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Establishment of chemically oligomerizable TAR DNA-binding
protein-43 which mimics amyotrophic lateral sclerosis

pathology in mammalian cells
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One of the pathological hallmarks of amyotrophic lateral sclerosis (ALS) is mislocalized, cytosolic aggregation of TAR DNA-Binding
Protein-43 (TDP-43). Not only TDP-43 per se is a causative gene of ALS but also mislocalization and aggregation of TDP-43 seems to
be a common pathological change in both sporadic and familial ALS. The mechanism how nuclear TDP-43 transforms into cytosolic
aggregates remains elusive, but recent studies using optogenetics have proposed that aberrant liquid-liquid phase separation

(LLPS) of TDP-43 links to the aggregation process, leading to cytosolic distribution. Although LLPS plays an important role in the
aggregate formation, there are still several technical problems in the optogenetic technique to be solved to progress further in vivo
study. Here we report a chemically oligomerizable TDP-43 system. Oligomerization of TDP-43 was achieved by a small compound
AP20187, and oligomerized TDP-43 underwent aggregate formation, followed by cytosolic mislocalization and induction of cell

toxicity. The mislocalized TDP-43 co-aggregated with wt-TDP-43, Fused-in-sarcoma (FUS), TIA1 and sequestosome 1 (SQSTM1)/p62,
mimicking ALS pathology. The chemically oligomerizable TDP-43 also revealed the roles of the N-terminal domain, RNA-recognition
motif, nuclear export signal and low complexity domain in the aggregate formation and mislocalization of TDP-43. The aggregate-
prone properties of TDP-43 were enhanced by a familial ALS-causative mutation. In conclusion, the chemically oligomerizable TDP-

43 system could be useful to study the mechanisms underlying the droplet-aggregation phase transition and cytosolic

mislocalization of TDP-43 in ALS and further study in vivo.

Laboratory Investigation (2021) 101:1331-1340; https://doi.org/10.1038/s41374-021-00623-4

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a progressive motor neuron
disease affecting more than 200,000 people worldwide [1]. Over
30 causative genes have been identified as causes of familial ALS
including TAR DNA-binding protein-43 (TDP-43) which is a cause
of familial ALS10 occupying 3-4% of familial ALS [2, 3]. The
involvement of TDP-43 in the pathogenesis of ALS is also apparent
due to cytosolic TDP-43-positive aggregates seen in most cases of
both familial and sporadic ALS, and it is one of hallmarks of ALS
pathology [4, 5]. TDP-43 is a highly conserved DNA/RNA-binding
protein widely expressed [3]. TDP-43 is involved in a variety of
biological processes including RNA transcription [6], RNA splicing
[7-9], RNA editing [10], formation of nuclear bodies [11],
regulation of stress granules [12], and DNA repair [13, 14], and
its functional disturbance is supposed to trigger neuronal cell
death [9, 15]. It has been shown that TDP-43 is prone to self-
associate via its N-terminal domain as well as C-terminal low
complexity domain (LCD) [16-19]. However, the mechanisms how
nuclear TDP-43 transforms into cytosolic aggregates have
remained elusive due to the technological difficulty in the
regulation of oligomerization in live cells. The breakthrough to
control oligomerization was achieved by optogenetic technology
using the Arabidopsis photoreceptor cryptochrome 2 (CRY2) [20].
By modification and optimization of the oligomer-promoting

nature of wt-CRY2, CRY2olig becomes a powerful tool to
investigate the biochemical behavior of protein of interest upon
clustering by light. Fusing this optogenetic module to TDP-43
enables control of oligomerization status of TDP-43 in live cells
and it has revealed that abnormal phase separation of TDP-43
linked to aggregate formation followed by cytosolic mislocaliza-
tion [21, 22]. However, the Cry2-olig system is still not a perfect
system for inducing and monitoring of TDP-43 phase separation in
several aspects. First, it is impossible to selectively induce dimer
and oligomer which undergoes clustering, thus it is difficult to
assess the role of intrinsic domains which harbor self-associating
property, participating in the phase-separation processes. Second,
it is challenging to induce Cry2olig-mediated clustering in whole
body of mammalian ALS models due to absorbance of blue-green
light by hemoglobin [23]. Third, light-mediated photoactivation is
applicable for limited number of cells and simultaneous activation
of large quantity of cells requires special equipment [24]. Fourth,
longer irradiation of blue light might cause photo-toxicity [25]. To
conquer these scientific problems, we developed a chemically
inducible oligomerization system using the dimer domain of
FK506 binding protein (FKBP)-F36V mutant and its homodimeriz-
ing ligand, AP20187 [26-28] to study the role of LLPS in TDP-43
aggregate formation and subsequent localization changes. Addi-
tion of AP20187 induced aggregate formation of TDP-43 followed
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by mislocalization from nucleus, indicating its usefulness for
studying molecular mechanisms underlying TDP-43 mislocaliza-
tion seen in ALS.

MATERIAL AND METHODS

Cell culture

Hela cells, a motor neuronal cell line NSC34 or HEK293 cells were
cultured in Dulbecco’s-modified Eagle Medium (DMEM) supple-
mented with 10% fetal bovine serum and penicillin/streptomycin.
The cells were cultured in a standard incubator at 37 °C with 5%
CO,. Transfection of plasmids was done with LipofectAmine2000
(ThermofFisher) following the manufacturer’s protocol.

Plasmid constructions

Yellow fluorescent protein (YFP)-conjugated TDP-43 was obtained
from Addgene (#84911). YFP was PCR amplified and subcloned
into pcDNA3.1 vector to create the YFP control. For constructing
D1-YFP, D2-YFP, D1-TDP-43-YFP, and D2-TDP-43-YFP, one or two
tandem FKBPg3y sequences were inserted into the N-terminus of
YFP or TDP-43-YFP. mCherry-Sequestosomel (SQSTM1)-N-18 was
obtained from Addgene (#55132). TDP-43-mCherry was con-
structed by subcloning of TDP-43 into mCherry2-N1 vector
(#54517, Addgene). TDP-43 deletion mutants were constructed
by the PCR-based mutagenesis with following primer sets: a sense
primer (AAAAGAAAAATGGATGAGACAGATGCTTCATCAGC) and an
anti-sense primer (GCGGCCGCTTTCCAGTTTTAGAAG) for TDP-43-
AN; a sense primer (AAGCACAATAGCAATAGACAG) and an
anti-sense primer (GCTTCTCAAAGGCTCATC) for TDP-43-ARRM2; a
sense primer (ATTGCGCAGTCTCTTTGTG) and an anti-sense primer
(GCTTCTCAAAGGCTCATC) for TDP-43-ARRM2 w/NES; a sense
primer (AAGCTTATCGATAGCAAGGGCGAG) and an anti-sense
primer (TCTTTCTAACTGTCTATTGCTATTGTGC) for TDP-43-ALCD,
respectively. The Q331K mutation was created by a site-directed
mutagenesis with a sense primer (AAGAGCAGTTGGGGTATG
ATGGGCATGTTAG) and an anti-sense primer (TAGTGCTGCCTGG
GCGGCAGCCATCATG). FUS cDNA was a kind gift from Dr. Masaaki
Matsuoka (Tokyo Medical University). TIAT cDNA was PCR
amplified from Hela cell cDNA with a sense primer (ATGGAGG
ACGAGATGCCC) and an anti-sense primer (TCACTGGGTTTCATA
CCCTGCQ).

Induction of oligomerization

Oligomerization of YFP or TDP-43 was achieved by the addition of
AP20187 (Clontech, 635059) into the culture medium of trans-
fected cells at 0.5 uM otherwise mentioned, and the cells were
incubated in the presence of AP20187 for the indicated time
period.

Confocal imaging

Hela cells, NSC34 cells, or HEK293 cells were plated onto a
chambered slide glass (Matsunami glass). After transfection
followed by induction of oligomerization, the cells were fixed
with 4%-formalin-PBS for 15 min at room temperature. The
nuclei were counterstained with DAPI, and then the cells were
mounted with VECTASHIELD antifade mounting medium
(Vectorlabs). Confocal imaging for fixed cells was performed
with FV-10i (Olympus). The image analysis was performed with
ImageJ software.

FRAP analysis

Hela cells were plated onto a chambered coverglass (Matsunami
glass). After transfection followed by induction of oligomerization,
the cells were observed by LSM710 confocal microscopy (Zeiss).
FRAP analysis was performed with ZEN software (Zeiss). For the
washout experiments, Hela cells expressing TDP-43 variants were
treated with AP20187 for 24 h, followed by incubation for another
24 h of washout period.
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Gel-filtration analysis

To evaluate oligomerization status of TDP-43, Chroma spin
column-based gel-filtration analysis was performed as previously
described [29, 30]. Briefly, HEK293 cells overexpressing D1-TDP-43-
YFP or D2-TDP-43-YFP were treated with 0.5 uM AP20187 for 6 h.
After the treatment, the cells were harvested and lysed in the lysis
buffer (150 mM NacCl, 20 mM Tris-HCl pH7.4, 0.5% Nonidet-P40 and
protease inhibitor cocktail). The lysates were applied to a Chroma
spin column followed by sequential centrifugation, and 14
fractions were collected and analyzed by Western blotting
analysis.

Fractionation into nuclear and cytosolic fractions
Fractionation of nuclear and cytosolic fractions from HEK293 cells
expressing D1-TDP-43-YFP or D2-TDP-YFP treated with 0.5 pM
AP20187 for 2h or 6h was performed with ProteoExtract
subcellular proteome extraction kit (Millipore), following the
manufacture’s protocol. After fractionation, the lysates were
crosslinked by dimethyl pimelimidate (DMP) (ThermoFisher)
before Western blot analysis.

Fractionation into soluble and insoluble fractions

HEK293 cells expressing D1-YFP, D2-YFP, D1-TDP-43-YFP or D2-
TDP-43-YFP, cultured in the presence or absence of 0.5 pM
AP20187 for 24 h, were harvested for lysis with the RIPA buffer (10
mM Tris-HCl, 1% Nonidet-P40, 0.1% sodium deoxycholate, 0.1%
SDS, 0.15M NaCl, TmM EDTA and protease inhibitor cocktails).
The soluble fraction was defined as the supernatant fraction after
centrifugation at 15000 rpm for 15 min. After removal of super-
natant, the pellets were resuspended in RIPA Buffer and re-
centrifuged. The supernatants were discarded and the residual
pellets were resuspended in the Urea lysis buffer (7 M Urea, 30 mM
Tris-HCl, 0.5% Nonidet-P40 and protease inhibitor cocktails)
followed by sonication. The solutions were centrifugated at
15000 rpm for 15 min and the pellets were defined as the insoluble
fractions. The soluble and insoluble fractions were then analyzed
by Western blot analysis.

Western blotting

The samples were mixed with equal volume of 2x Laemmli SDS-
PAGE sample buffer (Biorad) and boiled at 95°C for 5 min. The
samples were next subjected to SDS-PAGE and blotted onto
Immobilon-P polyvinylidene fluoride (PVDF) membrane (Millipore).
Immunoblotting was performed by a standard protocol, and
immunoreactive signals were detected by ChemiDoc Touch
(Biorad) using ECL-select detection reagent (GE Amersham).
The following antibodies were used; anti-TDP-43 antibody
(Proteintech: 10782-2-AP); anti-GFP antibody (Cell Signaling:
#2956); anti-GAPDH antibody (Cell Signaling: #2118).

Immunostaining

HEK293 cells expressing D2-YFP, D1-TDP-43-YFP, or D2-TDP-43-
YFP were treated with 0.5 uM AP20187 for 24 h and then fixed by
formalin-PBS. The cells were permeabilized by 0.5% Triton-X100
and blocking was performed with Blocking-one reagent (Nacalai).
Immunostaining was performed with anti-cleaved poly(ADP-
ribose) polymerase-1 (PARP) antibody (Cell Signaling: #5625).

Statistics
All data are represented as mean + standard deviation. Statistical
analysis of the data was performed with SPSS software 26 (IBM).

RESULTS

To precisely control of oligomerization status of TDP-43 in live cells,
we adopted and modified the chemically inducible dimerization
(CID) system consisting of the dimer domain of FK506 binding
protein (FKBP)-F36V mutant and its homodimerizing ligand,
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Chemically-inducible dimerization (CID) system
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Design and schematic structures of chemically oligomerizable TDP-43. A Scheme of chemically inducible dimerization (CID) system

using the dimer domain of FKBP-F36V and AP20187. The dimer domain fused to protein of interest triggers dimerization upon binding to
AP20187. B The dumbbell-shaped structure of AP20187. C Schematic structures of constructs used in this study. D1: one dimer domain, D2:
two dimer domains. D Theoretically possible dimerization and oligomerization of each construct.
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Fig. 2 AP20187 induces oligomerization of TDP-43. A, B Confocal imaging of HEK293 cells expressing D2-YFP (A) or D2-TDP-43-YFP (B)
treated with 0.5 uM AP20187 for 6 h. C, D Gel-filtration analysis followed by immunoblot of D1-TDP 43- YFP (C) or D2-TDP-43-YFP (D) in the

presence or absence of AP20187. Endo. TDP43: endogenous TDP-43. The scale bar shows 10 pm.

AP20187 (Fig. 1A, B) [26-28]. AP20187 is a cell-permeable, dumbbell-
shaped chemical compound which can connect two FKBP dimer
domains, inducing homodimerization. AP20187 is also known to
penetrate blood-brain barrier without significant toxicity, substan-
tiating its usefulness in mammalian neurodegenerative disease

Laboratory Investigation (2021) 101:1331 - 1340

models [31]. We designed constructs of YFP and TDP-43-YFP
harboring one or two dimer domains (D1- or D2-YFP and D1- or D2-
TDP-43-YFP, respectively) (Fig. 1C). Theoretically, D1 constructs can
form monomer or dimer, and D2 constructs can form monomer,
dimer, or oligomer under the existence of AP20187 (Fig. 1D).

SPRINGER NATURE



Y. Yamanaka et al.

1334
A
LOhr | [2hr | [4hr | [24hr] = [ohr | [2hr | [4hr | [24hr]
>
& @
a P
a e
a
w
w
2 2
i w
= =
g [24hr]
& 2
>.' o
8 S
N
a
w w
(Y] (Y]
& E / /
= = /
C subcellular localization D
B Nucleus (diffuse)
B Nucleus (aggregate)
(%) D1-TDP43-YFP
100 | ) B . | Cytosol (aggregate) ohr 2hr 24hr [DAPI-YFP|
2
7
c
75+ 8
c
50 D2-TDP43-YFP
Ohr 2hr 24hr DAPI-YFP
2
25 @
Q
£
0

S sw*& Mww Mw swwo“
0

TDP43-YFP ~ D1 DZ D1 Dz D1 D2 D1 D2 D1 Dz
AP20187 conc. 0 0.5 5 50 500 (nM)

@,

-YFP D2-YFP MERGE

IB: anti-GFP antibody

(kDa) oligomer

250~

150~
s &
§ § 100 <~D2 monomer
o o 75~ ’ ~ | <D1 monomer
< < \
+ + .

D1-TDP43-YFP MERGE DZ-TDP43 YFP 50~ anai, T
- e | - =3 TN
3 IB: anti-GAPDH antibody

— O — o
AP201870 2 6 0 2 6 0 2 6 0 2 6(hr)

nuclear cyotosolic nuclear cyotosolic
D1-TDP-43-YFP D2-TDP-43-YFP

+AP20187
+AP20187
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Next, we tested if this system works as designed in live cells. We
introduced the D2 constructs in HEK293 cells, followed by
induction of oligomerization by adding AP20187. The D2-YFP
localized to cytosol under the existence of AP20187 in most cells,
but less than 10% of cells contained cytosolic droplet-like
aggregates of D2-YFP (Fig. 2A). On the other hand, most of D2-
TDP-43-YFP formed cytosolic aggregates upon AP20187 treatment
(Fig. 2B). To evaluate the oligomerization status of TDP-43 with or
without AP20187, we performed a gel-filtration analysis. The gel-
filtration analysis indicated that treatment with AP20187 increase
the proportion of TDP-43-YFP in the high molecular weight
fractions (Fig. 2C, D). Importantly, both D1-TDP-43-YFP and D2-
TDP-43-YFP showed a similar distribution in the fractions,
suggesting that D1-TDP-43-YFP also formed oligomer by
AP20187. Next, we tested the effect of oligomerization on the
cellular distribution of D1-TDP-43-YFP and D2-TDP-43-YFP. Under
normal condition, D1-YFP and D2-YFP diffusely localized to the
nucleus and cytosol. On the other hand, D1-TDP-43-YFP and D2-
TDP-43-YFP localized to nucleus when overexpressed in HEK293
cells (Fig. 3A, B). Because endogenous TDP-43 is known to localize
to the nucleus, we could confirm that tagging TDP-43 with D1 or
D2 did not affect its subcellular localization. Theoretically, D1-YFP
would only form dimer by AP20187. The addition of AP20187 did
not affect the localization D1-YFP even 24 h after treatment
(Fig. 3A, upper panels). Upon treatment with AP20187 for 4 h,
most of D2-YFP diffusely localized to cytosol, but some cells began
to form round-shaped condensates in nucleus and cytosol (Fig. 3A,
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lower panels). Twenty-four hour after treatment, some cells
formed large round droplets of D2-YFP in cytosol (Fig. 3A, lower
panels). On the other hand, D1-TDP-43-YFP which was expected to
exclusively form dimer, condensed in nucleus 2 h after treatment,
began leaking from nucleus to cytosol at 4h, and eventually
aggregated in cytosol 24 h after the treatment (Fig. 3B, upper
panels). D2-TDP-43-YFP also condensed in nucleus at 2 h, started
leaking from the nucleus at 4h and aggregated 24 h after the
treatment (Fig. 3B, lower panels). Titration with different dose of
AP20187 revealed that D2-TDP-43-YFP was more prone to
aggregate and mislocalize than D1-TDP-43-YFP (Fig. 3C). Further-
more, a familial ALS-associated mutant, Q331K, enhanced the
aggregate-prone properties (Fig. 3C) [32]. Line plot profiles also
showed that both D1-TDP-43-YFP and D2-TDP-43-YFP were
depleted from the nucleus, and the degree of depletion was
higher in D2-TDP-43-YFP after 24 h of incubation with AP20187
(Fig. 3D). The aggregate formation and mislocalization of TDP-43
by induction of oligomerization were also confirmed in a motor
neuronal cell line, NSC34 cells (Fig. 3E). In NSC34 cells, we could
not find D2-YFP aggregates. These observations were further
substantiated by the time-course fractionation followed by
Western blot analyses. In the nucleus, AP20187 increased
oligomeric TDP-43 and decreased monomeric TDP-43, and in
cytosol, AP20187 increased oligomeric TDP43 in a time-dependent
manner (Fig. 3F). Importantly, monomeric TDP-43 was not
detected in the cytosol even after the treatment, indicating that
oligomeric TDP-43 was specifically mislocalized.

c
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D2-TDP43-YFP  TDP43-mCherry MERGE

+AP20187

Fig. 4 The chemically oligomerizable TDP-43 incorporate wt-TDP43 via multiple domains. A The structures of TDP-43-YFP and its mutants.
NLS: Nuclear localizing signal; RRM1: RNA-recognition motif-1; RRM2: RNA recognition motif-2; LCD: Low complexity domain. B-E Effects of
deletion of N-terminal domain (AN) (B); deletion of RRM2 (ARRM2) (C); deletion of RRM2 rescued with NES (ARRM2-w/NES) (D); or deletion of
LCD (ALCD) (E) on aggregate formation and nuclear depletion of D1-TDP-43-YFP. F-I Incorporation of TDP-43-mCherry into the chemically
induced aggregates. The Hela cells expressing indicated constructs were treated with 0.5 pM of AP20187 for 6 h for (B-E) and 24 h for (F-I).

The scale bar shows 10 um.
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Although D1-YFP did not change its diffuse distribution all over
the nucleus and cytoplasm in the presence of AP20187, D1-TDP-
43-YFP formed aggregates and mislocalized from nucleus, similar
to D2-TDP-43-YFP (Fig. 3A, B). The discrepancy of the oligomeric
status between D1-YFP and D1-TDP-43-YFP prompted us to
speculate that the oligomerization-prone domain of TDP-43
triggers oligomerization of D1-TDP-43-YFP. Several functional
domains in TDP-43 are reportedly play roles in the oligomerization
of TDP-43; N-terminal domain (NTD) of TDP-43 plays a central role
in homodimerization of TDP-43; [17-19] binding to RNA via RRM2
domain has inhibitory effects on aggregate formation; [21] C-
terminal LCD is responsible for LLPS [16]. To clarify the role of
these domains in the aggregate formation of TDP-43, we made a
series of deletion mutants and examined their aggregate
formation and subcellular localization. In this series of experi-
ments, we used D1-TDP-43-YFP constructs. Deletion of NTD
diminished aggregate formation seen in D1-TDP-43-YFP (Fig. 4A,
B). On the other hand, TDP-43 lacking RRM2 resulted in the
aggregate formation, but the aggregates stayed in the nucleus
(Fig. 4C). The RRM2 domain of TDP-43 contains nuclear export
signal (NES)[33], and adding the NES to the mutant shifted the
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localization of TDP-43 aggregates from nucleus to cytosol,
indicating that the NES is essential for exporting D1-TDP-43
aggregates from the nucleus (Fig. 4D). Removal of LCD from TDP-
43 diminished the aggregate formation of D1-TDP-43-YFP (Fig. 4E).
Deletion of either NTD or LCD resulted in the loss of aggregate
formation, suggesting their roles in aggregate formation are
distinct and not redundant.

In the residual motor neurons in the spinal cord of ALS patients
with mutations in TDP-43, complete depletion of nuclear TDP-43 is
often observed even though the patients harbor one allele of
mutant TDP-43 [4]. This suggests that when a part of TDP-43
obtains aggregate-prone feature, it may become seeds for further
aggregation of soluble TDP-43 [34, 35]. To examine if wt-TDP-43 is
incorporated into the chemically induced TDP-43 aggregates, we
overexpressed mCherry-tagged wt-TDP-43 with D1 or D2 con-
structs. Wt-TDP-43 was incorporated into both D1-TDP-43-YFP or
D2-TDP-43-YFP aggregates, but it was not detected in the D2-YFP
condensates, indicating that chemically oligomerizable TDP-43 is
capable of trapping coexpressed wt-TDP-43 into the aggregates
(Fig. 4F-I). Recently, a number of studies reported that LLPS of
TDP-43 play a pivotal role in the aggregate formation and
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mislocalization [16, 17, 19, 21, 36]. In those studies, cytosolic TDP-
43 condensates still contain some mobile fractions which
evidences these condensates harbor liquid-like features. To clarify
if chemically induced oligomer of TDP-43-YFP have liquid-like
properties, we performed fluorescence recovery after photo-
bleaching (FRAP) analysis. Without AP20187, both D1-TDP-43-YFP
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and D2-TDP-43-YFP diffusely localized to the nucleus, and their
prompt FRAP recovery indicated their mobility in the nucleus was
high (Fig. 5A-D). Upon AP20187 treatment, their localization
shifted from nucleus to cytosol, and their FRAP recovery rate was
strongly suppressed (Fig. 5A-D). However, slow but significant
recovery reflected their fluidity in the condensates. Importantly,
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Fig. 6 The chemically oligomerized TDP-43 mimics the ALS pathology. A-C Confocal imaging of aggregates of D1-construct and D2-
constructs, coexpressed with mCherry-SQSTM1/p62 (p62) after 24 h treatment of AP20187. The arrows show colocalized signals. D-F Confocal
imaging of aggregates of D1- construct and D2- constructs, coexpressed with mCherry-FUS. The arrows show colocalized signals. G-1 Confocal
imaging of aggregates of D1- construct and D2- constructs, coexpressed with TIAT-mCherry. J Immunoblot analysis of HEK293 lysates
fractionated into soluble and insoluble fractions. The white arrow shows full-length of D2-TDP-43-YFP whose signal in the insoluble fraction
was enhanced by 24 h treatment of AP20187 (upper panel). Ponceau S staining of the blotted membrane as a loading control (lower panel).
K The apoptotic cell population in HEK293 cells expressing D2-YFP, D1-TDP-43-YFP, or D2-TDP-43-YFP treated with or without 0.5 pM AP20187
for 24 h. The cells were immunostained with anti-cleaved PARP1 antibody, an established apoptosis marker. Approximately 100-200 GFP +
cells/frame were counted, and the bar graph shows the average % of c-PARP1 positive cells obtained from 6 frames/each condition. **p < 0.01.

n.s. not significant. The scale bar shows 10 pm.

when we washed out the AP20187, D2-YFP aggregates were
diminished (data not shown) whereas D1-TDP-43-YFP and D2-
TDP-43-YFP remained unaffected, and the fluidity inside the
aggregates were also not affected (Fig. 5C, D), indicating that once
TDP-43 was induced to form the aggregates, the intrinsic domains
of TDP-43 were responsible for maintaining oligomeric status.
Furthermore, D2-YFP formed round-shaped condensates in the
presence of AP20187, its fluidity was much higher than that of D1-
TDP-43-YFP or D2-TDP-43-YFP, showing that D2-YFP was still freely
mobile in the D2-YFP droplets after addition of AP20187 and TDP-
43 conferred stickiness to the oligomer (Fig. 5E, F).

Next, we characterized biochemical features of cytosolic TDP-43
aggregates to test whether they present typical pathological
properties of TDP43-aggreagtes seen in ALS. In the ALS patient
tissues, TDP-43 accumulates in the cytosol, making SQSTM1/p62-
positive aggregates [37, 38]. SQSTM1/p62 is not only a component
of cytosolic aggregates seen in ALS patients but also its mutations
cause familial ALS [39]. SQSTM1/p62 interacts with misfolded,
ubiquitin-positive proteins [40] to degrade them through selective
autophagy [41], and optogenetic Cry2olig-TDP-43 forms cytosolic
SQSTM1/p62-positive aggregates [21]. Upon induction of oligo-
merization, D2-YFP, D1-TDP-43-YFP and D2-TDP-43-YFP formed
cytosolic aggregates, and all of these were positive for SQSTM1/
p62 (Fig. 6A-C). These indicated that the SQSTM/p62 accumula-
tion to the aggregate was not specific for TDP-43 and D2-YFP
aggregates were also recognized as misfolded by SQSTM1/p62.
Next, we examined whether fused-in-sarcoma (FUS) protein was
incorporated into the TDP-43 aggregates [42]. FUS is an RNA-
binding protein whose mutations cause familial ALS (ALS6) [43].
When we induced aggregates formation using D1- or D2-
constructs, D1-TDP-43-YFP and D2-TDP-43-YFP aggregates, but
not D2-YFP aggregates, contained mCherry-FUS, indicating that
these aggregates mimic the pathological findings seen in ALS
(Fig. 6D-F). Many studies have shown that TDP-43 aggregation
has characteristics of stress granules/RNA granules and affects
their formation [12, 44]. Therefore, we next tested if TDP-43
aggregates contain TIA-1, which is also an ALS-causative gene and
an essential component of stress granule [45]. When we induced
aggregate formation, D1-TDP-43-YFP and D2-TDP-43-YFP aggre-
gates, but not D2-YFP aggregates, contained mCherry-TIA1,
indicating that these TDP-43 aggregates can interfere dynamics
of stress granules (Fig. 6G-I). We also tested whether chemically
oligomerized TDP-43 was contained in the detergent-insoluble
fractions. In ALS patient tissues, TDP-43 becomes detergent-
insoluble, indicating the misfolded and aggregated status of the
protein [34, 46]. Especially, cleaved forms of TDP-43 are reported
to gain aggregative properties, mainly contained in the insoluble
fractions [47]. When fractionated the lysates of HEK293 cells
overexpressing D2-YFP, D1-TDP-43-YFP, or D2-TDP-43-YFP in the
presence or absence of AP20187 into detergent soluble and
insoluble fractions, we confirmed that the AP20187 treatment
increased the amount of full-length TDP-43-YFP contained in the
insoluble fraction, especially in the cells expressing D2-TDP-43-YFP
(Fig. 6J). Finally, we tested if induction of oligomerization of
TDP-43 induces cell toxicity. After induction of oligomerization,
we observed increase of apoptotic cleaved-PARP1 positive cells in
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D2-TDP-43-YFP expressing cells but not in the cells expressing D2-
YFP or D1-TDP-43-YFP (Fig. 6K). These results indicate that our
chemically oligomerized TDP-43 mimics at least some molecular
signatures of TDP-43 aggregates seen in the ALS.

DISCUSSION

Mislocalized, aggregated TDP-43 is found in most cases of ALS
tissues and thus it is considered as an important pathological
property of this terrible motor neuron disease. TDP-43 is a DNA/
RNA-binding protein involved in many biological processes, and
its loss of function due to aggregate formation followed by
subcellular mislocalization is supposed to lead to motor neuronal
cell death. Recent advances in optogenetics have unveiled the
enigmatic mechanism in which LLPS triggers aggregation and
mislocalization of TDP-43. Here, we used a novel approach to
induce oligomerization of TDP-43 by a small compound AP20187.
The advantages of this method overcoming optogenetics are: (1)
application to mammalian animal model is established; (2) it is
possible to selectively induce dimer and oligomer; (3) simulta-
neous induction of oligomerization of TDP-43 in a large quantity
of cells; (4) AP20187 has no substantial toxicity. On the other hand,
there are also several disadvantages: (1) the optogenetic response
is much faster than that by AP20187; (2) repetitive treatment is
easy by the optogenetic approach; (3) the optogenetic approach
enables region-specific activation at subcellular level. Therefore, it
is important to choose an appropriate method for dissecting
biological phenomena involving TDP-43 phase separation.

In this study, we showed that the induction of dimer formation
of TDP-43 by AP20187 triggered unexpected aggregate formation,
indicating TDP-43 has intrinsic dimerizing/oligomerizing domain
(s), playing a role under some conditions. Both deletion of NTD
and deletion of LCD impaired aggregate formation of D1-TDP-43-
YFP, indicating that NTD and LCD are involved in the aggregate
formation in a non-redundant way. The NTD of TDP-43 is shown to
be involve in the dimer formation of TDP-43 [17, 18], and the LCD
reportedly play a central role in phase separation. We are still
looking for the difference of the roles between the NTD and LCD,
but possible explanation will be that dimer formation via NTD
makes two TDP-43 molecules in very close distance, where the
LCD domain can intervene each other, entangling these molecules
to form aggregates. There are still biological problems to be
solved: (1) TDP-43 itself is an aggregate-prone protein, but how it
transforms into aggregates under physiological condition has
remained uncertain; (2) the mechanism how accumulated TDP-43
translocates to cytosol remains unclear. For the first question,
several pathological stressors are reported to induce phase
separation of TDP-43, but which is responsible for the develop-
ment of ALS remains unclear, and some experimental conditions
are supraphysiological which will not occur in vivo. For the second
question, we demonstrated that the NES domain was essential for
the cytosolic distribution. However, which molecule is responsible
for the translocation is unknown and further study is warranted.

In conclusion, we established a novel chemically oligomerizable
TDP-43 system which complement the missing part of optoge-
netic approaches. Complemental usage of both techniques will
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help to clarify the pathophysiology underlying ALS and to find
therapeutic modalities for the disease.
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