coverslips were washed twice in wash buffer B (Sigma-Aldrich)
for 10 min each and then mounted with Prolong Diamond antifade (Life Technologies). Imaging was performed using a Confocal Laser
Scanning Microscope LSM710 (Carl Zeiss).

RNA in vitro transcription and electrophoresis

The protocol of in vitro transcription was described in the previous report.®” Briefly, T7 promoter-driven (G4Cy)so repeat and (G4Co)o expres-
sion vectors were linearized with Pmel and used as templates for in vitro transcription assay with HiScribe T7 high-yield RNA synthesis kit (New
England Biolabs). In vitro transcription was performed according to the manufacturer’s protocol. In this step, to attach a 5’ cap to RNA, 10 mM
3-O-Me-m’GpppG anti-reverse cap analog (ARCA) (New England Biolabs) was added, and then incubated at 37°C for 3 h. To remove
plasmid DNA, the reaction mixture was treated with RQ1 RNase-free DNase (Promega) at 37°C for 15 min. Next, polyadenylation of the syn-
thesized RNA was performed in reaction solution containing 1 mM ATP (New England Biolabs), E. coli Poly (A) Polymerase (New England
Biolabs), and 4,000 U/mL Murine RNase inhibitor (New England Biolabs) at 37°C for 30 min. Then, 5’ cap- and 3’ poly (A)-attached synthesized
RNA was purified using RNA Clean & Concentrator-25 kit (Zymo Research). For the quality evaluation of the synthesized RNA, 1.5%
Agarose-2.2 M formaldehyde gel electrophoresis was performed with RNA ladder (0.125 - é6kb) (Wako). The images of separated RNA bands
were obtained using WSE-5400 Printgraph Classic (ATTO).

In vitro transcribed RNA time-dependent degradation assays

Hela cells were seeded in 12-well plates. After two nights of incubation, DMEM was exchanged and 200 ng/pL of each in vitro transcribed
(G4Co)go or (G4Cy)g repeat RNA were transfected into the cells with Opti-MEM, lipofectamine LTX, and PLUS reagent (Thermo Fisher Science)
(=4 h). DMEM was exchanged again to remove excess in vitro transcribed RNA after 4 h of incubation (0 h). Then, cells were sequentially
collected at indicated each time point (0, 3, 6, and 12 h) and washed with PBS followed by frozen immediately. The cells were subjected
to gRT-PCR analysis.

Puromycin incorporation assay (SUnSET assay)

Hela cells were treated with or without 60 uM cycloheximide (CHX) (Wako) at 37°C for 30 min and then additionally treated with 10 pg/mL
puromycin (Nacalai Tesque) at 37°C for 10 min. Cells were washed with PBS and then subjected to WB.

QUANTIFICATION AND STATISTICAL ANALYSIS
RNA foci formation analysis of fluorescence in situ hybridization

Fluorescence images were obtained using Confocal Laser Scanning Microscope LSM710 (Carl Zeiss) and analyzed with ZEN software (Carl
Zeiss). For quantification of G4C;, repeat RNA foci, Hela cells and fibroblast were analyzed with a 63x/1.20 W Korr M27 oil immersion objective.
Tile-scanned images merged DAPI and Cy-3 were taken at 1.0 digital zoom. The number of G4C, repeat RNA foci within DAPI-positive area was
counted with ZEN software and ImageJ software (Java 1.6.0_2.0) (National Institutes of Health, USA).

Statistics
Statistical analysis was performed using JMP software (version 16.0.0). False-discovery rate (FDR) was obtained using PANTHER classification
system (version 18.0).
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