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Abstract

Translocated in Liposarcoma (TLS), also known as Fused in Sarcoma (FUS), is a multifunctional RNA-binding protein
implicated in neurodegenerative diseases due to its tendency to aggregate. While mutations in TLS are linked to familial
amyotrophic lateral sclerosis (ALS), approximately 90% of ALS cases are sporadic with no known genetic mutations. In these
instances, pathological aggregation of wild-type TLS is believed to play a critical role, although the molecular triggers remain
elusive. RNA is known to modulate TLS phase separation, but the features that drive RNA-induced precipitation are poorly
understood. Here, we report that synthetic PolyG RNA robustly induces both phase separation and irreversible precipitation of
recombinant TLS in vitro. This effect is concentration-dependent and strongly influenced by RNA sequence composition.
Specifically, guanine-rich RNAs such as PolyG promote aggregation, whereas uridine-rich RNAs fail to induce precipitation and
may even inhibit it. These findings suggest a selective interaction between TLS and G-rich RNA sequences. Notably, the
resulting TLS-RNA complexes undergo precipitation in a manner distinct from classical liquid-liquid phase separation,
highlighting a unique mechanism of RNA-induced protein misfolding. Through detailed molecular biological and biochemical
analyses, we further demonstrate that PolyG-induced condensates transition into solid-like aggregates over time. Our results
uncover a previously uncharacterized pathway of RNA-mediated TLS aggregation and suggest that guanine-rich RNAs may
contribute to pathological protein misfolding in neurodegenerative disease contexts.
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1. Introduction

TLS/FUS (TLS) is known to undergo liquid-liquid phase
separation (LLPS), a process by which biomolecules demix to
form dense, membraneless compartments. LLPS is essential
for organizing cellular biochemistry, including the formation
of stress granules, paraspeckles, and Cajal bodies, which
respectively regulate mMRNA triage, nuclear retention of hy-
peredited RNAs, and the biogenesis of small nuclear ribonu-
cleoproteins (snRNPs) [1-3]. However, aberrant LLPS can

lead to irreversible precipitation and aggregation, contributing
to the pathogenesis of neurodegenerative diseases such as
amyotrophic lateral sclerosis (ALS), frontotemporal lobar
degeneration (FTLD), and Huntington’s disease [4-6].

TLS contains an N-terminal prion-like domain and a
C-terminal RNA-binding domain, both of which are critical
for its phase behavior. The intrinsically disordered regions
(IDRs) in TLS facilitate multivalent interactions that drive
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LLPS. IDRs are prevalent in over 30% of human proteins and
play essential roles in transcriptional regulation, chromatin
remodeling, and the formation of biomolecular condensates
[7-9]. RNA binding modulates this process by altering the
conformational landscape of the protein. Mutations in the
nuclear localization signal of TLS result in cytoplasmic mis-
localization and enhanced aggregation, forming stress gran-
ules and insoluble inclusions in neurons [10-13].

Our previous studies have focused on identifying RNAs that
suppress TLS phase separation and precipitation, including
IncRNAs such as pncRNA-D and IncRNA3, which bind to the
C-terminal RNA-binding domain of TLS and induce confor-
mational changes that allosterically inhibit LLPS via the
N-terminal IDR [14, 15]. These findings suggest that RNA
molecules can act as regulators of TLS phase behavior, either
suppressing or promoting its transition into pathological states.

Given these insights, we hypothesized that if certain RNAs
suppress TLS phase separation, others may promote it. While
RNA binding is generally considered to inhibit LLPS in
RNA-binding proteins [16], our screening of HeLa nuclear
extracts revealed that polyG and polyU RNAs bind TLS, but
only polyG significantly enhances its precipitation. PolyG
RNA forms G-quadruplex (G4) structures—four-stranded
configurations stabilized by Hoogsteen hydrogen bonding
among guanines. These structures are implicated in transla-
tion regulation, stress granule dynamics, and neurodegenera-
tive disease mechanisms [17-19]. This unexpected re-
sult-namely, polyG but not polyU-promotes TLS precipita-
tion- prompted us to investigate the molecular mechanism by
which polyG RNA promotes TLS phase separation.

In this study, we demonstrate that polyG RNA forms a
complex with TLS and induces conformational changes that
facilitate phase separation and precipitation. To our
knowledge, aside from the work of Hirose et al. [20], few
studies have reported RNAs that actively promote LLPS in
RNA-binding proteins. Recent efforts have begun to catalog
RNAs with LLPS-enhancing properties, including architec-
tural InNcRNAs and structured motifs [21, 22]. Hirose’s group
showed that specific domains within the architectural INcRNA
NEAT1 drive paraspeckle assembly through phase separation,
highlighting the structural role of RNA in nuclear body for-
mation [20].

The TLS we are analyzing is associated with familial ALS
caused by mutations in its coding region, occasionally form-
ing stress granules and leading to precipitation in motor
neurons [23-26]. However, a distinct form of familial ALS is
linked to mutations in the C9orf72 gene. Given that polyG
RNA robustly induces TLS precipitation, we hypothesized
that guanine-rich RNAs may contribute to the pathogenesis of
ALS. This led us to consider the well-characterized hexanu-
cleotide repeat expansion (GGGGCC)_n in the C9orf72 gene,
the most common genetic cause of familial ALS and fronto-
temporal dementia (FTD) [23, 27]. In healthy individuals, the
number of GGGGCC repeats typically ranges from 2 to 30,
whereas ALS patients often exhibit hundreds to thousands of
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repeats [28]. These expanded repeats are transcribed into
RNA capable of forming G-quadruplex structures, which can
sequester RNA-binding proteins such as TLS/FUS, poten-
tially disrupting their physiological functions [29].

Moreover, the C9orf72 repeat RNA undergoes re-
peat-associated non-AUG (RAN) translation, producing di-
peptide repeat proteins (DPRs) such as
poly-Glycine-Arginine  (polyGR), poly-Proline-Arginine
(polyPR), and poly-Glycine-Proline (polyGP), all of which
have been implicated in neurotoxicity and protein aggregation
[30]. While DPRs are considered major contributors to ALS
pathology, the guanine-rich nature of the repeat RNA itself
may also promote TLS precipitation. Although previous
studies have suggested that GGGGCC repeat RNA interacts
with TLS [29], its role in directly inducing TLS aggregation
remains poorly characterized. In this study, we further inves-
tigate the binding affinity and precipitation-inducing potential
of GGGGCC repeat RNA toward TLS, aiming to clarify its
contribution to RNA-mediated protein misfolding in ALS.

2. Materials and Methods

2.1. Antibodies and Reagents

Mouse anti-TLS/FUS monoclonal antibody (611385, Lot
no. 2209827; BD Biosciences, NJ, USA), rabbit an-
ti-TLS/FUS polyclonal antibody (11570-1-AP; ProteinTech,
IL, USA), rabbit anti-mouse HRP-conjugated 1gG (P0161;
Dako, Denmark), and goat anti-rabbit HRP-conjugated 1gG
(7074S; Cell Signaling Technology, MA, USA) were used for
immunodetection. HeLa cell nuclear extract (NE) was pre-
pared as previously described [1, 14, 16]. Polyguanylic acid
(polyG), polyadenylic acid (polyA), polyuridylic acid (polyU),
polycytidylic acid (polyC), and 1, 6-hexanediol (1, 6-HD)
were purchased from Sigma-Aldrich (MO, USA).
CNBr-activated Sepharose 4B (Cytiva, Sweden) was used for
RNA immobilization. Poly (GUAC)-RNA-Sepharose 4B was
prepared according to the manufacturer’s instructions [31].

2.2. RNA Binding Assay

RNA binding assays were performed as previously described
[14, 16]. Dynabeads M-280 (Thermo Fisher) were washed with
PBS containing 0.02% Tween-20. One pmol of biotinylated
RNA oligos or poly GUAC RNA was incubated with the beads
for 15 min at room temperature with gentle rotation. Beads
were then incubated with HeLa cell NE or bacterially expressed
GST-TLS for 1.5 h at 4<C. After three washes with WCE buffer,
bound proteins were eluted by boiling in SDS sample buffer for
2 min at 100<C. Supernatants were analyzed by SDS-PAGE
and visualized by Coomassie Brilliant Blue (CBB) staining
using SimplyBlue™ SafeStain (Thermo Fisher), or by Western
blotting. Positive controls included pncRNA-D1 (32-62;
31-mer, designated as 1-1) and pncRNA-D1 (32-44; 13-mer,
designated as 5 (1-1)) [1, 14].
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2.3. Phase Separation and Precipitation Assay of
GST-TLS

Purified GST-TLS bound to glutathione-agarose beads was
used to assess phase separation and precipitation. In the
chemical-induced protocol, biotinylated isoxazole (BISOX,
50 M) was added to GST-TLS and incubated at 4<C for 1.5 h
to induce precipitation [32]. In the chemical-free protocol, 1.4
g of GST-TLS in WCE buffer was incubated at 4<C for 60
min, followed by centrifugation at 3500 or 5000 rpm for 5 min.
To assess whether the resulting precipitates were dependent
on phase separation, they were dissolved in 15% 1, 6-HD and
re-centrifuged to show no precipitation left afterword. Pre-

cipitated proteins were analyzed by SDS-PAGE and visual-
ized by CBB staining [16].

2.4. Protein Analysis RNA Binding Assay

SDS-PAGE was performed using 10% polyacrylamide gels
followed by CBB staining [1, 14, 16]. Native PAGE using the
Bis-Tris gel system (Life Technologies, USA) was employed
to detect RNA-TLS complexes according to the manufactur-
er’s protocol [33]. Western blotting was conducted using
anti-TLS monoclonal antibody at a 1:2000 dilution under
standard conditions [1].
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Figure 1. Poly G RNA Binds TLS and its Specific Domains.

(A) Specificity of poly GAUC-RNA on precipitation of HeLa cell nuclear extract (NE).

(B) Poly G-RNA and poly U-RNA strongly bind TLS.

(C) Poly G (upper) and U-RNAs (lower) bind fragment 2 and fragment 4.

(D) Domain structure of TLS and internal interaction between domains.

3. Results

3.1. PolyGAUC RNAs Bind RNA-Binding
Proteins and TLS

We have been investigating the interaction between RNA
and cellular proteins, focusing on polyGAUC RNAs (Figure
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1A). PolyG and polyU RNAs bind to a remarkably diverse set
of proteins in HeLa nuclear extract (NE), presumably repre-
senting RNA-binding proteins (RBPs). We then examined the
interaction of polyGAUC RNAs with GST-TLS and observed
strong binding signals with polyG and polyU RNAs, but
virtually no binding with polyA and polyC RNAs (Figure 1B).

Using polyG and polyU RNAs, we performed domain
mapping experiments on the four fragments (domains) of
GST-TLS, which we have established in previous publica-
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tions [14]. The binding experiments showed that fragment 4
and also fragment 2 interact with these RNAs (Figure 1C).
Fragment 4 has been identified in our previous experiments,
but fragment 2 represents a novel RNA interaction domain
within TLS (Figure 1D).

3.2. PolyG RNA Induces Precipitation of
GST-TLS
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Figure 2. Poly G RNA Induces Precipitation of TLS.

(A) Examination of poly G RNA effect on TLS precipitation.

(B) Poly G RNA but not poly U-RNA induces TLS precipitation.
(C) Native Blue PAGE shows TLS-polyG RNA complex in HelLa
cell NE.

Next, we examined the effect of polyG and polyU RNAs on
TLS precipitation. The precipitation assay revealed robust
precipitation of GST-TLS upon incubation with polyG RNA
(Figure 2A). In contrast, polyU RNA did not induce substan-
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tial precipitation (Figure 2B).

We then tested whether TLS forms a molecular complex
with polyG RNA. Native blue PAGE analysis showed the
formation of a high-molecular-weight complex between
GST-TLS and polyG RNA (Figure 2C), whereas no complex
was detected with polyU RNA (data not shown).

3.3. Minimum Length of G-mers Required for
TLS Interaction

Previous data suggest that polyA RNA contains approxi-
mately 2500 adenosine residues, but no comparable data are
available for polyG RNAs. We therefore investigated the
minimum length of guanine repeats (G-mers) required for
TLS binding and precipitation. Binding assays using oligoG
RNAs ranging from 5-mers to 10-mers revealed that a G7-mer
is sufficient to bind GST-TLS (Figure 3A). Precipitation
assays using the same series of G-mers showed that the 7-mer
also induces TLS precipitation, although the effect was mar-
ginal compared to longer polyG RNA (Figure 3B).

To estimate the approximate length of polyG RNA, we
performed agarose gel electrophoresis. According to the
supplier Sigma-Aldrich, the polyG RNA is enzymatically
synthesized via polynucleotide phosphorylase [31]. The gel
analysis revealed smear bands corresponding to approxi-
mately 100 to 200 nucleotides (Figure 3C). In contrast, syn-
thetic oligopG RNA from commercial nucleic acid synthesis
was limited to 50 nucleotides. Therefore, it remains unclear
which specific G-mer length is sufficient to induce TLS pre-
cipitation.
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Figure 3. Determination of Minimum Length of G-Mer on Interaction with TLS.

(A) Just seven-mer of oligo G-RNA is enough for binding to TLS.
(B) Seven-mer of oligo G-RNA induces precipitation of TLS.
(C) Gel analysis of polyG RNA length distribution.

3.4. Potential Role of C9orf72 Repeat RNA in
TLS Precipitation

Our findings thus far demonstrate that polyG RNA strongly
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promotes TLS precipitation. To explore whether this phe-
nomenon may be involved in the pathogenesis of amyotrophic
lateral sclerosis (ALS), we turned our attention to the
GGGGCC hexanucleotide repeat expansion in the C9orf72
gene, which has been widely reported as a major genetic
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contributor to ALS [27].

Previous studies have primarily focused on the translation
products of the GGGGCC repeat RNA—namely, dipeptide
repeat proteins (DPRs) such as polyGA, polyGP, and pol-
yGR—which are known to induce neuronal toxicity [28-30].
However, the direct effect of the repeat RNA itself on TLS
precipitation has not been thoroughly investigated.

To address this, we synthesized GGGGCC repeat RNA and
examined its ability to induce TLS precipitation (Figure 4A).
Notably, a 30-mer of GGGGCC RNA exhibited a precipita-
tion-promoting effect comparable to that of a 30-mer polyG

RNA (Figure 4B). These results suggest that the GGGGCC
repeat RNA—transcribed from the C9orf72 gene—may di-
rectly contribute to TLS misfolding and aggregation, thereby
playing a role in ALS pathogenesis.

Interestingly, recent studies have shown that GGGGCC
repeat RNA forms stable G-quadruplex structures [17-19],
which may facilitate multivalent interactions with
RNA-binding proteins such as TLS. These findings support a
model in which guanine-rich RNAs, including C9orf72 repeat
transcripts, promote pathological phase transitions of TLS,
potentially contributing to ALS pathogenesis [29].
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Figure 4. GGGGCC Repeat RNA Promotes TLS Precipitation.

(A) Schematic of GGGGCC repeat RNA synthesis. The diagram also shows translated dipeptides from three reading frames, which accumu-

late in neurons and contribute to neurotoxicity [28].

(B) Comparison of TLS precipitation induced by G30mer and GGGGCC repeat RNA (48mer).

4. Discussion

In this study, we demonstrated that polyG RNA binds
strongly to TLS and promotes its phase separation and pre-
cipitation. Through biochemical and molecular analyses, we
propose a model in which polyG RNA interacts with the
RNA-binding domain in Fragment 4 of TLS, forming a
complex that facilitates phase separation and precipitation via
the functional activity of Fragment 1. Additionally, we iden-
tified Fragment 2 as a novel RNA-interacting domain, sug-
gesting that its engagement with poly G RNA may further
contribute to precipitation. These findings imply that polyG
RNA may promote precipitation of wild-type TLS, potentially
contributing to the onset of sporadic ALS. This offers a new
direction for investigating the etiology of ALS cases with
unknown genetic causes.

Our analysis revealed that the polyG RNA used in this
study comprises a mixture of guanine repeats ranging from
approximately 100 to 200 nucleotides. This suggests that
numerous guanine-rich RNA transcripts in human cells may
interact with TLS and other RNA-binding proteins to promote
phase separation and precipitation, potentially triggering
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neurodegenerative diseases such as ALS. Indeed, recent
transcriptomic studies have identified thousands of G-rich
RNAs in human cells [34-36], many of which are capable of
forming G-quadruplex structures and engaging in multivalent
interactions.

If G-rich RNAs are abundantly present in neurons, TLS
precipitation could occur frequently, posing a risk for ALS
development. However, the rarity of ALS suggests the ex-
istence of cellular safeguards that prevent such pathological
interactions. One possibility is that complementary C-rich
DNA sequences form duplexes with G-rich RNA, thereby
neutralizing their aggregation potential [37, 38]. Another
hypothesis is the presence of RNA-binding proteins or mo-
lecular chaperones that selectively block TLS-G-rich RNA
interactions [39-41]. In healthy motor neurons, these mecha-
nisms may suppress TLS precipitation, maintaining cellular
homeostasis. Disruption of these safeguards could lead to
pathological aggregation and ALS onset. Elucidating these
molecular mechanisms will be essential for developing ther-
apeutic strategies, and we are eager to pursue this line of
research.

Our experiments further demonstrated that GGGGCC re-
peat RNA transcribed from the C9orf72 gene directly binds
TLS and induces its precipitation (Figure 4) [42]. While pre-
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vious studies have focused on dipeptide repeat proteins (DPRS)
translated from GGGGCC RNA as drivers of neurotoxicity
[28, 30], the role of the repeat RNA itself in TLS aggregation
has remained underexplored. Our findings suggest that
GGGGCC RNA, through its guanine-rich sequence and
G-quadruplex structure [17], directly contributes to TLS
misfolding and ALS pathogenesis [29, 42].

Given the abundance of polyG RNAs—ranging from 100
to 200 guanine residues—in cells, even with protective
mechanisms in place, substantial TLS precipitation may still
occur. This raises the intriguing possibility that TLS-polyG
RNA interactions may also contribute to beneficial cellular
functions. Indeed, recent studies have proposed the concept of
“functional aggregation” or “good precipitation,” where
phase-separated condensates serve physiological roles [43].
TLS precipitation may be reversible and regulated, dissolving
upon RNA processing or removal. This property aligns with
the behavior of certain amyloid-like aggregates involved in
memory formation, such as those observed in Drosophila
[44].

Although the precise mechanisms by which TLS precipi-
tation contributes to memory remain unclear, the idea that
RNA-mediated TLS aggregation could participate in high-
er-order neuronal functions is compelling. Deciphering the
molecular basis of RNA-driven TLS phase transitions may
thus illuminate not only disease mechanisms but also funda-
mental processes such as memory and cognition. This repre-
sents an exciting frontier for future research, including the
development of therapeutic strategies to modulate
RNA-induced phase transitions and the exploration of TLS
aggregation in cognitive functions.

5. Conclusions

Our findings reveal that polyG RNA robustly induces
TLS/FUS precipitation through sequence-dependent inter-
actions involving multiple RNA-binding domains. This
precipitation mechanism is distinct from classical LLPS
and may contribute to the pathogenesis of ALS, particularly
in cases involving C9orf72 repeat RNA. The discovery of
Fragment 2 as a novel RNA-binding domain expands our
understanding of TLS structure-function relationships.
Furthermore, the potential physiological roles of TLS pre-
cipitation, including its involvement in memory-related
processes, open new avenues for exploring functional ag-
gregation in neurons. Future studies should aim to clarify
the cellular safeguards that regulate TLS-RNA interactions
and investigate therapeutic strategies to modulate patho-
logical phase transitions.

Abbreviations

ALS
BISOX

Amyotrophic Lateral Sclerosis
Biotinylated Isoxazole
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CamKIIla Ca/calmodulin-dependent Protein Kinase
Type II Subunit Alpha

CBB Coomassie Brilliant Blue

CBP CREB-binding Protein

CNS Central Nervous System

DBPs DNA-Binding Proteins

FTD Frontotemporal Dementia

FTLD Frontotemporal Lobar Degeneration

G4 G-Quadruplex

GR Glucocorticoid Receptor

HAT Histone Acetyltransferase

IDRs Intrinsically Disordered Regions

iPS cells Induced Pluripotent Stem Cells

IncRNA Long Noncoding RNA

NLS Nuclear Localization Signal

pncRNA-D  Promoter-Associated ncRNA-D

Poly G Polyguanylic Acid

RBPs RNA-Binding Proteins

RRM RNA Recognition Motif

SDS-PAGE SDS-Polyacrylamide Gel Electrophoresis
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