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Abstract

TLS/FUS is RNA-binding protein having multiple functions of regulations of genes, homeostasis, and cellular growth. Recent
studies show that TLS is involved in phase separation and occasionally forms precipitation related to neurodegenerative diseases
like amyotrophic lateral sclerosis (ALS). RNA has been reported to suppress phase separation, droplet formation, and
concomitant precipitation of TLS, suggesting that RNA is a possible candidate for ALS drug discovery. Our experiments
demonstrated that a long noncoding RNA, promoter-associated noncoding RNA (pncRNA-D), specifically binds TLS and
represses its phase separation and precipitation. To obtain competent drug seeds, it is essential to reveal mechanism of action of
IncRNAs with specificity to TLS and inhibitory activity on phase separation and related precipitation. For this purpose, several
IncRNAs (IncRNAs 1 to 6) were selected upon assays with GST-TLS binding and inhibition on the precipitation. With criteria of
binding specificity for TLS, INcRNA3 has been selected for further analysis for RNA-binding ability. Initially, RNA-binding
region at TLS amino acid sequence was identified from four fragments of TLS. RNA binding assay with biotinylated INcRNA3
precipitated with avidin magnetic beads indicated clearly that TLS binds the fragment 4 (373-526 aa), C-terminus end of TLS.
Then, dissecting fragment 4 presents four regions, RGG2, zinc finger, RGG3, and the nuclear localization signal (NLS) region in
this order. Experiments with extensive deletion mutants indicated that just one deletion out of the four regions irs not enough to
delete the TLS binding, although combinatorial deletion of zinc finger with other three regions almost wiped off the IncRNA3
binding. Remarkably, each of four regions alone has no binding to TLS, either. Collectively, RGG2, zinc finger, RGG3, and NLS
all are essential for binding to INCRNA3, but are required to work synergistically for full binding. These data indicate that
dynamic assembly of RNA-binding domain works for action of IncRNAs and possibly has allosteric effect on intrinsically
disordered region (IDR) of N-terminus of TLS, implying relation of RNA-binding with phase separation and the resultant
precipitation.
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1. Introduction

At the beginning of our TLS studies, it has been performed  we detected RNA-binding protein TLS in the CBP-bound
to search for interacting molecules with CREB-binding pro- fraction. Then, following experiments showed that TLS exerts
tein (CBP). Using baculovirus-expressed FLAG-tagged CBP, inhibitory activity against histone acetyltransferase (HAT) of
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CBP. Furthermore, TLS represses transcription from a pro-
moter of a target gene, cyclin D1 upon binding to a long
noncoding RNA (IncRNA), promoter-associated ncRNA-D
(pncRNA-D) [1]. In this promoter, pncRNA-D specifically
binds TLS and induces allosteric conformational alteration of
TLS resulting in the inhibition of HAT activity of cognate
coactivators, CBP and p300. TLS plays a role in regulation of
transcription through modulation of HAT activity in a partic-
ular promoter. These data demonstrate that TLS functions as a
transcription regulator, modulating production of RNA.

It has been shown that TLS also functions as a causative
gene for amyotrophic lateral sclerosis (ALS) because the TLS
is leaked from nucleus to cytoplasm and forms toxic precipi-
tates [2-6]. This mislocalization of TLS induces its precipita-
tion in cytosolic compartment, leading to the ALS and other
neurodegenerative diseases like frontotemporal lobar degen-
eration (FTLD) [2, 3, 7-9]. Mislocalization of the mutated
TLSs is supposed to prompt formation of toxic aggregation of
TLS, and also loss of function of TLS, leading to the diseases.
It largely remains uncovered how dysregulation of function of
TLS should cause the disease. For clear understanding
mechanisms of the onset of ALS, more analysis of TLS roles
in neuronal functions should be demanded.

Deletion of TLS using gene editing technology with
CRISPR/Cas9 in organoids derived from human induced
pluripotent stem cells (iPS cells) induces proliferation and
differentiation of neuronal cells in cortical brain-organoids,
but impairs these phenotypes in spinal cord organoids [10].
These reciprocal responses in cortical and spinal cord- or-
ganoids, mediated through cellular signaling with neu-
rotrophic factors regulated with TLS. These experiments
present direct evidence of the role of TLS in the neuronal
development in the human central nervous system (CNS).
Mutated TLS-P525L knock in experiment generated mice
with TLS-P525L [11]. The mutated mice gained toxic ag-
gregates of TLS, and lost the motor neuron dose-dependently
with the mutated TLS. Furthermore, antisense oligonucleotide
against the TLS, ION363, efficiently silenced the TLS mutant
and reduced degeneration of the motor neurons in the brain
and also spinal cord. These data indicate that the TLS mutant
cause neurodegeneration and ALS, with positive data of
ION363 as a potent drug candidate.

Pilot test of a patient with the TLS-P525L showed that in-
trathecal injections of ION363 reduced expression of wild type
and TLS mutant and also the load of the pathological precipi-
tation in the CNS. The set of experiments using mouse systems
and a human subject demonstrate that reduction of the affected
TLS with treatment of ION363 is efficient strategy of thera-
peutics against ALS caused by TLS mutations [11].

Initiating from early 21 century, radical alterations have
occurred in wide ranges of RNA investigations in biomedical
sciences, transforming in a view points of Central Dogma
which sets RNA as just a stage of gene expression [12-21].
Massive analyses of transcriptomes in the human genome
have showed that numerous RNA molecules transcribed from
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the noncoding regions of DNA sequences [22-27]. Mostly, the
unidentified transcripts are found to be long noncoding RNAs
(IncRNAs) of which length is more than 200 nucleotides and
their biological activity remains largely undocumented [28].
Then, IncRNAs require RBPs for exerting their functions
[29-33]. RBP makes complexes with other RBP to be in-
volved in gene expression at transcription, translation, and
maturation of RNAs [34, 35]. RBP needs to bind cognate
RNA for its function through RNA interacting regions in-
cluding RNA recognition motif (RRM) [36, 37], RGG, and
DEAD bhox helicase domain [38]. Recent investigation on
structures of high-molecular weight RBP complexes includ-
ing ribosome [39-41] and spliceosome [42, 43] revealed pre-
viously unidentified interactions between proteins and RNAs
with unconventional RNA binding regions [44, 45]. These
data indicate more non-canonical RNA binding motif might
work in cellular environments.

Most of RBPs have been found to bear intrinsically disor-
dered regions (IDRs) [46-52]. IDRs in RBP play crucial roles
in cellular structures including RNA granules and
paraspeckles [53-55]. Actual function of RBP IDRs remains
unrevealed. The gel electrophoresis mobility shift assay with
32P-RNA probes showed that the RGG domains of TLS,
FMRP, and hnRNPU recognize RNA in a moderate specificity
[48]. It has been shown that the RGG domain increases
binding affinity of TLS to RNA and destabilizes RNA con-
formation, generating novel binding surfaces in a se-
guence-independent manner [56]. The series of data present a
possibility that IDR works for another binding surface to
RNA, meaning that IDR should be a novel motif of RBPs for
RNA binding [50, 51].

Our recent experiments indicated that IncRNA pncRNA-D
represses phase separation and resultant aggregation. This
means that INcRNA could be a drug seed for ALS. Searching
ALS drug seed requires a good library of TLS-specific
IncRNAs. For this purpose, we have developed and estab-
lished a systematic method of identifying TLS-bound
IncRNAs [57]. Our affinity purification experiments with
bacterially expressed GST-TLS presented 1743 long
noncoding RNAs using human IncRNA microarray with cut-
ting length as 60 mers. Further analysis revealed that six
IncRNAs  (IncRNA1, IncRNA2, IncRNA3, IncRNA4,
IncRNAS5 and IncRNA 6) have specific binding to TLS and
also exert inhibitory activity against phase separa-
tion-dependent precipitation of TLS. From these IncRNAs,
we selected IncRNA3 for its highest specificity for TLS,
suggesting that INcRNA3 should be a possible candidate for
the ALS drug. In this manuscript, we set a series of experi-
ments to analyze RNA-binding domains of TLS and extensive
dissection of the RNA-binding abilities of TLS using
InNcRNA3. The sets of data present a molecular modeling of
TLS RNA binding domains. These data should be beneficial
for future design of unprecedented molecular therapeutics
against ALS based upon IncRNA functions.
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2. Materials and Methods

2.1. Antibodies and Reagents

Mouse anti-TLS/FUS antibody (611385, Lot no. 2209827)
was purchased from BD Biosciences (New Jersey, USA).
Rabbit anti-TLS/FUS antibody (11570-1-AP) was purchased
from Protein Tech (lllinois, USA). Rabbit anti-mouse HRP
conjugated IgG (P0161, 20017456) was purchased from Dako
(Glostrup, Denmark). Goat anti-rabbit HRP-conjugated 1gG
(7074S, 25) was purchased from Cell Signaling Technology
(Massachusetts, USA). HelLa cell nuclear extract (NE) was
prepared as previously described protocol [1, 58-60]. RNeasy
plus Mini Kit was purchased from Qiagen (DUsseldorf,
Germany). Polyguanylic acid (poly (G)) potassium salt, Poly
(U) Sepharose, 1, 6-hexanediol (1,6-HD), and Glutathi-
one-agarose beads were purchased from Sigma-Aldrich Co.
(Missouri, USA). Poly (G) Sepharose was prepared as de-
scribed previously [60].

2.2. Affinity Purification of
Bacterially-Expressed GST-TLS

GST-TLS and related constructs were expressed in E. coli
and prepared into lysates described previously [1, 59]. The
lysates bearing GST-TLS or GST-TLS fragments were incu-
bated with glutathione agarose beads for 60 mins at 4<C upon
rotation. In most of experiments, GST-TLS was utilized on the
glutathione agarose beads. Occasionally, bound GST-TLS
was purified with elution by 20 mM glutathione in 120 mM
Tris-HCI buffer (pH 8.0) with 150 mM NaCl. Both of the
preparations of GST-TLS were adjusted as 11g.

2.3. RNA Binding Assay

The RNA binding assays were performed previously de-
scribed [61-63]. Briefly, Dynabeads-M280 (Thermo Fisher)
was washed with PBS containing 0.02% Tween 20. One pmol
of biotinylated RNA oligos or RNAs were added to the beads
and incubated for 15 min at room temperature with rotation.
Subsequently, the beads were incubated with bacterial lysates
of GST-TLS or related mutations of GST-TLS, or HelLa cell
NE for 1 h at 4<C with rotation. Beads were then washed three
times in 1 ml of WCE buffer (25 mM HEPES, pH 7.9, 50 mM
NaCl, 2.5 mM MgCl, 0.1 mM EDTA, and 0.05% Triton X100)
and resuspended in SDS sample buffer and boiled at 1200 <C for
2 min. Finally, the Dynabeads were removed and supernatants
were analyzed by an SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) following for stain with the coomassie brilliant
blue (CBB) of a SimplyBlue™ SafeStain (Thermo Fisher) or
Western blotting analyses. The pncRNA-D (32 to 62; 31mer) is
shown as (1-1) and the pncRNA-D (32 to 44, 13mer) is shown
as 5(1-1). Then, (1-1) and 5(1-1) are used as an equivalent
positive control for RNA binding assay.
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2.4. Phase Separation and Precipitation Assay of
GST-TLS

Purified GST-TLS with glutathione-agarose beads was
employed for development of assays to observe the phase
separation mediated precipitation. Firstly, biotinylated isox-
azole (BISOX) is added to GST-TLS solution at 50 M and
incubated at 4<C for 60 mins to give a precipitation. Fur-
thermore, procedure without any chemical has been devel-
oped. WCE buffer with 1 g of GST-TLS is incubated at 4<C
for 60 mins, and centrifuged at 1000 rpm or 3000 rpm for 5
mins to generate precipitation. The precipitation was washed
with15% 1,6-HD or H,O once. The precipitation was recov-
ered by centrifugation at 10000 rpm for 1 mins. The precipi-
tation was analyzed by SDS-PAGE following the coomassie
brilliant blue (CBB) staining procedure to visualize.

2.5. Protein Analysis

SDS-PAGE was performed with 10% polyacrylamide gels
following CBB staining [1, 59, 60]. Western blotting was
done with anti-TLS monoclonal antibody with the dilution
ratio 1:2000 using standard protocol shown previously.

2.6. RNA Sequences Used in the Experiments

IncRNA1 60 mers: UUCUCCUCCAAGAAC-
CUUGGCAUCCAGGCGGCCCCCUAAC-
CUGGCAGCUGCAGGAUGGAU

IncRNA2 60 mers: UAUAACCACUGUAACU-
CUGCUGUCCGUAGGGCUGACUGCU-
CUGCUGGGAAUAGCCCUGCC

IncRNA3 60 mers: UAAACUUUCCUAAC-
CUGGGCUCAACCUUGGUUUCGUCUCUCAGUCUU-
AAUUUUGCUUCAG

InNcRNA4 60 mers: GUUGCGUUUUCGUACGGCU-
GACUAAAGCGGAUACCGGUGGCGACUCAU-
UUCUCGUUUUAU

INcRNA5 60 mers: UGUCCUCCAGCAGCU-
CUAGCCUGGAUGCGGUCCCAGAGAUAAAU-
CAUAUCUCUUUAAAAA

InNcRNAG6 60 mers:
GGGGUCAAAUCCAUCCCUAGUCAUGGCCCCCUG-
GAGAAGUGGCAAGCCUUGUACUCAUGA

(1-1): pncRNA-D-32-62 (31 mers): GUU-
AAGAGGGUACGGUGGUUUGAUGACACUG

5(1-1): pncRNA-D-32-44 (13 mers): GUU-
AAGAGGGUAC

IncRNA3-1(1-15) (15mers): UAAACUUUCCUAACC

INcRNA3-2(16-33) (18mers): UGGGCUCAAC-
CUUGGUUU

INcRNA3-3(34-47) (14mers): CGUCUCUCAGUCUU

INcRNA3-4(48-60) (13mers): AAUUUUGCUUCAG
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3. Results

3.1. LncRNAs with Preferential Interaction with
TLS and Other Proteins

Our series of experiments demonstrated that pncRNA-D
represses phase separation, droplet formation, and precipita-
tion. These data imply that InNcRNAs is a possible drug seeds
for ALS. Exploring dug candidates needs a good library of
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Figure 1. LncRNAs with preferential interaction with specific proteins including TLS.

(A) Detection of proteins bound to the InNcRNAL through IncRNAG, and 1-1 of pncRNA-D using SDS-PAGE gel and CBB staining. The

experimental procedures are shown in text.

(B) LncRNA 3 and IncRNA4 bind matrin3 and nucleolin, respectively. SDS-PAGE gel electrophoresis of the protein samples bound by bio-
tinylated RNAs on magnetic Dynabeads from the HeLa cell nuclear extracts. The samples of each lane are depicted at the top of the gel image.

Actual procedures are described in text.

(C) Schematic images of the domain structures of TLS and fragments which were used for the experiments shown.
(D) Mapping of RNA-binding regions from four fragments of TLS with SDS-PAGE gel.

(*) indicates non-specific binding

Most of RNA-bindings are promiscuous. Therefore, we
carefully select IncRNAs which bind less numbers of proteins.
Our RNA binding assays of IncRNA 1 through IncRNA 6
showed that IncRNAS3 alone has a specific protein bandl, but
other INcRNAs share binding to protein 2 (Figure 1A). Then,
we selected INcRNA3 for further analysis of RNA binding
mechanisms. Mass spectrometric analysis of these protein
bands recognized by IncRNA 3 and IncRNA 4 indicated nu-
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clear matrix protein matrin3 and nucleolus protein nucleolin,
respectively (Figure 1B). We performed mapping experiments
using four fragments across full-length TLS (Figure 1C). The
RNA binding assay of INcRNA3 to the fragments of TLS
showed remarkable binding at the fragment 4 and slight
binding on fragment 1 (Figure 1D). Therefore, we performed
extensive mapping experiments using the fragment 4 of TLS.
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3.2. Extensive Mapping of RNA-Binding Ability on the Fragment 4 of TLS
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Figure 2. Extensive mapping of RNA-binding ability on the fragment 4 of TLS.

(A) The domain structures of the fragment 4 of TLS and the constructs of fragment 4 which are employed for mapping studies.
(B) RNA-binding assay of the fragment 4 ARGG2, and the fragment 4. ARGG3 and ANLS
(C) RNA-binding assay with deletion mutants on every component of fragment4

(D) RNA-binding assay of RGG2, zinc finger, RGG3, and NLS in fragment 4

(E) RNA-binding assay of poly (G) RNA with RGG2, zinc finger, RGG3, and NLS in fragment 4
(F) RNA-binding assay of poly (U) RNA with RGG2, zinc finger, RGG3, and NLS in fragment 4
(G) RNA-binding assay of poly (G) RNA with the four fragments of TLS
(H) RNA-binding assay of poly (U) RNA with the four fragments of TLS
(1) Summary of RNA binding assays on every component of fragment 4

Initially, we employed the sets of constructs (Figure 2A)
which split the TLS fragment 4 into two sub-fragments, the
fragment 4 ARGG2 and the fragment 4 ARGG3 and ANLS.
The RNA binding assay indicated no binding on these two
deletion mutants upon basis of visibility of CBB-stained pro-
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tein bands, suggesting that RGG2 and RGG3-NLS are essen-
tial for binding of INcRNA3 (Figure 2B). Using next sets of
constructs containing deletion at N-terminus 20 amino acids
(AN20), at the zinc finger (AZnF), at NLS and combination of
these deletion mutants, we tested which of N20, zinc finger,


http://www.sciencepg.com/journal/bs

Biomedical Sciences

http://www.sciencepg.com/journal/bs

and NLD mostly contribute to RNA binding. The experiments
showed that deletion of zinc finger exhibits relatively weak
impact on the RNA binding of TLS, while deletion of N20 and
NLS has stronger effect on the RNA binding (Figure 2Cl).
Double deletions at N20-zinc finger and zinc finger-NLS
almost completely wipe off the binding of INcRNAS3 to these
mutants (Figure 2C), suggesting N20, zinc finger, and NLS
work cooperatively for IncRNA3 binding. Extensive experi-
ments using just constructs from RGG2, zinc finger, RGG3,
and NLS showed no remarkable binding to INcRNA3 (Figure
2D). Collectively, these sets of data suggest that RGG2, zinc
finger, RGG3, and NLS are essential for TLS binding to
IncRNA 3, but these regions alone have no binding (Figure
21). The reason why no binding was detected is that bindings
of each component might not be firm enough for accommo-

dating binding to IncRNAS3.

Therefore, we designed the binding assay with a potent
binder for TLS, poly (G) RNA which forms G-quadruplex
structure. Previous our data showed that poly (G) RNA binds
TLS strongly [60]. Using poly (G) RNA, moderate binding on
RGG3 was detected (Figure 2E), while poly (U) RNA has no
significant binding, working as a negative control (Figure 2F).
Four regions of fragment 4 need to work cooperatively to exert
effective RNA binding. Additional experiments of poly (G)
RNA with four fragments over full-length TLS indicated that
additional binding on fragment 2 is detected with the fragment
4 binding (Figure 2G). Contrast to the data with poly (G), poly
(U) had binding to the fragment 4 alone as same as that of
InNcRNA3 (Figure 2H). The TLS binding to poly (G) RNA
might be slightly different mode compared to INCRNA3.

3.3. Dissection of IncRNA 3 into Four Fragments and Identification of TLS Binding Site
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Figure 3. Dissection of IncRNA 3 into four fragments and distinctive bindings to TLS.

(A) Full-length TLS binds to distinctive fragments of IncRNA3

(B) The fragment 4 of TLS binds to distinctive fragments of INCRNA3

(C) Predicted secondary structure of four fragments of INcRNA3. CentroidFold generates images.
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Figure 4. Poly (G) RNA promotes phase-separation induced precipitation of TLS.

(A) The effect of poly (G) RNA on phase separation and resultant precipitation of GST-TLS is examined with previously established condition.
(B) The effect of poly (G) RNA on precipitation of the two fragments of GST-TLS is examined.

The mapping experiments confirm four domains on frag-

ment 4 is major target site of TLS. Next, we explored func-
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tional units of IncRNA which interact with TLS. Then, we
tentatively divided IncRNA 3 into four fragments (13mer
through 18mer), and performed RNA binding assay with
full-length TLS (Figure 3A). The experiments showed that
specific interacting fragments, IncRNA 3-1, IncRNA3-3 and
INcRNA3-4. Previous our data indicated that G-rich RNA
prefers binding to TLS. Unexpectedly, one of specific bind-
ing was observed at the INcRNA 3-1 which does not contain
any G residue and only has UAC residues on its sequence
(Figure 3A). In contrast to IncRNA3-1, another binding tar-
get of TLS, IncRNA 3-3 has GUC residues which are typical
target consensus by TLS (Figure 3A). Further analysis over
the IncRNA fragments with the sets of four TLS fragments
showed that the TLS fragment 4 exhibits similar binding
patter to that of full-length TLS (Figure 3BC), while the
fragments 1, 2, 3 have no significant binding to any of
IncRNA fragments (data not shown). These data confirm the
fragment 4 of TLS plays a central role on the IncRNA 3
binding, and might exert pivotal effect on the inhibition of
TLS precipitation. Predicted confirmation of these four
fragments of INcRNAZ3 is depicted, although any functional
or physiological clue has not been found (Figure 3C).

3.4. Poly (G) RNA Promotes Precipitation of
TLS

Our RNA binding experiments of TLS with Poly (G) indi-
cated solid binding of TLS to poly (G) RNA (figure 2 GH).
Recently, it has been reported that G4-RNA promotes phase
separation, droplets, and resultant aggregation or precipita-
tion [64]. Upon based on the data, we examined effect of
poly (G) RNA on the precipitation of GST-TLS with protocol
previously developed. Impressively, poly (G) RNA strongly
induced the precipitation of GST-TLS (Figure 4A). This fits
previous report [64], but poly (G) RNA should be a novel
agent stimulant for the precipitation of TLS. RNA binding
assay of poly (G) RNA was indicated to bind the fragments 2
and 4 of GST-TLS (Figure 2G). On this data, we tested effect
of poly (G) RNA on precipitation of the four fragments of
GST-TLS. It demonstrated that poly (G) RNA promotes pre-
cipitation of GST-TLS fragments 2 and 4 (Figure 4B), but
did not induce any precipitation of the fragments 1 and 3
(data not shown), indicating that only the fragments bound to
poly (G) RNA were precipitated.

4. Discussion

Initial experiment of the manuscript is to select a IncRNA
which binds less numbers of proteins beside of TLS. In
IncRNA 1 through 6, IncRNA 3 alone has a unique protein
band 1, while all other IncRNAs do not have this band 1 alt-
hough these IncRNAs reciprocally bind to the band 2 that
lacks binding of IncRNA3. Then, further analysis has been
performed on IncRNA3. This binding assay of HelLa cell NE
and IncRNAs was performed with low sensitivity of detection
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technique, just CBB-staining. This is just criteria for selection
to IncRNAs with strong interaction. The band 1 is found to be
matrin-3, which forms a complex with TLS [63] and is related
to ALS [65, 66], while the band 2 is nucleolin related to dis-
eases including ALS and cancers [67, 68], with which is oc-
casionally associate TLS (unpublished data).

Mapping experiments of IncRNA3 with GST-TLS four
fragments showed specific binding to GST-TLS fragment 4
(FigurelCD). The data fits our previous binding profile of
four fragments with pncRNA-D [59]. Based upon the binding
of IncRNA3 to the TLS fragment 4, we split it to two sub-
fragments, the fragment 4 ARGG2 and the fragment 4
ARGG?3 and ANLS (Figure 2AB). Split of the fragment 4 into
the two fragments completely abolished binding activity to
IncRNA 3, indicating that RGG2 and RGG3-NLS are essen-
tial regions for binding to INcRNA3. Therefore, we generated
more deletion mutants on the fragment 4. In contrast to the
split mutants of the fragments, deletions of zinc finger,
N-terminus of RGG2, and NLS did not completely remove the
binding activity. Furthermore, combinatorial deletions of zinc
finger with other components of the fragment 4 significantly
reduced the binding, but did not completely abolish it like the
split mutants (Figure 2I). Taken together, RGG2 and possibly
RGG3 have crucial function on binding of TLS to IncRNAS3.
Remarkable data from binding experiment of all four com-
ponents of fragment 4 demonstrated no significant binding to
INcRNA3 (Figure 2D), suggesting that RGG2, zinc finger,
RGG3, and NLS all are required for their binding, but each
alone does not function at all. Mixing all four fragments did
not work either. These four components, RGG2, zinc finger,
RGG3 and NLS are supposed to be aligned in this order for
binding to IncRNA3. A noteworthy point is that NLS func-
tions as RNA binding region. This is unexpected one, because
more than half of NLS (498-526) bears nuclear localization
ability, and only three RGG repeats. The amino acid sequence
of NLS implies that NLS might have RNA binding activity,
which is another noncanonical RNA-binding domain.

Functional regions of INcRNA3 were divided into four parts
to identify its functional region. Then, only one fragment
(IncRNA3-2) does not have significant binding to TLS and
the fragment 4 (Figure 3AB). Unexpectedly, IncRNA3-1
containing AAACUUU has solid binding to TLS. Our pre-
vious experiments indicated TLS prefers to bind to RNA
sequence with GUC instead of AU. Published data showed the
AUUAUU as components of the stem-loop RNA structure
instead of sequence specificity [56, 69]. However, this
IncRNA 3-1 should form a possible circular configuration of
RNA (Figure 3C), but not has stem-loop, suggesting novel
RNA sequence preference to TLS.

RNA-binding proteins (RBPs) have diverse functions
compared to DNA-binding proteins (DBPs) [35, 44, 70-74].
DNA-binding transcription factors recognize specific binding
sites or responsive elements in a promoter or enhancer, like
AGAACA for glucocorticoid receptor (GR) belonging to
nuclear receptor family, usually bearing several base pairs in
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bases of DNA with consensus motifs, and activate transcrip-
tion of the target genes [75-79]. Transcription factors pre-
cisely recognize specific binding sites, and stringently regu-
late transcription upon binding to the sites [80-82]. For ex-
ample, mutation of AGAACA responsive element into
GGACCA resulted in abolish of specific binding of GR to its
responsive elements [82]. Therefore, transcription factors is
need to have high affinity binding to responsive DNA ele-
ments for its appropriate missions to regulate multiple gene
networks. Contrarily, RBPs play multiple roles in RNA me-
tabolism, splicing, also construction of membrane less orga-
nelles. [29, 83-85]. Occasionally, RBPs form complexes with
RNA to form cellular structures [53, 85, 86]. Relatively low
RNA affinity of RBPs fits diverse missions in cellular envi-
ronments [87-89].

TLS has been shown to interact with 5500-6845 RNA
species [69, 90]. It is likely that TLS should have multiple
interaction domains to each specific surface of RNAs. Di-
vergent interactions of RBPs with RNA are partly forced by
flexible conformations of RNA. Such kinds of protein-RNA
interactions might be accommodated by IDR because of also
its elasticity.

Our mapping experiment indicated that the fragment 1 of
TLS exhibited marginal bindings to RNAs with low affinity
[57]. This wobbly binding of the fragment 1 should be based
upon its IDR. It has been reported that IDRs function as
binding interfaces to RNAs with specific properties and exert
biological activities through their RNA binding abilities [47,
48, 50, 51].

Polyguanylic acid (poly (G) RNA) was shown to bind TLS,
known to form G-quadruplex (G4) with divergent activities
[91-94]. Additional experiments with poly (G) RNA which
has distinctive binding to TLS were performed with four
components of the fragment 4 (Figure 2E). Then, RGG3 is
just only one binding with poly (G) RNA while poly (U) RNA
has no binding as negative control (Figure 2EF), suggesting
that RGG3 might be core for synergistic assembly for all four
components to the bona fide RNA-binding domain. Re-
markable binding data using poly (G) RNA, which forms
G-quadruplex (G4) structure with the four fragments of TLS
displayed that poly (G) RNA binds the fragment 2 in addition
to the fragment 4 (Figure 2GH). The fragment 2 contains
C-terminal half of the RGG1 region with IDR. poly (G) RNA
could connect RNA-binding domain of the fragment 4 to IDR
from RGGL1, inspiring glue of RNA-binding domain to IDR.

Frontotemporal degeneration (FTLD) causes frontotemporal
dementia (FTD), the most common form of dementia after
Alzheimer’s disease, and is also associated with motor disor-
ders [95]. The pathological characters of FTLD are neuronal
inclusions of specific, abnormally assembled proteins. Most of
cases of the inclusions contain amyloid filaments assemblies of
TAR DNA-binding proteins 43 (TDP-43) or tau, with distinct
structures characterizing distinct FTLD subtypes [96, 97]. The
presence of amyloid filaments and their identities in the re-
maining 10% of FTLD cases are unknown but are widely be-
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lieved to be composed of TLS. Therefore, these cases are
commonly referred to as FTLD-FUS (or TLS) [98-100]. Then,
cryogenic electron microscope observation was performed to
determine the structures of amyloid filaments extracted from
the prefrontal and temporal cortices of four distinct individuals
bearing FTLD-FUS. Unexpectedly, abundant amyloid fila-
ments of the homologue TATA-binding protein-associated
factor 15 (TAF15) was identified instead of TLS itself [101],
suggesting now FTLD-TAF15. The formation of TAF15 amy-
loid filaments with a characteristic fold in FTLD settles TAF15
retinopathy in neurodegenerative disease. These data regarding
TAF15 amyloid filaments stimulate understanding of pathology
of neurodegenerative disease, and also plans for diagnostic and
therapeutic technologies against TAF15 retinopathy.

Moreover, these data present a crucial event that TAF15
alone forms amyloid filaments in FTLD-TAF15 of the envi-
ronment with FUS and EWS [101]. It also indicates two es-
sential items regarding onset of neurodegenerative diseases.
First, in this context TAF15 has no genetic mutation on its
amino acid sequence, meaning that wild type TAF15 precip-
itates in this lesion. This implicates that something there
stimulates precipitation of TAF15. This is a fundamental issue
of the onset of the diseases. Second, there is specificity for
RBPs. In FTLD-TAF15, TAF15 lives in neuronal cells with
TLS and EWS, but only TAF15 forms precipitation there.
There is some preference for each RBP regarding induction of
forming amyloid filaments. Some kinds of the preference of
TLS, EWS, and TAF15 regarding precipitation should be
dependent on each character and cellular environment of the
lesion of the disease. This is also fundamental factors for
onset of ALS and also related neurodegenerative diseases.
The data from FTLD-TAF15 present possibility regarding
onset of ALS, implying that somehow wild type TLS forms
precipitation and also TLS is selected to generate inclusions
even with other species of RBPs with uncovered mechanisms.
It should be emerging issue for developing therapeutics
against TLS-induced ALS elucidation of molecular mecha-
nisms of phase separation, droplet formation and precipitation
of TLS in particular cellular environments associated with
ALS.

Onset of familial ALS is induced by mutation in TLS.
Mutation in TLS results in its translocation from nuclei to
cytosolic compartment, inducing aberrant precipitation of
TLS and damaging motor neuron, causing ALS [2, 3, 102,
103]. However, 90% of patients are sporadic ALS (SALS)
without description of familial history, or genetic alteration on
TLS [104, 105]. It has been shown that SALS patients has
cytoplasmic accumulation of inclusions containing aggregates
of wild type TLS [64, 106, 107]. Wild type TLS precipitates
in physiological environment of living cells and mechanism
of the precipitation remains elusive.

It has been shown that some events or stimulants induce
precipitation of wild type TLS, which are potential pathogen
for causing SALS. First, biotinylated isoxazole (BISOX) has
been shown to induce phase separation and precipitation of
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TLS [108, 109]. Kato et al. found that BISOX is a stimulant
for phase separation and precipitation of TLS, establishing the
phase separation research field. Second, Removal of RNA
bound to TLS causes precipitate of TLS. Actually, RNA in-
teracts with TLS and prevents it from its phase separation and
precipitation. In nucleus, TLS is in solution, because nucleus
is at high concentration of RNA (>200 ng/pl as total RNA)
that binds and prevents TLS from phase separation and re-
sultant precipitation [110]. Accidentally, wild type TLS is
transferred to cytosolic compartment in which are at lower
concentration of RNA, and precipitated with removal of the
TLS-bound RNA [110]. These series of events should induce
formation of inclusion bodies in cytosol and initial event of
ALS onset. Third, recent reports indicated that G4-cotaining
MRNASs promote phase separation [111-113] and precipita-
tion of TLS [64]. Then, we tested effect of poly (G) RNA on
precipitation of TLS, and demonstrated that poly (G) RNA
effectively induces precipitation of TLS (Figure 4AB). It has
been reported that dendric mMRNAs like postsynaptic density
protein 95 (PSD-95) and Ca/calmodulin-dependent protein
kinase type Il subunit alpha (CamKlla) have G4s at
3-untranslated region involved in neuronal functions, imply-
ing possible roles of G4 RNA on onset of ALS [114]. These
data suggests that G4-RNA is a possible candidate for path-
ogen for sporadic ALS.

Elucidation of wild type TLS precipitation regular cellular
environment is central question that will present a clue to
make an efficient therapeutic against sporadic ALS. Actually,
we have developed a compound against BISOX, Bio-
tin-Lys-His, BLH, which blocks the BISOX-induced precip-
itation of TLS [115]. BLH is a potent candidate for the ALS
drug. We have identified that pncRNA-D has inhibitory effect
on the precipitation of TLS in physiological conditions [57,
116] and also more species of INcRNAs has similar inhibitory
effect on the TLS precipitation [57]. These RNAs might be a
seed for RNA medicine against ALS. Related to action of G-4
RNA on the TLS precipitation, blocking of G4-RNA might be
also a seed for ALS therapeutics. Some sequences with poly
(C) might be annealed to poly (G) sequence and suppress
pathogenic activity of poly (G) sequence.

5. Conclusions

The pool of INcRNASs has been generated with TLS bind-
ing and inhibition of phase separation, and precipitation of
TLS, a major cause for ALS. After identification of
TLS-specific INcCRNA, further analysis has been executed on
INcRNA3 regarding mechanism of RNA binding. Mapping
experiments showed that the C-terminus of TLS, the frag-
ment4, works as RNA-binding domain for IncRNA 3. The
data confirm previous our result with pncRNA-D, although
the GGUG consensus RNA oligos bind the fragment 2 com-
prising of RGG in addition to the fragment 4. Furthermore,
TLS has been reported to have capacity of binding to more
than 5000 species of RNA, indicating that multiple surfaces
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of TLS could bind RNA. It is likely that a TLS molecule
accommodates several RNA molecules simultaneously. Then
an open question is how TLS could match such numerous
RNAs. Fluctuation, flexibility and sustainability of
RNA-binding domain of TLS should present a clue to a solu-
tion. The RNA binding experiments of INCRNA3 with the
RGG2, zinc finger, RGG3, and NLS in the fragment 4 pre-
sented a working model for action of the TLS RNA-binding
domain. These four components need to be assembled as in
this order, although each one does not have enough potency
on the RNA binding. A key region for RNA-binding should
be IDR that generates multiple surfaces for RNAs and en-
dows flexible confirmation of TLS on RNA-binding. We
might take advantage of IDR action for making efficient in-
hibitor for TLS precipitation, a potent drug seed for ALS.
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