Heliyon 9 (2023) e17065

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

Check for

Regulation of RNG105/caprinl dynamics by pathogenic i
cytoplasmic FUS and TDP-43 in neuronal RNA granules modulates
synaptic loss

Tomoyo Horio ®", Yui Ishikura ™", Rie Ohashi®™““, Nobuyuki Shiina > "

2 Laboratory of Neuronal Cell Biology, National Institute for Basic Biology, Okazaki, Aichi 444-8585, Japan

b Department of Basic Biology, Graduate University for Advanced Studies (SOKENDAI), Okazaki, Aichi 444-8585, Japan

¢ Exploratory Research Center on Life and Living Systems (ExCELLS), National Institutes of Natural Sciences, Okazaki, Aichi 444-8585, Japan
d Life Science Research Center, University of Toyama, Toyama, Toyama 930-0194, Japan

ABSTRACT

In neurodegenerative diseases, the condensation of FUS and TDP-43 with RNA granules in neurons is linked to pathology, including synaptic
disorders. However, the effects of FUS and TDP-43 on RNA granule factors remain unclear. Here, using primary cultured neurons from the mouse
cerebral cortex, we show that excess cytoplasmic FUS and TDP-43 accumulated in dendritic RNA granules, where they increased the dynamics of a
scaffold protein RNG105/caprinl and dissociated it from the granules. This coincided with reduced levels of mRNA and translation around the
granules and synaptic loss in dendrites. These defects were suppressed by non-dissociable RNG105, suggesting that RNG105 dissociation mediated
the defects. In contrast to the model where FUS and TDP-43 co-aggregate with RNA granule factors to repress their activity, our findings provide a
novel pathogenic mechanism whereby FUS and TDP-43 dissociate RNA scaffold proteins from RNA granules which are required for local translation
that regulates synapse formation.

1. Introduction

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are progressive and incurable neurodegenerative diseases
with a clinical and pathological continuum involving motor, behavior, and cognitive dysfunction [1-3]. A contributing feature of these
diseases is decreased synaptic density and loss of mature dendritic spines before the neuronal loss [4-10]. A common histopathological
hallmark of ALS and FTD neurons is the cytoplasmic aggregation of fused-in-sarcoma (FUS) and TAR DNA binding protein 43 (TDP-43)
[3,11], RNA-binding proteins (RBPs) normally located in the nucleus and play multiple functions in RNA metabolism [12,13]. This
change in localization is enhanced by disease-associated mutations in FUS and TDP-43 and is believed to alter the functions of FUS and
TDP-43 in the nucleus and enable the toxic properties of cytoplasmic aggregation [3,14,15]. Not only those mutations but also
increased expression of FUS and TDP-43, even in the absence of mutations, causes cytoplasmic aggregation and disease phenotypes in
transgenic mice and is associated with disease in human patients [11,16-20].

FUS and TDP-43 are prone to undergo liquid-liquid phase separation (LLPS) by multivalent intermolecular interactions through
their RNA-binding domains (RBDs) and prion-like domains (PrLDs), the latter of which are intrinsically disordered regions (IDRs) with
low sequence complexity [21,22]. Through LLPS, they co-assemble in the cytoplasm with neuronal RNA granule components, such as
IDR-containing RBPs, mRNAs, and ribosomes, many of which are common to stress granules [23-27].
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Fig. 1. Accumulation of FUS*™'S and TDP-43%348€ jn RNA granules dissociates RNG105 from the granules. (A) Localization of mRFP1-tagged
RBPs to RNA granules in dendrites of cultured neurons, and the effect of expression of GFP-tagged FUS*N'S and TDP-4334¢ (TDP-43¢€ for
simplicity) on the RNA granule localization of the RBPs. Arrowheads indicate representative RNA granules in the dendrites. The dotted lines outline
the dendrites. (B) The degree of accumulation of RBPs in dendritic RNA granules was assessed by the slope of RBP fluorescence in the granules. The
method for measuring the slope is shown in the schematic on the right. The slope was normalized by the slope of the RBP without expression of
FUS“NS or TDP-43%C, (C) The granule/cytoplasm partition coefficient of RBPs. (D) Localization of GFP-tagged FUSN'S and TDP-43°C to granules in
dendrites of neurons expressing each of them alone. (E) Localization of mRFP1-tagged G3BP1 and G3BP2 to granules in dendrites with 60-min
exposure to 1 mM arsenite. (F) Co-localization of RNG105-mRFP1 and FMRP-GFP in dendritic RNA granules in neurons co-expressing them.
Scale bars, 5 pm. The data are represented by scatter plots of the individual values, stated as the mean + S.D. The number of granules analyzed from
three independent cultures from different mice is shown in the graph. ****p < 0.001, Tukey-Kramer test after one-way ANOVA. See also Figs. S1
and S2.

Under normal conditions, only a small fraction of FUS and TDP-43 is localized to RNA granules and may function for dendritic
transport of mRNAs and synaptic stimulation-dependent local translation [3,12,28,29]. Spatiotemporal regulation of translation in
RNA granules is key to stimulation-dependent synaptic plasticity and long-term memory formation [30-32]. However, aberrant
cytoplasmic translocation of FUS and TDP-43 and their accumulation in RNA granules are thought to cause the RNA granules to harden
and lose their function [22,25,29,33]. This model derives from the fact that phase-separated FUS and TDP-43 are prone to transition
into hydrogels and solids [34-37]. Nevertheless, it is unclear whether the FUS and TDP-43 accumulation affects the dynamics of other
RNA granule components that normally regulate RNA granule function, and whether such dynamics changes are related to the FUS-
and TDP-43-induced defects.

In this study, we investigated the effects of FUS and TDP-43 overexpression and accumulation in RNA granules on the dynamics of
IDR-containing scaffold RBPs, including FMRP, Staufenl (Staul), Stau2, Pumilio2 (Pum2), and RNG105 (a.k.a. caprinl) [38,39], in
primary cultured neurons from the mouse brain. The most notable effects were increased dynamics of RNG105 in RNA granules and its
dissociation from the granules. RNG105 dissociation was associated with decreased mRNA levels and translation activity in/near the
granules and synaptic loss in dendrites. These defects were restored by non-dissociable RNG105, where its RBD was replaced with the
RBDs of other scaffold RBPs. These findings provide insight into a novel regulatory mechanism by which FUS and TDP-43 induce
neuronal dysfunction by dissociating scaffold proteins from RNA granules.

2. Results
2.1. FUS and TDP-43 accumulation in RNA granules increases the dynamics of RNG105 and its dissociation from the granules

FUS and TDP-43 mutants associated with ALS and FTD are often characterized by accumulation and aggregation in the cytoplasm.
Human FUS*NS and TDP-43%34%C are examples of such mutants ([40-42]), and their expression in transgenic mice has been reported
to develop age-related pathological, biochemical, and behavioral changes, including learning and memory impairment reminiscent of
human ALS and FTD [43,44]. These mutants were expressed as GFP-tagged proteins in primary cultured neurons from the mouse
cerebral cortex. Immunostaining analysis revealed their higher expression than endogenous FUS and TDP-43, especially in the
cytoplasm (Fig. S1). We then investigated the effects of their expression on the dynamics of mRFP1-tagged RNA granule scaffold RBPs
in dendrites.

Expression of individual RBPs, including RNG105, FMRP, Pum2, Staul, Stau2, FUS*N'S, and TDP-43%346C, induced the formation of
granules in the cell body and dendrites (Fig. 1A and D). These granules had a smooth surface, resembling liquid-like properties,
although some had a rough surface, characteristic of granules formed by RBPs with solid-like properties [45]. The exceptions were
G3BP1 and G3BP2, which formed granules only when neurons were stressed with arsenite (Fig. 1E). These results suggested that the
granules formed by G3BP1/2 were stress granules, whereas those formed by the other RBPs in the unstressed state were neuronal RNA
granules. Accordingly, subsequent experiments were conducted without stress, excluding G3BP1/2.

Co-expression of FUS2NSS and TDP-43%348C with FMRP, Pum2, and Staul/2 resulted in their co-assembly into granules (Fig. 1A).
The degree of their accumulation in the granules, as determined by the slope of the fluorescence peak of individual granules, was not
affected by FUS*N'S or TDP-43%348€ co-assembly (Fig. 1B). In contrast, the accumulation of RNG105 in granules was significantly
reduced, with a more diffuse distribution of RNG105 in the dendritic cytoplasm (Fig. 1A and B). Consistently, the granule/cytoplasm
partition coefficient of RNG105 was significantly decreased (Fig. 1C), implying an impaired partitioning/retention of RNG105 in the
FUS*NS and TDP-43%3#8C_rich granules.

Similar experiments conducted with WT FUS and TDP-43 yielded essentially the same results (Figs. S2A-S2C). The similar effects of
WT FUS and TDP-43 as the mutants may be due to the fact that overexpressed WT FUS and TDP-43 localized in the cytoplasm in
addition to the nucleus and assembled into RNA granules (Fig. S2C). Even if the translocation efficiency of the WT proteins to the
cytoplasm is lower than that of the mutants, it may be sufficient to increase RNG105 dynamics if their concentrations in the cytoplasm
exceed the saturation for phase separation. These results are reminiscent of the reports suggesting that elevated cytoplasmic con-
centrations of FUS and TDP-43 are associated with ALS and FTD pathology, even in the absence of disease-associated mutations [3,13].

The dissociation of RNG105 from the granules was not induced by FMRP (Fig. 1F), which reportedly binds to RNG105 and co-phase
separates in vitro [46,47], confirming that RNG105 can assemble into RNA granules with certain RNA granule RBPs. Collectively, these
results indicate that FUS and TDP-43 affect the accumulation of RNG105, but not other RBPs, in RNA granules.

Next, the effects of FUS and TDP-43 on the dynamics of RBPs in the granules were analyzed by fluorescence recovery after
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Fig. 2. Accumulation of FUS*N'S and TDP-43%348€ causes RNG105 to be more dynamic in RNA granules. (A) Representative time-lapse FRAP
images of mRFP1-tagged RBPs in neurons with and without expression of GFP-tagged FUS*N'S or TDP-43°C. The boxed areas containing the
dendritic RNA granules analyzed by FRAP are magnified in the insets and the right panels, with the quantified regions surrounded by dotted lines.
The boxed dendritic granule area was bleached just before 0 s. Because light exposure was optimized for RNA granules in dendrites, the images of
RNA granules in cell bodies and proximal dendrites are overexposed. Representative images of RNA granules in/near cell bodies with lower
exposure can be seen in Figs. S1 and S9. N, nuclei. Scale bars, 10 pm. (B) Top, representative FRAP curves of RBPs in dendritic RNA granules, and
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fitted curves with exponential equations. The gray lines show the measured values. Bottom, the mobile fraction (Fy,) and halftime of recovery (t,,)
extracted from the fitted equations. (C) FRAP analysis performed by exchanging the GFP and mRFP1 tags between RNG105 and FUS*N'S, The data
are represented by scatter plots of the individual values, stated as the mean + S.D. The number of granules analyzed from 4 independent cultures is
s‘hown in the graph. *p < 0.05, ****p < 0.001, Tukey-Kramer test after one-way ANOVA. See also Fig. S3.

photobleaching (FRAP). The FRAP curve of each experiment was fitted with the exponential equation, from which the mobile fraction
(Fpn) and half-time of recovery (t;,2) were extracted. The results showed that the effects of FUS“NS and TDP-43%348C o RBPs differed
among RBPs. The F, of Pum2 and Staul/2 was reduced or not changed, indicating that FUS®N'S and TDP-43%34€ reduced or did not
affect the mobility of Pum2 and Staul/2 in RNA granules (Fig. 2A and B). In contrast, FUS*N'S and TDP-43%3*8C increased the Fy, of
RNG105 and FMRP (Fig. 2A and B). The increased mobile fraction of RNG105 may be partially due to the reduced partitioning of
RNG105 into the granules, as observed at time —20 s (Fig. 2A). Similar experiments performed by exchanging GFP and mRFP1 tags of
RNG105 obtained similar results (Fig. 2C), except that RNG105 with the mRFP1 tag tended to be less concentrated in RNA granules
than the GFP-tagged version. In addition, experiments with WT FUS and TDP-43 produced comparable results (Fig. S3).

The effects of FUS and TDP-43 on the dynamics of the RBPs were further evaluated by the cell permeabilization assay. In this assay,
permeabilization disrupts the equilibrium of scaffold RBPs between the cytoplasm and granules, causing rapid shrinkage and disso-
lution of RBPs with liquid properties, even though co-assembled RBPs with solid properties remain within the granules [45]. In
neurons forming RNG105 granules, FUS*N'S and TDP-43%34C significantly increased the dissolution and Fy, of RNG105 in the granules
(Fig. 3A and B), likely due to increased liquidity of RNG105 and/or decreased partitioning of RNG105 within the granules. The Fy, of
RNG105 was significantly increased even in small-sized granules, showing little correlation with granule size (Fig. 3C). This suggested
that even if the expression levels of FUS*N'S and TDP-43%38C were not high enough to form large granules, their concentrations above
saturation for phase separation were sufficient to make RNG105 more dynamic. In contrast to RNG105, there was no significant effect
of FUSN'S and TDP-43%3*8C on the other RBPs (Fig. 3A and B). These results suggested that the accumulation of FUSANS and
TDP-43%348€ jn RNA granules increased the fluidity of RNG105 specifically. Also, WT FUS and TDP-43 had similar effects on RNG105
(Figs. S4A and S4B). During these experiments, we noticed relatively rapid dissolution of WT and mutant FUS after permeabilization,
suggesting that FUS affected the dynamics of RNG105 without undergoing gelation or solidification (Fig. 3A). These results support the
notion that FUS and TDP-43 accumulation in RNA granules specifically increases the fluidity of RNG105.

We further evaluated the effects on endogenous RNG105. Cultured neurons were transfected with FUS*N'S and TDP-43%348C
without tags and immunostained for FUS, TDP-43, and endogenous RNG105. We also included immunostaining for other RNA granule
components (FMRP and Staufen), processing body (P-body) components (Xrnl and Dcp2), and ribosomal S6 protein. FUS*N'S and
TDP-43%348C formed cytoplasmic granules in the cell body and dendrites, the former containing larger granules with diameters of
about 2 pm or greater. Endogenous FMRP was highly overlapped with these granules in both the cell body and dendrites (Fig. 4A-D). In
contrast, although endogenous RNG105 accumulated in large granules in the cell body, its subgranular localization pattern was less
overlapping and often mutually exclusive with FUSAN'S and TDP-43%346C (Fig. 4A). This pattern resembled previous reports of RNA
granules that contain substructures called “core and shell” or “rough and smooth granules”, enriched with different components [45,
48]. Related to this exclusive pattern, localization of RNG105 to small granular structures (0.2-0.5 pm in diameter) in dendrites often
did not overlap with FUSAN'S or TDP-43%346C granules (Fig. 4B-D). Such granule formation of endogenous RNG105 outside of the
FUS*NS and TDP-43%348C granules was different from the dissolution observed with RNG105-mRFP1. This difference may originate
from the increased solubility of RNG105 by mRFP1, which raises the saturation concentration of RNG105 for phase separation.

In contrast to RNG105, endogenous Staufen and S6, like FMRP, were highly concentrated in FUS*N'S and TDP-43%34€ granules,
except for P-body proteins Xrn1 and Dcp2 (Fig. 4D). Consistent with these results, even in the absence of FUSANS or TDP-436348C
overexpression, endogenous FUS and TDP-43 colocalized less with endogenous RNG105 than with endogenous FMRP and Staufen
(Fig. 4E). Overall, these results showed that, despite the difference in solubility, endogenous RNG105 behaved similarly to RNG105-
mRFP1, being excluded from FUS*N'S- and TDP-43%348C.enriched granules in dendrites.

We conducted further investigations into the colocalization of endogenous RNG105 with other endogenous granule proteins and its
response to FUS*NLS and TDP-43%348C overexpression. RNG105 colocalized with FMRP and Staufen in dendritic granules without
FUSANLS or TDP-436348C overexpression (Fig. S5A). This colocalization, especially with Staufen, was reduced by FUS*N'S and TDP-
436348C expression, but not by other proteins such as FMRP, Staul, or Pum2 (Figs. S5A-S5C). This reduced colocalization may be due
to the localization equilibrium of FMRP and Staufen being biased towards FUS*N'S and TDP-43%3*¢C granules over RNG105 granules
and the cytoplasm. Alternatively, it may be due to the diffuse localization pattern of RNG105 in FMRP and Staufen granules (Fig. S5A).
Colocalization of RNG105 with other proteins, Xrnl, Dcp2, and S6, was lower than with FMRP and Staufen, and was mostly unaffected
by FUSANS or TDP-43%348C expression, except for the colocalization with Xrn1 (Figs. SSD-S5G). This exception could be related to the
fact that Xrnl is localized not only in P-bodies but also in different assemblies in neurons [49]. These results indicated that the
colocalization of endogenous RNG105 with RNA granule RBPs was specifically affected by FUSANS and TDP-430348¢ overexpression.
In contrast to overexpression, knockdown of FUS or TDP-43 did not affect the colocalization of endogenous RNG105 with FMRP or
Staufen (Fig. S6), suggesting that the low cytoplasmic concentration of endogenous FUS and TDP-43 (Figs. S1A and S1B, arrows) may
not significantly bias the localization equilibrium of RNG105 and other RNA granule RBPs in the cytoplasm.

In conclusion, we observed significant effects of FUS and TDP-43 on the dynamics of RNG105 and FMRP within RNA granules,
resulting in increased mobility of RNG105 and its dissociation from the granules. Since RNG105 plays a crucial role in mRNA transport
in dendrites and is essential for synaptic plasticity and long-term memory formation [32,50], changes in its dynamics within RNA
granules may affect mRNA localization and local translation in/near the granules. Therefore, we proceeded to investigate the effects of
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Fig. 3. FUS*™S and TDP-43%3%%€ accumulation increases the fluidity of RNG105 in RNA granules. (A) Representative time-lapse images of
mRFP1-tagged RBPs in neurons with and without expression of GFP-tagged FUS*N'S or TDP-43°C in cell permeabilization analysis. Neurons became
permeable by digitonin shortly after time 0. The boxed areas containing dendritic RNA granules are magnified in the insets and the right panels.
Shrinkage and dissolution of RNG105 granules were accelerated by FUS*N"® and TDP-43°C in cell bodies and dendrites. N, nuclei. Scale bars, 10 pm.
(B) Top, representative time-course changes in fluorescence intensity of RBPs in dendritic granules, and fitted curves with exponential equations.
The gray lines show the measured values. The difference between the samples with and without FUS/TDP-43 appears smaller in the graphs than in
the images because the extracellular background fluorescence intensity, which changes after cell permeation due to the efflux of fluorescent pro-
teins, was not subtracted as the subtraction would affect the fitting with the exponential equation. Bottom, the mobile fraction (F, and halftime of
dissolution (t,,) extracted from the fitted equations. (C) Relationship between granule size and F,, of RNG105 within the granules. Pearson’s
correlation coefficients (r) are indicated. In B, the data are represented by scatter plots of the individual values, stated as the mean + S.D. The
number of dendrites analyzed from 4 independent cultures is shown in the graph. *p < 0.05, ***p < 0.005, ****p < 0.001, Tukey-Kramer test after
one-way ANOVA. See also Fig. S4.

FUS and TDP-43 on mRNA localization and local translation in RNG105-localizing RNA granules in dendrites.

2.2. FUS and TDP-43 accumulation reduces the amount of mRNA and translation in dendritic RNA granules

First, the localization of mRNAs in RNA granules was examined by fluorescence in situ hybridization (FISH) using a poly (dT)
probe. In the absence of FUS*NS or TDP-43%34C expression, mRNAs were accumulated in RNA granules where RNG105 was
concentrated (Fig. 5A). However, FUS2N'S and TDP-43%%48C_enriched granules reduced the concentration of mRNAs, which may be
due to reduced recruitment and/or stability of mRNAs in the granules (Fig. 5A and B). Comparable results were obtained in experi-
ments with WT FUS and TDP-43 (Fig. S7A). Furthermore, experiments without tags, such as untagged RNG105, FUS*N'S| and TDP-
439348€ also yielded similar results (Figs. S7C and S7D). It should be noted that, although RNG105 without mRFP1 tag formed
granules outside of FUS*N"S and TDP-43%3*8C granules like endogenous RNG105, those RNG105 granules were smaller and had less-
defined borders, and RNG105 was more diffuse throughout the cytoplasm compared with the absence of FUSANLS or TDP-43G348C
expression (Fig. S7C). These results indicate that the accumulation of FUS and TDP-43 in RNA granules reduces the amount of both
RNG105 and mRNAs within the granules.

Next, translation activity in/near RNA granules was measured using the SunTag system, which detects newly synthesized poly-
peptides by scFv-GFP binding to SunTag polypeptides at the time and place of translation [51]. The mRNA encoding the SunTag
polypeptide was fused to the Arc 3’ UTR to be recruited into RNA granules for local translation in/near the granules [51]. In the absence
of FUS®N!S or TDP-43%348C expression, SunTag mRNA was indeed enriched in RNG105-localizing granules (Fig. 5C). Correspondingly,
the SunTag translation signal was concentrated around the granules (Fig. 5F). Without SunTag mRNA, no such condensation was
observed (Fig. 5H), confirming that the signal indicated local translation around the granules. As translating polysomes are reportedly
observed by electron microscopy to attach around purified neuronal RNA granules, it appears that the translation of cargo mRNAs may
occur locally in the vicinity of the granules [52].

However, when FUS*NS and TDP-43%348C were accumulated in RNA granules, SunTag mRNA was lost from the granule region
(Fig. 5C-E), and the SunTag translation signal was reduced and eliminated from the granules (Fig. 5F and G). This effect was also
observed in experiments using WT FUS and TDP-43 (Fig. S7B). Furthermore, experiments with untagged RNG105, FUS*N'S, and TDP-
439348 4150 yielded similar results (Figs. S7E and S7F). During the experiments with the untagged proteins, we noted that when
FUSAMS and TDP-43%348C were expressed, SunTag signals were scattered throughout the cytoplasm, overlapping with the small and
indistinct RNG105 granules outside FUSN'S and TDP-43%348€ granules (Fig. S7E). These results demonstrated that the accumulation
of FUS and TDP-43 in RNA granules reduced translation in/near the granules, scattering the translation sites with RNG105. This was in
line with the reduced mRNA recruitment into the granules, and may be due in part to reduced translation efficiency in the granules as
suggested by translational co-repression by TDP-43 and FMRP [53], and reduced mRNA stability in the granules as suggested by mRNA
destabilization by TDP-43 deposition [54,55]. Furthermore, these results raised the question of whether the reduction in mRNAs and
translation in/near the granules was mediated by the dissociation of RNG105 from the granules.

2.3. RNG105 RBD1 is responsible for the FUS- and TDP-43-induced increases in RNG105 dynamics and dissociation from RNA granules

To address this issue, we identified the domains of RNG105 responsible for the dissociation, focusing on the RNA granule assembly
domains RBD1 and RBD2, and IDRs with low sequence complexity such as Glu (E)-rich and Gln (Q)-rich domains [56] (Fig. 6A). We
generated several mutants, including RNG105-ARBD1 with RBD1 deleted, RNG105-Pum2RBD and RNG105-StaulRBD with RBD1
replaced with the RBDs of Pum2 and Staul, respectively (Fig. 6A). For RNG105-StaulRBD, we used RBD3 and RBD4 of Staul, which
are required for RNA binding [57,58]. We also generated mutants with FUS RGG/RG motifs replacing RNG105 RBD2 (RGG/RG-rich
domain) and mutants with E-rich and Q-rich domains deleted (Fig. S8A). Co-localization analysis revealed that the RBD2 substituted
mutants and IDR deletion mutants either lost their ability to form RNA granules or did not alter the FUS*N'S- and TDP-43%3#%€.induced
dissociation (Figs. S8A and S8B). In contrast, RNG105-ARBD1 reduced dissociation, suggesting that RBD1 was the FUS- and
TDP-43-sensitive domain (Fig. S9). However, this reduced dissociation was restricted to large, dense granules in the cell body and
proximal dendrites (Fig. S9), and not observed in dendrites (Fig. 6A and B), suggesting a weakened affinity of RNG105-ARBD1 for RNA
granules. Replacement of RBD1 with Pum2 and Staul RBDs terminated the FUS*N'S- and TDP-43%3*8C.induced dissociation from RNA
granules, even in distal dendrites (Fig. 6A and B).
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Fig. 4. Limited accumulation of endogenous RNG105 into FUS and TDP-43-enriched granules. (A and B) Cultured neurons transfected with
untagged FUS*N'S or TDP-43%€ were immunostained for FUS, TDP-43, and endogenous RNG105 and FMRP in/near the cell body (A) and dendrites
(B). The neurons were co-transfected with GFP to visualize the morphology of neurons. In A, the boxed areas containing RNA granules are magnified
in the insets and the right panels. The immunofluorescence intensity of the RBPs within the granules was measured along the dotted arrows to
analyze their subgranular localization pattern and is shown in the rightmost panels. N, nuclei. Scale bars, 10 pm (left) and 1 pm (right). In B,
arrowheads indicate dendritic granules where endogenous RNG105 and FMRP accumulated. Arrows indicate dendritic granules formed by FUSANLS
and TDP-43C, Scale bar, 1 pm. (C) Representative graphs showing the relationship between the fluorescence intensity of FUS*N"S or TDP-43%€ and
that of endogenous RNG105 or FMRP in dendritic RNA granules in a single neuron. Regression lines and Pearson’s correlation coefficients are
indicated. (D) Similar experiments as in B and C were performed for endogenous RNG105, FMRP, Staufen, Xrnl, Dcp2, and ribosomal S6, and
Pearson’s correlation coefficients were statistically analyzed. (E) Untransfected cultured neurons were immunostained for RBPs and the colocali-
zation of endogenous RNG105, FMRP, and Staufen with endogenous FUS and TDP-43 in dendritic granules was analyzed as in D. The data are
represented by scatter plots of the individual values, stated as the mean + S.D. The number of neurons analyzed from two independent cultures is
sAhown in the graph. *p < 0.05, ***p < 0.005, ****p < 0.001, Tukey-Kramer test after one-way ANOVA. See also Figs. S5 and S6.

Given such alterations by replacement of RNG105 RBD1, the dynamics of RNG105-Pum2RBD and RNG105-StaulRBD were
analyzed by FRAP in dendritic RNA granules. In the absence of FUS*N'S or TDP-43%3*8C| these RNG105 mutants had much lower Fy,
and much longer t; » than WT RNG105, indicating their reduced dynamics in RNA granules (Fig. 6C and S10). When co-expressed with
FUS“NS and TDP-43%3%8C, the Fy, of WT RNG105 in the granules increased significantly, whereas the Fy, of RNG105-Pum2RBD and
RNG105-Staul RBD showed no increase (Fig. 6C and S10). Taken together, RBD1 of RNG105 was responsible for the high dynamics of
RNG105 in RNA granules even in the absence of FUS*N'S or TDP-43%%4%€ and for the FUS*NS- and TDP-43%%4%C.induced increased
dynamics and dissociation of RNG105 from RNA granules.

The next question was whether RNG105 RBD1 was sufficient to be sensitive to FUS*N"S and TDP-43%3%€, To address this, we
replaced the RBDs of RNA granule RBPs such as Pum2, FMRP, and Staul with the RBD1 of RNG105. Replacing the Pum2 RBD with
RNG105 RBD1 abolished the ability to form RNA granules, making it impossible to analyze the sensitivity of this mutant to FUSAN'S
and TDP-43%348€ (Fig. 511A). Replacing the FMRP RBDs (KHO, KH1, and KH2) with RNG105 RBD1 did not alter sensitivity to FUS*NS
or TDP-436348C (Figs. S11B and S11C). In the case of Staul, combinations of the four RBDs were replaced with RNG105 RBD1,
generating six Staul RBD-substituted mutants (Staul-105RBD1-1 to Staul-105RBD1-6) (Fig. 7A and S12A). Among these mutants,
those carrying Staul RBD2 (Staul-105RBD1-3 to Staul-105RBD1-6) were not sensitive to FUSNYS or TDP-43%348€ (Figs. S12A and
S12B). However, the Staul mutants in which Staul RBD2-RBD4 were replaced (Staul-105RBD1-1) showed sensitivity to FUS“NIS and
TDP-43%348€ (Fig. 7A and B). Removal of RNG105 RBD1 from this mutant abolished RNA granule-forming ability, confirming that
RNG105 RBD1 was required for FUSAN'S. and TDP-43%34%C.sensitive RNA granule localization (Fig. 7A, Staul-ARBD-1). Similar
sensitivity to FUS*N'S and TDP-43%348€ was also observed in Staul-105RBD1-2 in which all Staul RBDs were replaced by RNG105
RBD1 (Figs. S12A and S12B).

To gain more insights into the dynamics of Staul-105RBD1-1 in RNA granules, we performed FRAP analysis. The mobility of Staul-
105RBD1-1 in RNA granules in the absence of FUS*N'S or TDP-43%34€ was very low, as shown by the lower Fy, than WT Staul (Fig. 7C
and S13). However, the Fy, of Staul-105RBD1-1 was markedly elevated by expression of FUS*N'S and TDP-43%38C, resulting in a much
higher Fy, than WT Staul (Fig. 7C and S13). Taken together, these results suggest that RBD1 of RNG105 confers sensitivity to FUSANLS
and TDP-43%3*8C in specific combinations with other domains. This may mean that domains other than RBD1 must have the ability to
associate with RNA granules without tightly binding to them.

In addition to RNG105’s domain, we identified the domains of FUS*N"S and TDP-43%3*6C that are responsible for RNG105
dissociation. Each domain of FUS*N'S and TDP-43°34%€ was systematically deleted (Fig. S14A), and these mutants were expressed in
neurons as GFP-tagged proteins. Despite differences in the density of dendritic granules, all mutants formed granules in dendrites,
where RNA granule-constituting proteins co-localized (Fig. S14B). These results suggested that FUSNS and TDP-43%348C interact with
RNA granule constituents through multiple domains to condense into RNA granules. When co-expressed with RNG105-mRFP1, all of
the deletion mutants caused RNG105 to dissociate from granules (Figs. S14C and S14D). Thus, RNG105 dissociation was not mediated
by specific domains of FUS*N'S or TDP-433%8€, suggesting that neither their RNA-binding capacity nor specific protein-protein in-
teractions were required for dissociating RNG105. Since RBD1 of RNG105 participates in RNA granule assembly, i.e., co-phase sep-
aration with RNA granule components [45,56], these results suggest that phase separation of FUSAN'S and TDP-43%348C with RNA
granule components biased the equilibrium of co-phase separation of RNG105 towards dissociation, although the underlying mech-
anism for this bias remains unknown.

2.4. Non-dissociable RNG105 mutants suppress the reduction of mRNA and translation levels in RNA granules caused by FUS and TDP-43

To investigate whether FUS- and TDP-43-induced reduction in mRNA and translation levels in RNA granules were mediated by the
dissociation of RNG105 from the granules, we assessed whether the non-dissociable RNG105-Pum2RBD and RNG105-StaulRBD
suppress the effects of FUS and TDP-43. First, mRNA localization in RNA granules was quantified by FISH with poly (dT). In neu-
rons expressing WT RNG105, the accumulation of FUS*N'S and TDP-43%348C reduced the amount of mRNA in RNA granules (Fig. 8A, D,
and 8E). However, the reduction of mRNA levels by FUS*N'S and TDP-43%348€ was significantly suppressed by RNG105-Pum2RBD, as
determined by the interaction effect in the two-way ANOVA (Fig. 8B and D). Essentially the same results were obtained for RNG105-
StaulRBD (Fig. 8C and E). We noted that there was still a reduction in mRNA levels by TDP-43%348C in both cases (Fig. 8D and E),
which could be attributed to the effects of TDP-43%3*8€ on endogenous RNA granule components. These results suggest that FUSANS.
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and TDP-43%348C_induced reductions in the mRNA level in RNA granules are due to the dissociation of RNG105 from the granules.
These results raised the question of whether the recruitment of mRNAs into RNA granules by RNG105 was mediated by RBD1 alone
or if other domains of RNG105 were also involved. To answer this, we expressed RNG105 domain deletion mutants in RNG105
knockout neurons [50] and performed FISH with poly (dT). The deletion of another RBD, RBD2, abolished the ability to form RNA
granules [56], making it impossible to evaluate mRNA recruitment to RNA granules through this domain. Since RNA recruitment to
granules has been reported to be affected by the condensation state of RNA-containing granules, regardless of the RNA-binding
specificity of RBDs [59,60], we also tested the IDRs of RNG105, namely E-rich and Q-rich domains. RNG105AQ was unable to
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Fig. 5. Accumulation of FUSAMS and TDP-43%348C reduces the amount of mRNA and translation in/near dendritic RNA granules. (A)
Neurons expressing RNG105-mRFP1 with and without expression of GFP-tagged FUS*N'S or TDP-43°C were stained by in situ hybridization with
poly (dT) for mRNA detection. The boxed areas containing dendritic RNA granules are magnified in the insets. N, nuclei. (B) The mRNA levels in the
dendritic RNA granules were measured and normalized to those in the dendrites of neighboring untransfected neurons. (C and D) Neurons
expressing RNG105-mRFP1 and SunTag mRNA with and without expression of GFP-tagged FUS*N'S or TDP-43°C were in situ hybridized with
SunTag antisense (C) or sense (D) probes. (E) Accumulation of SunTag mRNA in dendritic RNA granules was quantified by calculating the granule/
cytoplasm partition coefficient. (F) Neurons expressing RNG105-mRFP1 with and without Sirius-tagged FUS*N"S or TDP-43°C were co-transfected
with SunTag mRNA and scFv-GFP to detect nascent SunTag polypeptides. (G) The SunTag signal (scFv-GFP accumulation to SunTag polypeptides) in
dendritic RNA granules was measured and normalized by min-max normalization in each neuron. (H) Control experiments for F without SunTag
mRNA. Note that the neurons showed no accumulation/removal of scFv-GFP in/from the granules. (I) The scFv-GFP signal in dendritic RNA
granules was analyzed as in G. Scale bars, 10 pm. The data are represented by scatter plots of the individual values, stated as the mean + S.D. The
number of neurons analyzed from three independent cultures is shown in the graph. ****p < 0.001, Tukey-Kramer test after one-way ANOVA. See
also Fig. S7.

form dendritic RNA granules, whereas RNG105AE did (Fig. S8A). However, mRNA accumulation in RNG105AE granules was much
less than in WT RNG105 granules (Fig. S15). These results indicated that the E-rich domain of RNG105 was required to recruit higher
amounts of mRNA to the granules, suggesting that RNG105 recruits mRNAs into the granules through IDRs, at least through the E-rich
domain, as well as RBD1 and RBD2 that are required for RNA granule assembly.

Next, translation activity in/near RNA granules was measured using SunTag. In neurons expressing WT RNG105, accumulation of
FUS*MS and TDP-43%348C in RNA granules significantly reduced the SunTag signal in the granules (Fig. 8F, I, and 8J). However, this
reduction by FUS*N'S and TDP-43%3*8C was suppressed by RNG105-Pum2RBD (Fig. 8G and I). Notably, in neurons expressing
RNG105-StaulRBD, the SunTag signal in the granules was lower than that in WT RNG105 granules in the absence of FUS*N'S or TDP-
436348C expression (Fig. 8H and J). Nevertheless, RNG105-StaulRBD suppressed the FUS*N'S. and TDP-43%3*C.induced decrease in
the SunTag signal in the granules (Fig. 8H and J), similar to RNG105-Pum2RBD. Taken together, the non-dissociable RNG105 mutants
retained mRNA and translation levels in RNA granules when FUSAN'S and TDP-43%348C accumulated in the granules, which suggested
that FUS*NS. and TDP-43%3*8C.induced dissociation of RNG105 from the granules mediated the reduction of mRNA and translation
levels in/near the granules.

2.5. The non-dissociable RNG105 mutations attenuate dendritic spine loss caused by the combination of FUS/TDP-43 and WT RNG105

Next, we investigated the effects of the non-dissociable RNG105 mutants on dendritic spine formation affected by FUS*N'S and
TDP-43%348€_ To visualize neuron morphology, including dendritic spines, we co-transfected neurons with GFP together with untagged
RBPs. Expression of FUSN'S alone reduced the spine density and abundance of mature mushroom spines in dendrites, as observed with
WT FUS (Fig. S16A). Co-expression of WT RNG105 maintained or even intensified the FUS-induced spine reduction (Fig. S16C).
However, these spine reductions caused by the combination of FUS*N'S and WT RNG105 were attenuated by replacing RNG105 RBD1
with Pum2RBD (Fig. 9A and C). This attenuation may not be solely attributed to Pum2RBD, as the expression of Pum2 rather abolished
spine formation (Fig. S16E). In neurons expressing RNG105-StaulRBD, dendritic spine density was lower than in neurons expressing
WT RNG105 in the absence of FUS*N'S (Fig. 9A and D). This spine loss may be related to the decreased translation by RNG105-
StaulRBD in/near the granules in the absence of FUS®N'S (Fig. 8J). Because similar spine loss was observed in Staul-expressing
neurons (Fig. S16G), StaulRBD may be responsible for those adverse effects. Nevertheless, the combined effect of FUS*N'S and
RNG105-StaulRBD on spine formation was relatively neutral compared with the severe effect of the combination of FUS*N"S and WT
RNG105 (Fig. 9D). Therefore, we concluded that the toxicity caused by the combination of FUS*N'S and WT RNG105 was reduced by
the substitution of RNG105 RBD1.

Similar to FUS, a single expression of TDP-4 in neurons reduced dendritic spine formation, as did WT TDP-43 (Fig. S16B). Co-
expression of WT RNG105 maintained or even enhanced the TDP-43-induced spine reduction, leading to cell death within 3 days after
transfection (Fig. S16D). However, this spine loss and cell death by the combination of TDP-43%38€ and WT RNG105 was ameliorated
by replacing RNG105 RBD1 with Pum2RBD (Fig. 9B and E). Essentially the same results were obtained by replacing RNG105 RBD1
with StaulRBD, although it should be noted that StaulRBD may adversely affect spine formation (Fig. 9B and F). These results suggest
that the toxicity caused by the combination of TDP-43°348C and WT RNG105 is reduced by the substitution of RNG105 RBD1, as was
the case of FUSANLS,

Given these results, we tested whether RNG105 knockdown would conversely alleviate the effects of FUS and TDP-43
(Figs. S17A-S17D). Knockdown of RNG105 itself reduced spine density and abundance of mature mushroom spines in dendrites
(Figs. S17C and S17D), consistent with previous reports [32,50]. Therefore, it was challenging to evaluate the effects of FUS and
TDP-43 in the absence of RNG105. Nevertheless, although RNG105 knockdown and FUSAN'S/TDP-43%348C expression each inde-
pendently affected spine formation, there was no synergistic effect (Figs. S17C and S17D), which was in contrast to the combination of
FUS/TDP-43 and WT RNG105 expression that caused cell death in the case of TDP-43 (Fig. 9C-F, S16C, and S16D). These findings may
support the notion that RNG105 has adverse effects in combination with FUS and TDP-43.

In summary, the non-dissociable RNG105 mutations suppressed the loss of mRNAs and translation in RNA granules and further
suppressed the loss of synapse formation, caused by the combination of FUS/TDP-43 and WT RNG105. These results suggest that
increased fluidity and dissociation of RNG105 from RNA granules mediated the FUS*N'S- and TDP-43%3*%C.induced defects in local
translation and synapse formation in dendrites.
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Fig. 6. RBD1 of RNG105 is responsible for the FUS*N'S. and TDP-43%3*¥C_caused increased dynamics of RNG105 in RNA granules. (A) Left
panels, schematic of wild-type (WT) and mutant RNG105. RBD1 of RNG105 was deleted or replaced with Pum2 RBD or Staul RBDs. RBD, RNA-

binding domain; NLS, nuclear localization signal; NES, nuclear export signal; E-rich, glutamic acid-rich domain; Q-rich, glutamine-rich domain.
Right panels, localization of mRFP1-tagged WT and mutant RNG105 to RNA granules in dendrites, and the effect of expression of GFP-tagged
FUS*MS and TDP-43°C on that localization. Arrowheads indicate representative RNA granules in the dendrites. The dotted lines outline the den-
drites. Scale bar, 5 pm. (B) Degree of accumulation of WT and mutant RNG105 in dendritic RNA granules as assessed by the slope of RNG105
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fluorescence in single granules. (C) FRAP analysis was performed on mRFP1-tagged WT and mutant RNG105 in neurons with and without
expression of GFP-tagged FUS*N'S or TDP-43°C. Left columns, representative FRAP curves for WT and mutant RNG105 in dendritic RNA granules.
Right columns, the mobile fraction (Fy,) and halftime of recovery (t,,). The data are stated as the mean + S.D. The number of granules analyzed from
3 (B) and 4 (C) independent cultures is shown in the graph. The p-values for the interaction effect in two-way ANOVA are indicated. ****p < 0.001,
i#p < 0.01, *##p < 0.005, *#*##p < 0.001, post-hoc Student’s t-test after two-way ANOVA. See also Figs. S8-510.
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Fig. 7. Replacing Staul RBDs with RNG105 RBD1 makes Staul’s RNA granule localization sensitive to FUS*N'S and TDP-43%348C, (A) Left
panels, schematic of WT and mutant Staul. In the mutants, Staul RBD2-RBD4 was replaced by RNG105 RBD1 or deleted. Right panels, localization
of mRFP1-tagged WT and mutant Staul to RNA granules in dendrites, and the effect of expression of GFP-tagged FUS*N' and TDP-43°C on that
localization. Arrowheads indicate representative RNA granules in the dendrites. The dotted lines outline the dendrites. Scale bar, 5 pm. (B) Degree of
accumulation of WT and mutant Staul in dendritic RNA granules. (C) FRAP analysis was performed on mRFP1-tagged WT and mutant Staul in
neurons with and without expression of GFP-tagged FUS*N'S or TDP-43%C. Left columns, representative FRAP curves for WT and mutant Staul in
dendritic RNA granules, and fitted curves with exponential equations. Right columns, the mobile fraction (F,,) and halftime of recovery (t,,). The
data are stated as the mean + S.D. The number of granules analyzed from 3 (B) and 4 (C) independent cultures is shown in the graph. The p-values

for the interaction effect in two-way ANOVA are indicated. ****p < 0.001, **##p < 0.001, post-hoc Student’s t-test after two-way ANOVA. See
also Figs. S11-S14.

3. Discussion

We showed here that the accumulation of FUS and TDP-43 in dendritic RNA granules increased the RNG105 dynamics and
dissociation from the granules, leading to a reduction in the amount and local translation of mRNA around the granules. However, non-
dissociable RNG105 suppressed this reduction, as well as FUS- and TDP-43-induced synaptic loss and neuronal cell death, suggesting
that RNG105 dissociation from dendritic RNA granules mediates the loss of mRNA and local translation in/near the granules and
synapse impairment (Graphical abstract). Thus, RNG105 may play a critical role in localizing mRNAs to RNA granules and facilitating
translation in/near the granules. This role is reminiscent of a report showing that RNG105 accumulation in RNA granules dose-
dependently suppresses FUS-induced translational repression [45], and is consistent with the RNG105 knockout phenotype in
mice, including defects in dendritic mRNA transport, synaptic potentiation, and long-term memory formation [32].

Dissociated RNG105 can scatter small granules with indistinct boundaries where translation occurs outside the FUS- and TDP-43-
accumulating granules, potentially compromising the spatiotemporal regulation of local translation. Loss of spatiotemporal regulation
can reduce synaptic stimulation-dependent local translation near stimulated spines, which may attenuate translation-dependent
plastic changes of the stimulated spines and may be associated with cognitive impairment [30,31].
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Fig. 8. The RBD1-substituted mutants of RNG105 suppress the FUS*N"5. and TDP-43%3*8¢_caused decrease in mRNA and translation levels
in/near dendritic granules. (A-C) Neurons expressing mRFP1-tagged WT and RBD1-substituted mutants of RNG105, with and without expression
of GFP-tagged FUS*N'S or TDP-43C, were stained by in situ hybridization with poly (dT) for mRNA detection. The boxed areas containing dendritic
RNA granules are magnified in the insets. N, nuclei. (D and E) The mRNA levels in dendritic RNA granules were measured and normalized to those
in the dendrites of neighboring untransfected neurons. (F-H) Neurons expressing WT and mutant RNG105 with and without expression of Sirius-
tagged FUSNS or TDP-43 were co-transfected with SunTag for the detection of nascent polypeptides. (I and J) The SunTag signal in the dendritic
RNA granules was measured and normalized by min-max normalization in each neuron. Scale bars, 10 pm. The data are stated as the mean + S.D.
The number of neurons analyzed from three independent cultures is shown in the graph. The p-values for the interaction effect in two-way ANOVA
are indicated. *p < 0.05, ****p < 0.001, *p < 0.05, **#p < 0.005, **##p < 0.001, post-hoc Student’s t-test after two-way ANOVA. See also Fig. S15.
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Fig. 9. Substitution of RNG105 RBD1 suppresses the impairment of spine formation caused by the combination of FUS*N'S/TDP-43%348C
and WT RNG105. (A and B) Representative images of dendritic spines of cultured neurons expressing untagged WT and RBD1-substituted mutants
of RNG105, with and without expression of untagged FUS*N'S or TDP43°C, The spines are visualized by GFP expression. The inset shows a
magnified image of the boxed area, showing that the spines are attached to the synaptic marker synapsin I (magenta). Arrowheads indicate the
synapsin I-attached spines. Scale bars, 10 pm. (C-F) Spine density and the ratio of the number of mushroom spines to the total spines. The data are
stated as the mean =+ S.D. The number of neurons analyzed from 4 independent cultures is shown in the graph. The p-values for the interaction effect
in two-way ANOVA are indicated. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001, **#p < 0.005, **##p < 0.001, post-hoc Student’s t-test after
two-way ANOVA. Because most of the neurons in the groups indicated by the stars were dead, statistical analysis of those groups was not possible.
See also Figs. S16 and S17.

In human patients, point mutations in FUS and TDP-43 have been identified. FUS pathogenic mutations frequently occur in the C-
terminal nuclear localization signal (NLS), such as FUSRSMG, FUSR522G, FUSP>?5L and FUSR*®X These mutants translocate to the
cytoplasm and promote the formation of cytoplasmic RNA-containing granules [61,62]. Notably, although FUST>°" increases cyto-
plasmic translocation, it does not itself increase aggregation propensity [62], which may be a common feature of FUS NLS mutants
including FUS*N'S lacking the C-terminal 17 amino acids used in this study. In contrast, FUSC'°®E, whose mutation is located in the
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QGSY-rich domain (a.k.a. PrLD), tends to transition to less dynamic fibers [34]. However, this mutant localizes to the nucleus and its
aggregation occurs predominantly in the nucleus, suggesting that the toxicity of this mutant is exerted through nuclear aggregation
rather than cytoplasmic mislocalization [62,63].

Disease-related TDP-43 mutations are often found in the C-terminal G-rich domain, also known as PrLD. Although these mutations
do not significantly enhance cytoplasmic translocation or cytoplasmic granule formation, certain mutants such as TDP-43M337V and
TDP-43%348€ tend to be retained in sorbitol-induced stress granules, suggesting their slower dissolution from those granules [40,64].
Even in the absence of stress, TDP-43%348C forms cytoplasmic granules in primary spinal cord neurons in a cell-type-specific manner
[41].

Challenges have been made to reproduce the effects of the human disease-associated mutants in mice. Knock-in mice with phys-
iological expression levels sometimes showed no disease phenotype, even mice with the less dynamic TDP-43Y337V mutation [65].
However, transgenic mice with these mutations have demonstrated dose-dependent deterioration of the phenotypes [18,19,65,66].
Interestingly, disease phenotypes have been reproduced in WT FUS and TDP-43 transgenic mice [16,17], and phenotype-causing
expression levels are often comparable between WT and mutants including TDP-43"337V [18,19]. These studies suggest that excess
FUS and TDP-43 can mimic human pathology in mice, regardless of mutations. Such increased expression and cytoplasmic granule
formation of WT FUS and TDP-43 have also been reported in human patients [11,20].

Also in this study, the effects of WT FUS and TDP-43 were essentially the same as those of the mutants, FUS®N'S and TDP—43G348C, in
any assay. These similarities between WT and mutants suggest that the effects do not arise from mutant-specific alterations in
biochemical activities, molecular interactions, or dominant negative effects, but rather from similar pathogenic mechanisms between
them, such as exceeding a saturation concentration level for phase separation and subsequent granule formation in the cytoplasm [3,
13]. The concentration of FUS and TDP-43 in dense liquid granules, even if they are WT proteins, would increase the probability of
liquid-to-solid phase transition. However, we noted that FUS and FUS®N'S in the granules exhibited relatively high fluidity in the cell
permeabilization assays (Fig. 3A), suggesting that the effects observed in this study occurred before granule maturation into irre-
versible aggregates.

RBD1 of RNG105 is a coiled-coil RBD, has no homology to other RBDs, and is exclusive to RNG proteins, including vertebrate
RNG105 and RNG140, as well as invertebrate RNGI [50]. This may explain why the high sensitivity to FUS and TDP-43 was unique to
RNG105 among the tested RBPs, although it does not exclude the possibility of other types of domains with similar characteristics. It
may be a little surprising that the folded domain, not the IDR, regulates the assembly and dissociation with the condensates, but similar
cases have been reported in which folded domains regulate phase separation and are utilized for opto-manipulation of phase sepa-
ration [67,68].

We propose that the sensitivity of RNG105 to FUS and TDP-43 may be attributed to the equilibrium of co-phase separation of its
RBP1 with RNA granule components being biased towards dissociation. This appears to be contrary to the effect of RNG105 on FUS in
fibroblasts, where RNG105 increases FUS dynamics [45]. However, the equilibrium of phase separation depends on several factors,
including the composition and concentration of the components in condensates and their post-translational modifications. Therefore,
the differences in the effects of RNG105 and FUS on each other between neurons and fibroblasts may be due to the different conditions
for assembling RNA granules in these cell types, which may be inferred from the marked difference that endogenous RNA granules are
not formed in fibroblasts but in neurons at a steady state without stress. The differences between the cell types may also explain the
ability of RNG105-ARBP1 to assemble RNA granules in neurons but not in fibroblasts [56].

The co-aggregation of FUS and TDP-43 with RNA granule components has been implicated in their toxic effects on neural function
by suppressing or sequestrating essential components. However, the components reported to have constrained movement within the
granules have been limited to proteins such as survival motor neuron (SMN) and Staul [36], and it has remained elusive whether many
other components are similarly regulated. In contrast to the co-aggregation model, our findings suggest that FUS and TDP-43 increase
the dynamics of RNG105, dissociating it from RNA granules. In general, biomolecular condensates can regulate biochemical reactions
in various ways [69,70], such as accelerating reactions through condensation of factors required for the reaction, or suppressing re-
actions by excluding some components from the condensate. Inactivation of biochemical reactions can also occur by shifting the phase
of the condensate from liquid to gel or solid. The last example corresponds to the co-aggregation model, whereas the exclusion of the
required factors, such as RNG105 and its associated molecules, from RNA granules provides a novel model of FUS- and TDP-43-induced
RNA granule dysfunction.

The dynamic properties of RNG105 RBD1 appear to pose a risk as they mediate the defects caused by pathogenic cytoplasmic FUS
and TDP-43. However, this risk may be a trade-off with biological advantages in healthy conditions because, in the absence of FUS or
TDP-43 overexpression, the less dynamic mutant RNG105-StaulRBD reduced local translation in RNA granules and attenuated
dendritic spine formation. Nevertheless, the non-dissociable RNG105 mutants exhibited suppressive effects on the neurotoxicity of
overexpressed FUS and TDP-43, providing the basis for understanding and treating cognitive impairment in neurodegenerative
diseases.

4. Limitations of the study

Substitution of the RBD1 of RNG105 with the RBDs of Pum2 and Staul restored its localization to RNA granules and recruitment of
mRNA in the presence of FUS and TDP-43, but it remains elusive whether the RBD1 substitution altered mRNA specificity in the
granules. Since RNG105 uses not only RBD1 but also IDRs such as RBD2 and E-rich domain to recruit mRNAs through co-phase
separation with mRNAs, mRNA specificity may not be determined solely by RBD1. Addressing this issue will require spatial tran-
scriptomics using such as APEX-seq and photo isolation chemistry (PIC) [71,72]. Nevertheless, this study suggested that the
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RBD1-substituted mutants recruit at least SunTag mRNA harboring the Arc 3’UTR to granules, similar to WT RNG105.

This study used an overexpression system in primary cultured neurons, and it is not certain whether the effects observed here occur
similarly at the individual level in neurodegenerative diseases. It has been reported that FUSAN'S and TDP-43°348€ transgenic mice, as
well as WT FUS and TDP-43 transgenic mice and rats, exhibit memory deficits reminiscent of ALS and FTD ([43,44,73-75]). The use of
these mice, as well as mutant FUS and TDP-43 knock-in mice that express them less than in transgenic mice, will allow us to validate
the RNG105-mediated local translation mechanism and its effects on pathology in vivo.
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Experimental model and subject details

Mice

ICR mouse embryos at embryonic day 16 (E16) were used for neuron cultures. All animal care and experiments were approved by
the Animal Experiment Committee of National Institutes of Natural Sciences (22A005), and performed following the guidelines from
the National Institutes of Natural Sciences and the Science Council of Japan.

Method details

Neuron culture and transfection

Dissociated cerebral cortical neurons were prepared from E16 mouse embryos. Neurons were plated onto poly-p-lysine-coated
coverslips in glass-bottomed dishes (MatTek, Ashland, MA) using Neurobasal-A medium (Thermo Fisher Scientific, Waltham, MA)
containing B-27 supplement (Thermo Fisher Scientific), 0.5 mM glutamine, and 25% Neuron Culture Medium (FUJIFILM Wako Pure
Chemical, Osaka, Japan) at a density of 1.6 x 10° cells/cm?. Cultures were incubated at 37 °C in a 5% COs incubator. Neurons were
transfected with plasmids at 6 DIV, or 7 DIV for morphological analysis of dendritic spines, using conventional calcium-phosphate
transfection methods. Transfected neurons were observed 1 day after transfection or 3-4 days after transfection in knockdown ex-
periments and morphological analysis of dendritic spines.

Plasmid construction
The pCAG-GFP vector (Addgene, Watertown, MA) was used to construct all the plasmids for expressing RBPs in neurons. DNA
fragments, obtained by PCR from each template using each primer set, were cloned into the EcoRI and NotI sites of the pCAG-GFP
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vector using the In-Fusion Cloning Kit (Takara Bio, Shiga, Japan). Notably, cloning into the EcoRI and NotI sites of the vector removed
the GFP-coding sequence that the vector originally had. The PCR templates and primer sets are listed in the supplementary tables
(Tables S1-S3). After cloning into the vector, we checked all the sequences of the inserts. When RBPs were tagged with GFP, mRFP1,
and Sirius, these fluorescent proteins were tagged at the C-termini of the RBPs through three- or five-glycine linkers. G348C mutation
in TDP-43 was introduced using the QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara,
CA).

DNA fragments encoding scFv (fluorescent single-chain variable fragment)-sfGFP-GB1 and 24xV4 (24 tandem array of V4
peptides)-ODC (ornithine decarboxylase)-Arc 3’UTR [51] were cloned into the EcoRI and NotI sites of the pCAG-GFP vector (Addgene)
for use in the SunTag analysis as follows. The DNA fragment encoding scFv-sfGFP-GB1 was obtained by PCR from the
PFUGW-scFv-sfGFP-GB1 plasmid [51] using primers 5’- ttttggcaaagaattgtcgccaccatgggeeecga-3° and 5’°-ctgaggagtgeggecttatteggt-
taccgtgaagg-3’. The fragment was cloned into the EcoRI and NotI sites of the pCAG-GFP vector using the In-Fusion Cloning Kit. To
construct the 24xV4-ODC-Arc 3'UTR plasmid, first, a DNA fragment encoding the Arc 3’'UTR was obtained by PCR from the
pFUGW-24xV4-ODC-Arc 3’UTR plasmid [51] using primers 5’-ttttggcaaagaattctaccggtttttttgctagcaggggecageccagggtece-3’ and
5’-ctgaggagtgcggccaacaaaatcatatatagata-3’, which introduced Agel and Nhel sites 5’-upstream of Arc 3'UTR. The fragment was cloned
into the EcoRI and Notl sites of the pCAG-GFP vector using the In-Fusion Cloning Kit. Next, a DNA fragment encoding 24xV4-ODC was
cloned into the newly introduced Agel and Nhel sites of the plasmid by T4 DNA ligation. For this purpose, the Nhel site was introduced
into the pFUGW-24xV4-ODC plasmid as follows. Two DNA fragments with their ends overlapping were obtained by PCR from the
pFUGW-24xV4-ODC plasmid using the primer sets 5’-ctaagaattatcatctcgagaacgagg-3° and 5’-cggctagctagtgtgtacattaca-
cattgatcctagcag-3’, and 5’-aatgtacacactagctagccgatatcaagettatcgataate-3’ and 5’-gtttttctaggtetegaggte-3°, which introduced the Nhel
site into the overlapping region of the two fragments. The original sequence of the pFUGW-24xV4-ODC plasmid was replaced with the
two fragments by digesting the plasmid with Xhol and inserting the fragments using the In-Fusion Cloning Kit. From the resulting
plasmid, the 24xV4-ODC-coding region was excised using the original Agel site and the newly introduced Nhel site. This DNA fragment
was cloned into the Agel and Nhel sites of the pCAG-Arc 3’UTR plasmid by T4 DNA ligation to obtain the 24xV4-ODC-Arc 3'UTR
plasmid. After cloning into the vector, we checked all the sequences of the inserts.

The pH1’-DsRed2-1-P vector [76] was used to construct the shRNA plasmids for RBPs knockdown in neurons. Two plasmids were
constructed for each RBP. DNA inserts were cloned into the PstI and Xbal sites of the vector. The plasmids were designed to contain the
inserts below, with the target sense and antisense sequences underlined. The target sequences had no homology to other transcripts
when analyzed using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). 5°- cccgectgtgtgtggaacaacctattcaagagataggttgttccacaca-
caggctttttggaaa-3° and 5°- cccggcagcegtgtacaagatcttattcaagagataagatcttgtacacgetgectttttggaaa-3° for RNG105, 5°- cccgcaa-
caaagctacggacaattcaagagattgtcegtagetttgttgetttttggaaa-3° and 5’- cccgagtggaggttatggtcaattcaagagattgaccataacctecactetttttggaaa-3’
for FUS, and 5’- cccggttcttatggttcaggtcaattcaagagattgacctgaaccataagaacctttttggaaa-3° and 5’- ccctggatgagacagatgettcttcaagaga-
gaagcatctgtctcatccatttttggaaa-3’ for TDP-43.

Fluorescence imaging of RBPs in dendrites and quantitative analysis of RBP accumulation in RNA granules

Neurons expressing GFP- and mRFP1-tagged RBPs were fixed with 3.7% formaldehyde in phosphate-buffered saline (PBS) for 10
min. After washing with PBS, the specimens were mounted in Mowiol (Sigma-Aldrich, Burlington, MA). Fluorescence images were
acquired using an A1l confocal laser scanning microscope equipped with a Ti-E inverted microscope (Nikon, Tokyo, Japan) and a
PlanApo VC 60 x water immersion objective. The fluorescence intensity of the images was measured using ImageJ. To measure the
accumulation of RBPs in the granules in dendrites, the images were smoothed with a mean filter using ImageJ. Then, fluorescence
intensity within a single granule was measured along a line parallel to the dendrite across the fluorescence peak of the granule to draw
a fluorescence intensity curve. The difference in fluorescence intensity between two adjacent pixels at half the maximum fluorescence
intensity of the curve was calculated as the slope (Fig. 1B, right schematic). The granule/cytoplasm partition coefficient of RNG105
was calculated as (Fy-Fp)/(F-Fp), where Fg, F,, and Fj are the fluorescence intensities of RNG105 in granules, cytoplasm, and extra-
cellular areas (background), respectively.

FRAP analysis

Time-lapse fluorescence images of mRFP1- or GFP-tagged RBPs in neurons were acquired at 5-sec intervals using the Al confocal
laser scanning microscope with the PlanApo VC 60 x water immersion objective. Four control images were taken before bleaching.
Then, an elliptical ROI covering the whole area of one RNA granule in the dendrite was bleached using the 561-nm laser (10 mW) or
488-nm laser (40 mW) at 60% power and 8 s/frame. ImageJ was used to measure the fluorescence intensity at each time point for the
RNA granule within the ROI (F), the other granules in the same neuron (Fg), and the cytoplasm of the dendrite (F). The fluorescence
intensity of the target RNA granule at each time point (F() was normalized as shown in Equation (1), where t = 0 is just after
photobleaching.

Fo= <(F —Fo)y—(F- F‘f)(f:())) / (Fe = Fe)yy N

Then, the fluorescence intensity (% relative to before bleaching) was calculated as F(;/Fcont, Where Feop is the average of the F(y of
the four control images obtained before bleaching. These values (Fg/Fcons, t > 0) were fitted with Equation 2, where Fy, is the mobile
fraction (maximum recovery) and 7, is the halftime of recovery. The least-squares method with Excel Solver was used for fitting.

fuy=Fu (1 - e’ﬁ’) o)
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Cell permeabilization analysis

Time-lapse fluorescence images were acquired at 5-sec intervals for GFP- and mRFP1-tagged RBPs in neurons using an IX83
inverted microscope (Olympus, Tokyo, Japan) with a PlanApo 60 x oil objective and the Prime 4.2 Megapixel sSCMOS camera (Tel-
edyne Photometrics, Tucson, AZ). After taking 10 images, 0.5 ml of 0.075% digitonin dissolved in the medium was added to the
neurons cultured in 2 ml of the same medium. After adding digitonin, fluorescence images were taken at 5-sec intervals for about 300 s.
The fluorescence intensity of the RNA granules in the dendrite (F;) was measured using ImageJ. The decrease in fluorescence intensity
of the dendritic RNA granule at each time point (F)) was calculated as shown in Equation 3, where t = 0 is just before the neuron
became permeable.

Fiy =Fy) = Fyu=0) 3)

Then, the decrease in fluorescence intensity (% relative to before permeabilization) was calculated as F)/Fcont, Where Feop; is the
average of the granule fluorescence before permeabilization (F), t < 0). The fluorescence intensity curve of the measured value (-Fy/
Feont, t > 0) was fitted with Equation 2, where F, is the mobile fraction (maximum dissolution from RNA granules) and 1, is the
halftime of dissolution from RNA granules. The least-squares method with Excel Solver was used for fitting.

Immunocytochemistry

Neurons were fixed at 7 DIV with 3.7% formaldehyde in PBS for 10 min. After washing with PBS, the neurons were treated with
0.5% Triton X-100 in PBS for 10 min. After washing with PBS and blocking with 10% FBS in Dulbecco’s modified Eagle’s medium
(DMEM), the specimens were incubated with primary antibodies: rabbit anti-RNG105 [56], biotinylated rabbit anti-RNG105 [56],
rabbit anti-FMRP (ab17722, Abcam, Cambridge, UK), mouse anti-FMRP (MAB2160, Merck Millipore, Burlington, MA), rabbit
anti-Staufen [77], rabbit anti-Dcp2 [78], rabbit anti-Xrn1 [79], mouse anti-FUS (60160-1-Ig, Proteintech Group, Rosemont, IL), mouse
anti-TDP-43 (60019-2-Ig, Proteintech Group), mouse anti-TDP-43 (ab104223, Abcam), and mouse anti-Ribosomal protein S6 (#2317,
Cell Signaling Technology, Danvers, MA) antibodies. Neurons were then washed with PBS and stained with secondary antibodies:
Alexa 488-conjugated anti-rabbit IgG (Thermo Fisher Scientific), Cy3-conjugated anti-rabbit IgG (Jackson ImmunoResearch, West
Grove, PA), Cy5-conjugated anti-rabbit IgG (Jackson ImmunoResearch), DyLight405-conjugated anti-mouse IgG (Jackson Immu-
noResearch), Alexa 488-conjugated anti-mouse IgG (Thermo Fisher Scientific), Cy3-conjugated anti-mouse IgG (Jackson ImmunoR-
esearch), and DyLight649-conjugated anti-mouse IgG (Jackson ImmunoResearch) antibodies. Staining with the biotinylated
anti-RNG105 antibody and Alexa 488-conjugated streptavidin (Thermo Fisher Scientific) was performed after the specimens were
stained with other antibodies and refixed with formaldehyde. After washing with PBS, the specimens were mounted in Mowiol.
Fluorescence images were acquired using the Al confocal laser scanning microscope with the PlanApo VC 60 x water immersion
objective.

In situ hybridization

Neurons were fixed with 3.7% formaldehyde in PBS containing 5 mM MgCl, (PBSM) for 10 min. After washing with PBSM, neurons
were treated with 0.5% Triton X-100 in PBSM for 10 min. Then, the neurons were washed with PBSM, equilibrated with 15%
formamide, 2 x saline-sodium citrate (SSC), and 10 mm sodium phosphate (pH 7.0) for 10 min. They were probed with 0.25 pg/ml 3’-
digoxigenin-labeled poly (dT) probe (55-mer), SunTag antisense probes (mixture of 5’-tttttaatcgagcgacctcattttcaagatgatagttcttcga-
gagcagttecte-3° and 5’°-ttttcaacctggcegacctcattttcgaggtggtagttcttcgataagagttctte-3’), or SunTag sense probes (mixture of 5’-gag-
gaactgctctcgaagaactatcatcttgaaaatgaggtegetegattaaaaa-3’ and 5°-gaagaactcttatcgaagaactaccacctcgaaaatgaggtegecaggttgaaaa-3’) in
0.5 mg/ml yeast t-RNA (Roche, Basel, Switzerland), 0.5 mg/ml salmon sperm DNA (Sigma-Aldrich), 10% dextran sulfate, 0.1% BSA,
15% formamide, 2 x SSC, and 10 mwm sodium phosphate (pH 7.0) at 37 °C for 1.5 h. The neurons were washed with 15% formamide and
2 x SSC at 37 °C for 20 min, and then, with 1 x SSC for 30 min. After blocking with 10% FBS in DMEM, the probes were labeled with an
anti-digoxigenin antibody (Roche) and an Alexa 647-conjugated anti-sheep IgG antibody (Jackson ImmunoResearch). After washing
with PBS, the specimens were mounted in Mowiol. Fluorescence images were acquired using the A1 confocal laser microscope with the
PlanApo VC 60 x water immersion objective. The fluorescence intensity of the labeled mRNA in the dendritic granules where RNG105
was localized was measured and normalized by the fluorescence intensity of the dendrites of neighboring untransfected neurons.

Translation analysis in RNA granules using the SunTag system

Neurons were transfected with scFv-sfGFP-GB1 and 24xV4-ODC-Arc 3’UTR. They were fixed with 3.7% formaldehyde in PBS for
10 min, washed with PBS, and then, the specimens were mounted in Mowiol. Fluorescence images were acquired using a TCS SP8 MP
confocal microscope equipped with a DMI6000CS inverted microscope (Leica Microsystems, Wetzlar, Germany) and an HC PL APO 63
x /1.20 W CORR CS2 water immersion objective. The GFP fluorescence in the dendritic granules was measured and normalized by
min-max normalization in each neuron. In these analyses, we noted that fluorescence images of co-expressed Sirius-tagged RBPs were
noisy due to the laser wavelength (405 nm) used for Sirius (excitation peak: 355 nm).

Morphological analysis of dendritic spines

RBPs-transfected neurons were co-transfected with the pEGFP-N1 plasmid to visualize dendritic spines with GFP. They were fixed
at 11 DIV for FUS*N'S.transfected neurons, or 10 DIV for TDP-43%348C_transfected neurons, with 3.7% formaldehyde in PBS for 10 min.
After washing with PBS, the neurons were treated with 0.5% Triton X-100 in PBS for 10 min. After washing with PBS and blocking with
10% FBS in DMEM, presynapses were labeled with an anti-synapsin I antibody (Merck Millipore) and a Cy3-conjugated anti-rabbit IgG
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antibody (Jackson ImmunoResearch). After washing with PBS, the specimens were mounted in Mowiol. Fluorescence images were
acquired using the IX83 inverted microscope with the PlanApo 60 x oil objective and the Prime 4.2 Megapixel sCMOS camera. The
images were analyzed using ImageJ. Dendritic protrusions where synapsin I was attached were deemed to be spines. The number of
spines was counted along the dendrites and normalized by the length of the dendrites. The mushroom spine was defined as having a
maximum head width/neck width ratio of 1.5 or greater, which is often used as a cutoff value [80,81].

Quantification and statistical analysis

The data are represented as scatter plots showing all the individual values, which are stated as the mean + S.D. The number of
samples is shown in the figures. Statistical analysis was performed using R. Significance was determined using one-way ANOVA

followed by the Tukey-Kramer test and two-way ANOVA followed by post-hoc Student’s t-test, as indicated in the figure legends.

Key Resources Table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-RNG105 Shiina et al., 2005 N/A

Biotinylated rabbit polyclonal anti-RNG105 Shiina et al., 2005 N/A

Rabbit polyclonal anti-FMRP Abcam Cat#ab17722; RRID:
AB_2278530

Mouse monoclonal anti-FMRP Millipore Cat#MAB2160; RRID:
AB_2283007

Rabbit polyclonal anti-Staufen Marion et al., 1999 N/A

Rabbit polyclonal anti-Dep2 Wang et al., 2002 N/A

Rabbit polyclonal anti-Xrn1 Bashkirov et al., 1997 N/A

Mouse monoclonal anti-FUS

Mouse monoclonal anti-TDP-43

Mouse monoclonal anti-TDP-43

Mouse monoclonal anti-Ribosomal protein S6
Sheep polyclonal anti-digoxigenin
Rabbit polyclonal anti-synapsin I

Alexa 488-conjugated anti-rabbit IgG
Cy3-conjugated anti-rabbit IgG
Cy5-conjugated anti-rabbit IgG
DyLight405-conjugated anti-mouse IgG
Alexa 488-conjugated anti-mouse IgG
Cy3-conjugated anti-mouse IgG
DyLight 649-conjugated anti-mouse IgG
Alexa 647-conjugated anti-sheep IgG

Chemicals, peptides, and recombinant proteins
Neurobasal-A medium

B-27 supplement
Neuron Culture Medium
Mowiol 4-88

Yeast t-RNA

Salmon sperm DNA
L-Glutamine

Formaldehyde

Digitonin

20

Proteintech
Proteintech
Abcam

Cell Signaling
Technology
Roche

Millipore

Thermo Fisher
Scientific
Jackson
ImmunoResearch
Jackson
ImmunoResearch
Jackson
ImmunoResearch
Thermo Fisher
Scientific
Jackson
ImmunoResearch
Jackson
ImmunoResearch
Jackson
ImmunoResearch

Thermo Fisher
Scientific

Thermo Fisher
Scientific

FUJIFILM Wako Pure
Chemical
Sigma-Aldrich

Roche

Sigma-Aldrich
Thermo Fisher
Scientific

FUJIFILM Wako Pure
Chemical

FUJIFILM Wako Pure
Chemical

Cat#60160-1-Ig; RRID:
AB_10666169
Cat#60019-2-Ig; RRID:
AB_2200520
Cat#ab104223; RRID:
AB_10710019

Cat#2317; RRID:
AB_2238583
Cat#11333089001; RRID:
AB_514496
Cat#AB1543; RRID:
AB_2200400
Cat#A-11034; RRID:
AB_2576217
Cat#711-165-152; RRID:
AB_2307443
Cat#111-175-144; RRID:
AB_2338013
Cat#715-475-150; RRID:
AB_2340839
Cat#A-11029; RRID:
AB_2534088
Cat#715-165-150; RRID:
AB_2340813
Cat#715-495-151

Cat#713-605-147; RRID:
AB_2340751

Cat#10888022
Cat#17504044
Code: 148-09671
Cat#81381
Cat#10109495001
Cat#D1626
Cat#21051024

Code: 064-00406

Code: 048-02124

(continued on next page)
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(continued)
REAGENT or RESOURCE SOURCE IDENTIFIER
Triton X-100 Sigma-Aldrich Cat#T8787
Dulbecco’s Modified Eagle’s Medium Sigma-Aldrich Cat#D5796
Alexa 488-conjugated streptavidin Thermo Fisher Cat#S511223

Dextran sulfate
BSA

Critical commercial assays

In-Fusion HD Cloning Kit

QuikChange Lightning Multi Site-Directed Mutagenesis Kit

Experimental models: Organisms/strains

Mouse: Jcl:ICR

Oligonucleotides

Primers for RBPs, see Tables S1-S3

Primer: scFv-sfGFP-GB1 Forward: TTTTGGCAAAGAATTGTCGCCACCATGGGCCCCGA

Primer: scFv-sfGFP-GB1 Reverse: CTGAGGAGTGCGGCCTTATTCGGTTACCGTGAAGG

Primer: Arc 3'UTR Forward:
TTTTGGCAAAGAATTCTACCGGTTTTTTTGCTAGCAGGGGCCAGCCCAGGGTCCC

Primer: Arc 3'UTR Reverse: CTGAGGAGTGCGGCCAACAAAATCATATATAGATA

Primer: 24xV4-ODC Forward 1: CTAAGAATTATCATCTCGAGAACGAGG

Primer: 24xV4-ODC Reverse 1: CGGCTAGCTAGTGTGTACATTACACATTGATCCTAGCAG

Primer: 24xV4-ODC Forward 2: AATGTACACACTAGCTAGCCGATATCAAGCTTATCGATAATC

Primer: 24xV4-ODC Reverse 2: GTTTTTCTAGGTCTCGAGGTC

Insert: RNG105 shRNA-1:
CCCGCCTGTGTGTGGAACAACCTATTCAAGAGATAGGTTGTTCCACACACAGGCTTTTTGGAAA

Insert: RNG105 shRNA-2:
CCCGGCAGCGTGTACAAGATCTTATTCAAGAGATAAGATCTTGTACACGCTGCCTTTTTGGAAA

Insert: FUS shRNA-1:
CCCGCAACAAAGCTACGGACAATTCAAGAGATTGTCCGTAGCTTTGTTGCTTTTTGGAAA

Insert: FUS shRNA-2:
CCCGAGTGGAGGTTATGGTCAATTCAAGAGATTGACCATAACCTCCACTCTTTTTGGAAA

Insert: TDP-43 shRNA-1:
CCCGGTTCTTATGGTTCAGGTCAATTCAAGAGATTGACCTGAACCATAAGAACCTTTTTGGAAA

Insert: TDP-43 shRNA-2:
CCCTGGATGAGACAGATGCTTCTTCAAGAGAGAAGCATCTGTCTCATCCATTTTTGGAAA

3’-digoxigenin-labeled poly (dT) probe (55-mer)

3’-digoxigenin-labeled SunTag antisense probe-1:
TTTTTAATCGAGCGACCTCATTTTCAAGATGATAGTTCTTCGAGAGCAGTTCCTC

3’-digoxigenin-labeled SunTag antisense probe-2:
TTTTCAACCTGGCGACCTCATTTTCGAGGTGGTAGTTCTTCGATAAGAGTTCTTC

3’-digoxigenin-labeled SunTag sense probe-1:
GAGGAACTGCTCTCGAAGAACTATCATCTTGAAAATGAGGTCGCTCGATTAAAAA

3’-digoxigenin-labeled SunTag sense probe-2:
GAAGAACTCTTATCGAAGAACTACCACCTCGAAAATGAGGTCGCCAGGTTGAAAA

Recombinant DNA

pCAG-GFP

PCR template Plasmids for RBPs, see Tables S1-S3
Plasmids of pCAG-RBPs, see Tables S1-S3
pFUGW-scFv-sfGFP-GB1

pFUGW-24xV4-ODC-Arc 3'UTR
PCAG-scFv-sfGFP-GB1

pCAG-24xV4-ODC-Arc 3'UTR

pH1’-DsRed2-I-P

pEGFP-N1

Software and algorithms
NCBI BLAST

ImageJ
Excel Solver
R

Scientific
FUJIFILM Wako Pure
Chemical
FUJIFILM Wako Pure
Chemical

Takara Bio
Agilent Technologies

CLEA Japan

This paper
This paper
This paper
This paper

This paper
This paper
This paper
This paper
This paper
This paper

This paper
This paper
This paper
This paper
This paper

This paper
This paper

This paper
This paper

This paper

Addgene

This study

This study

Wang et al., 2016
Wang et al., 2016
This study

This study

Takahashi et al., 2007
Clontech

Code: 197-08362

Code: 015-20951

Code: 639650
Cat#210513

N/A

N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A

N/A
N/A

N/A
N/A

N/A

Cat#11150; RRID:
Addgene_11150

N/A

N/A

N/A

N/A

N/A

N/A

N/A
https://www.addgene.org/
vector-database/2491/

http://blast.ncbi.nlm.nih.
gov/Blast.cgi
https://imagej.net/
http://www.solver.com/
https://www.r-project.org
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