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RNA-assisted sequestration of RNA-binding proteins
by cytoplasmic inclusions of the C-terminal 35-kDa

fragment of TDP-43

Lei-Lei Jiang™*, Wen-Liang Guan'?*, Jian-Yang Wang'2, Shu-Xian Zhang'? and Hong-Yu Hu"#

ABSTRACT

TDP-43 (also known as TARDBP) is a nuclear splicing factor
functioning in pre-mRNA processing. Its C-terminal 35-kDa
fragment (TDP-35) forms inclusions or aggregates in cytoplasm,
and sequesters full-length TDP-43 into the inclusions through binding
with RNA. We extended the research to investigate whether TDP-35
inclusions sequester other RNA-binding proteins (RBPs) and how
RNA-binding specificity has a role in this sequestration process. We
have characterized T-cell restricted intracellular antigen-1 (TIA1) and
other RBPs that can be sequestered into the TDP-35 inclusions
through specific RNA binding, and found that this sequestration leads
to the dysfunction of TIA1 in maturation of target pre-mRNA.
Moreover, we directly visualized the dynamic sequestration of TDP-
43 by the cytoplasmic TDP-35 inclusions by live-cell imaging. Our
results demonstrate that TDP-35 sequesters some specific RBPs and
this sequestration is assisted by binding with RNA in a sequence-
specific manner. This study provides further evidence in supporting
the hijacking hypothesis for RNA-assisted sequestration and will be
beneficial to further understanding of the TDP-43 proteinopathies.

KEY WORDS: TDP-43, RNA-assisted sequestration, RNA-binding
protein, TIA1, Cytoplasmic inclusion, Live-cell imaging

INTRODUCTION

Protein misfolding, aggregation or inclusion formation is a
pathological hallmark of neurodegenerative diseases (NDs) (Chiti
and Dobson, 2017; Dugger and Dickson, 2017; Hartl, 2017). RNA-
binding proteins (RBPs) are widely implicated in the pathogenesis
of the NDs (Hofmann et al., 2019; Kim et al., 2021; Mackenzie
et al., 2017; Nussbacher et al., 2019; Xue et al., 2020b). These
RBPs commonly have one or multiple RNA-binding domains
(Clery et al., 2008; Helder et al., 2016) and intrinsically disordered
regions (IDRs) (Calabretta and Richard, 2015; Franzmann and
Alberti, 2019) in their sequences, and some RBPs contain prion-like
domains responsible for amyloid aggregation and inclusion
formation (Harrison and Shorter, 2017; Picchiarelli and Dupuis,
2020). Among them, TAR DNA binding protein of 43 kDa
(TDP-43; also known as TARDBP), a nuclear splicing factor
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(Buratti and Baralle, 2010), has been revealed to be the major
component of the inclusions associated with amyotrophic lateral
sclerosis (ALS) and frontotemporal lobar dementia (FTLD) (Arai
et al., 2006; Chen and Mitchell, 2021; Neumann et al., 2006). TDP-
43 is composed of an N-terminal domain (NTD), two RNA
recognition motifs (RRMs) and the C-terminal IDRs, wherein most
genetic mutations occur (Lagier-Tourenne and Cleveland, 2009).
The NTD domain mediates formation of a homodimer that plays
a role in promoting pre-mRNA splicing and inhibits TDP-43
aggregation in cells (Jiang et al., 2017; Mompean et al., 2017,
Vivoli-Vega et al., 2020). Truncation of the NTD (Nishimoto et al.,
2010) or alternative translation (Xiao et al., 2015) can generate the
C-terminal 35-kDa fragment of TDP-43 (TDP-35, residues 85414
or 90—414), which leads to formation of the cytoplasmic inclusions
(Che et al., 2011). The two RRM domains are responsible for
binding to UG-rich RNA and TG-rich DNA targets (Passoni et al.,
2012), with the RNA-binding ability being important for TDP-43
aggregation and inclusion formation (Ayala et al., 2005; Buratti
and Baralle, 2001; Huang et al., 2013; Thara et al., 2013). The
C-terminal IDRs includes two glycine-rich regions (GRRs), an
amyloidogenic core (AC) (Jiang et al.,, 2013) and a Q/N-rich
region (Budini et al., 2012), which participate in protein interaction
and/or protein aggregation (Buratti et al., 2005; Pesiridis et al.,
2011; Smethurst et al., 2015). Normally, TDP-43 is predominantly
localized in the nucleus and plays multiple functions in
transcription, pre-mRNA splicing, regulation of RNA stability and
translation (Bhardwaj et al., 2013; Buratti and Baralle, 2010;
Freibaum et al., 2010; Tollervey et al., 2011). However, TDP-43
may undergo ubiquitylation, redistribution from nucleus to
cytoplasm, fragmentation and aggregation or inclusion formation
in the cytoplasm, and consequently lose its normal function, which
results in pathological cases known as TDP-43 proteinopathies
(Arai et al., 2006; Chen and Mitchell, 2021; Neumann et al., 2006;
Suk and Rousseaux, 2020; Winton et al., 2008). In addition, TDP-
43 is also involved in formation of the stress granules (SGs) in
cultured cells and disease pathologies (Besnard-Guerin, 2020; Chen
and Cohen, 2019).

So far, the pathological mechanism of TDP-43 proteinopathy has
been investigated considerably (Cascella et al., 2016; Chen and
Mitchell, 2021; Droppelmann et al., 2019; Picchiarelli and Dupuis,
2020; Wood et al., 2021). Mostly, the C-terminal fragments of TDP-
43 have received more attention, which are implicated to be essential
for TDP-43 aggregation and inclusion formation (Budini et al.,
2012; Che etal., 2011; Chhangani et al., 2021; Gregory et al., 2012;
Medina et al., 2014). As a pathologically derived C-terminal
fragment of TDP-43, TDP-35 still retains its RNA-binding ability,
but it may experience mis-localization to cytoplasm and formation
of aggregates or inclusions, and consequently leads to alteration
of RNA processing (Che et al., 2011; Nishimoto et al., 2010).
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Our previous research has demonstrated that TDP-35 triggers
formation of cytoplasmic inclusions and sequesters full-length
TDP-43 into inclusions through binding with RNA and ultimately
alters the pre-mRNA splicing function of TDP-43 (Che et al., 2015,
2011). Considering the sequestration of TDP-43, we speculate that
other RBPs may also be sequestered into the TDP-35 inclusions via
binding with various RNA molecules. In consistent with the
hijacking model we have proposed (Yang and Hu, 2016), RNA-
assisted sequestration of the cellular interacting RBP partners by the
cytoplasmic TDP-35 aggregates or inclusions may contribute to the
pathogenesis of ALS/FTLD and other NDs.

Here, we further investigated whether the cytoplasmic TDP-35
inclusions sequester other RBPs and how RNA-binding specificity
exerts an assisting action in this sequestration process. Several
specific RBPs that can be sequestered into the cytoplasmic
inclusions by TDP-35 in a process assisted by specific cellular
RNA were identified. Moreover, the dynamic sequestration of TDP-
43 by cytoplasmic TDP-35 inclusions was directly visualized in
living cells. This study on the RNA-assisted sequestration of RBPs
by the TDP-35 inclusions may open the avenue for deciphering
TDP-43 proteinopathy in NDs.

RESULTS

Identification of the RNA-binding proteins sequestered by
cytoplasmic TDP-35 inclusions

Our previous study demonstrated that TDP-35 can sequester full-
length TDP-43 into cytoplasmic aggregates or inclusions and RNA
plays a critical role in this sequestration process (Che et al., 2015). To
identify other RBPs that might be sequestered by the TDP-35
inclusions, we performed immunofluorescence microscopic imaging
to characterize their possible colocalization and sequestration in
cultured cells. Normally, T-cell restricted intracellular antigen-1
(TIA1) is mainly localized in the nucleus (Kedersha et al., 1999) and
cytoplasmic poly(A)-binding protein 1 (PABPC1) is in the cytoplasm
(Afonina et al., 1998). Confocal microscopy imaging showed
that some endogenous TIA1 molecules were colocalized with
the cytoplasmic inclusions formed by TDP-35 in HEK 293T cells
(Fig. 1A), which was accompanied with significant decrease of
the TIA1 level in the nucleus, but this sequestration process was
not observed with TDP-35-4FL, an RNA-binding deficient
mutant (Buratti and Baralle, 2001; Che et al., 2015). Analogously,
endogenous PABPC1 was also sequestered into the TDP-35
inclusions in the cytoplasm, and RNA-binding deficiency
eliminated their colocalization (Fig. 1B). We also examined four
other RBPs, and found that hnRNPA2/B1 (Liu and Shi, 2021),
to some extent, colocalized with the TDP-35 inclusions in
cytoplasm, but this was not observed with hnRNPA1 (Clarke et al.,
2021), matrin-3 (Matr3) (Johnson et al., 2014) or PABPN1 (Banerjee
et al.,, 2013) (Fig. S1). This observation that TDP-35 sequesters
endogenous TIA1 and PABPCI into cytoplasmic inclusions was
also replicated in HeLa cells (Fig. S2A,B). Similar results were
also obtained with exogenously overexpressed TIA1 and PABPCI1
with these both being sequestered in the TDP-35 inclusions in HEK
293T cells (Fig. S2C,D). Thus, these data from immunofluorescence
microscopy imaging demonstrate that the cytoplasmic TDP-35
inclusions can sequester some RBPs in an as-yet-unidentified
manner.

TDP-35 sequesters TIA1 into cytoplasmic inclusions

or aggregates

TIAT is an RNA-binding protein mainly functioning as a regulator
of pre-mRNA splicing and mRNA stability (Sanchez-Jimenez and

Izquierdo, 2015). Our microscopy imaging revealed that TIA1 can
be sequestered into the cytoplasmic inclusions formed by TDP-35.
To further detail the molecular properties of sequestration, we
performed a supernatant—pellet fractionation experiment on the
lysates from HEK 293T cells overexpressing TDP-35. The results
showed that TDP-35 formed insoluble aggregates that appeared in
the pellet fraction and simultaneously sequestered more endogenous
TIAT into the aggregates (Fig. 1C,D). As a comparison, the TDP-
35-4FL mutant formed fewer aggregates that appeared in the pellet,
and the amount of sequestered TIA1 in the pellet was significantly
reduced. To corroborate this finding, we performed a dose-
dependent experiment in HeLa cells. We found that with an
increased dose of TDP-35, the amount of insoluble TIA1 aggregates
observed in the pellet fraction was gradually increased (Fig. S3),
which was accompanied by an increase of the TDP-35 aggregates.
However, this sequestration effect was abolished with the TDP-35-
4FL mutation. Taken together, the cytoplasmic TDP-35 aggregates
specifically sequester TIA1 and RNA binding is implicated in this
sequestration process.

The TDP-35 aggregates sequester TIA1 through
sequence-specific RNA interactions

It is known that TDP-35 sequesters TDP-43 into cytoplasmic
inclusions through binding with poly(A)-containing RNA (i.e.
mRNA) (Che et al., 2015), and RBPs and their bound RNAs
are associated with the formation of SGs in cells (Rhine et al.,
2020; Wolozin and Ivanov, 2019). In light of the importance of
RNA binding, we presumed that specific RNA molecules might
be essential for the sequestration of TDP-35 and other RBPs. To
examine the role of specific RNA molecules in TDP-35 sequestration,
we applied ribonuclease (RNase) and single-stranded DNA (ssDNA)
treatments and performed supernatant—pellet fractionation
experiment on the lysates from HEK 293T cells overexpressing
TDP-35 (Fig. 2). The ssDNA fragments mimicking the
corresponding RNA included TG repeats (TDP-43 and TDP-35
binding) (Lukavsky et al., 2013; Passoni et al., 2012), TC-rich
sequences (TIA1 binding) (Waris et al., 2017) and their chimera
TG+TC sequence (binding with TDP-35 and TIA1 simultaneously).
Without RNase treatment, a large amount of TIA1 appeared in the
pellet fraction with insoluble TDP-35. When the cell lysates were
treated with RNase A for digesting RNA, the level of TDP-35
aggregates were reduced significantly, and as a result, the insoluble
TIA1 in the pellet fraction disappeared substantially (Fig. 2A,C).
Correspondingly, the soluble amount of TIA 1, in the supernatant, was
considerably increased (Fig. 2A,B). With addition of the TG repeat
on the RNase-treated sample, the amounts of insoluble aggregates for
both TDP-35 and TIA1 were increased slightly compared with the
amount seen with RNase treatment only, but the TC-rich ssDNA had
little effect on the level of these in the pellet. Interestingly, with
addition of the chimera TG+TC ssDNA, the level of insoluble TIA1
in the pellet was remarkably recovered in contrast with what was
seen with RNase treatment only (Fig. 2A,C), while the soluble
amount in the supernatant was reduced slightly (Fig. 2A,B).
This indicates that the chimeric ssDNA mediates the association
of TDP-35 and TIA1, and assists sequestration of TIA1 by TDP-35.
This finding implies that the RNAs of specific sequences are critically
important to the sequestration of TIA1 by the TDP-35 aggregates.
Note that the change of the insoluble TIA1 amount in the pellet
is roughly parallel with that of TDP-35 wupon various
treatments, suggesting that sequestration of TIA1 by TDP-35 in
turn enhances TDP-35 aggregation and that these two proteins may
form aggregates cooperatively with the assistance of specific RNA.
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Fig. 1. Characterization of the RBPs
A FLAG endo. TIAl sequestered by cytoplasmic TDP-35
inclusions. (A) Identification of
endogenous TIA1 by
immunofluorescence imaging.
(B) Identification of endogenous
PABPC1. HEK 293T cells expressing
FLAG vector, FLAG-TDP-35 or
FLAG-TDP-35-4FL were imaged,

Vector

50 . Tases zase) showing that endogenous TIA1 (A) or
TDP-35 PABPC1 (B) colocalized with the
) 60| + cytoplasmic TDP-35 inclusions. TDP-
X 35 and its mutant were stained with
Z 50| + anti-FLAG antibody (green), TIA1 or
o PABPC1 was stained with anti-TIA1 or
5 40| —I— anti-PABP antibody (red), and the
S nuclei were stained with Hoechst
s E 30 b (blue). Images are representative of
== = o five experiments. Scale bars: 10 ym.
e e % 20 L The graph shown in A is the
;:: percentage of nuclear TIA1 in the cells
S 10tk with TDP-35 inclusions. The amounts
& of nuclear and total TIA1 were obtained
L L L from the pixel intensities of individual

eo\o‘ o 6’“\?\’ cell image and the percentage of
@ nuclear TIA1 was calculated. The data
were statistically analyzed by one-way
endo. PABPCI ANOVA followed by Bonferroni post-
Vector PABPCI hoc test and presented as means
ts.e.m. (Vector, n=17; TDP-35, n=18;
TDP-35-4FL, n=18). *P<0.05,
****P<0.0001. (C) Supernatant—pellet
fractionation for characterizing the
sequestration of endogenous TIA1 into
TDP-35 aggregates. HEK 293T cells
were transfected with each indicated
plasmid and the cell lysates were
TDP-35 PABPCI1 subjected to supernatant—pellet
fractionation and western blotting
analysis for TIA1. The proteins were
detected by using anti-FLAG, anti-TIA1
and anti-actin antibodies. The two main
bands indicate different isoforms of
endogenous TIA1. Sup., supernatant;
Pel., pellet. (D) Quantification of the
amounts of TIA1 in supernatant and
pellet fractions. The protein amounts
were estimated from the grayscale
values by using Scion Image and the
data were statistically analyzed by one-
way ANOVA followed by Bonferroni
post-hoc test. Data are shown as
meansts.e.m. (n=3). *P<0.05;
***P<0.001; N.S., not significant.
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Fig. 2. RNase and ssDNA treatments showing specific RNAs involved in sequestration of TIA1 by the TDP-35 aggregates. (A) Supernatant—pellet
fractionation for characterizing the effects of RNase and ssDNA treatments on the sequestration of endogenous TIA1. HEK 293T cells were transfected with the
FLAG-TDP-35 plasmid, and then the cell lysates were subjected to RNase and ssDNA (~5 uM) treatments, supernatant—pellet fractionation and western blotting
analysis. Non-treat, without RNase treatment; TG, TG-repeat ssDNA specifically binding to TDP-35; TC, TC-rich ssDNA specifically binding to TIA1; TG+TC,
TG+TC chimera ssDNA binding with both TDP-35 and TIA1. Sup., supernatant; Pel., pellet. (B,C) Quantification of the protein amounts in supernatant (B) and
pellet (C) fractions. The protein amounts were estimated from the grayscale values by using Scion Image and the data were statistically analyzed by one-way
ANOVA followed by Bonferroni post-hoc test. Data are shown as meansts.e.m. (n=3). *P<0.05; **P<0.01; ***P<0.001; N.S., not significant.

To further demonstrate the role of RNAs of specific
sequences in sequestration of TIA1 by TDP-35, we performed
immunoprecipitation (IP) experiments with co-transfected FLAG—
TDP-35 and HA-TIA1 in HEK 293T cells (Fig. 3). As expected, in
the absence of RNase A, a weak TIA1 band was observed in the gel,
indicating that TDP-35 associates with TIA1 in cells. When the cell
lysates were subjected to RNase treatment, the TIA1 band was fully
disappeared, but it was recovered by adding with the TG+TC ssDNA
(Fig. 3A). As a control, association of TDP-35-4FL with TIA1 was
undetectable under the same conditions (Fig. 3B), even it could not be
rescued upon treatments with RNase A plus ssDNA (Fig. 3C).
Similarly, TDP-35 could also immunoprecipitate with endogenous
TIA1, and this precipitation effect was influenced by RNase A and/or
ssDNA treatment or TDP-35-4FL mutation (Fig. S4). These data
indicate that TDP-35 associates with TIA1 with the assistance of
RNAs of specific sequences. In other words, TDP-35 interacts with
TIA1 or other RBPs indirectly, and specific RNAs play an important
role in mediating their association and sequestration.

Combined fluorescent in situ hybridization and
immunofluorescence experiments reveal

RNA-assisted sequestration

To define the role of specific RNA sequences in sequestration, we
performed combined fluorescent in sifu hybridization (FISH) and
immunofluorescence experiments in HeLa cells. Different types of

RNA were detected with specific CyS-labeled probes. In the cells
overexpressing TDP-35, the poly(A)-containing RNA detected with
CyS5-labeled oligo-dT probe and the sequestered endogenous TIA1
were colocalized with the inclusions formed by TDP-35 in the
cytoplasm (Fig. 4A), indicating that this type of RNA (especially
mRNA) plays a role in mediating TDP-35 and TIA1 (as well as TDP-
43; Che et al., 2015) to form cytoplasmic inclusions. Moreover, the
specific UG-rich RNAs detected with a Cy5—CA probe not only
largely dispersed in the nucleus but also accumulated in condensate
puncta in the cytoplasm, wherein the UG-rich RNAs and the
sequestered TIA1 were colocalized with the TDP-35 inclusions
(Fig. 4B). As anegative control, the random sequence RNAs detected
with a Cy5-NN probe exhibited a different distribution pattern in the
cytoplasm and were not colocalized with TDP-35 and TIA1 in the
inclusions (Fig. 4C). Similar observations were also obtained in HEK
293T cells (Fig. S5), suggesting that TDP-35 sequesters TIA1 into
cytoplasmic inclusions through RNAs of specific sequences. Thus, we
propose that RNAs (mRNAs) containing UG- and UC-rich sequences
mediate the association of TDP-35 with TIA1, leading to sequestration
of endogenous TIA1 by the cytoplasmic TDP-35 inclusions.

Sequestration of TIA1 by TDP-35 leads to reduction of the
expression level of PRKRA

According to our hijacking hypothesis, protein aggregates can
sequester cellular interacting partners, leading to cellular
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Fig. 3. TDP-35 associates with TIA1

A HA-TIA1 + FLAG-TDP-35 IP: anti-FLAG : .
mediated by sequence-specific RNA.
Non-treat + RNase A + RNase A & ssDNA (A) Co-immunoprecipitation (co-IP)
input 1P 1gG input 1P IeG input 1P IgG experiment examining the effects of RNase
1B: and ssDNA treatments on the association of
anti-HA FLAG-TDP-35 with HA-TIA1. The
supernatants were immunoprecipitated (IP)
-_— - — - with protein A/G beads plus FLAG antibody
under various conditions including no
treatment (non-treat), after RNase
) treatment, and RNase A plus TG+TC
IB'_ ssDNA treatment. IgG, a control without
- anti-FLAG  FLAG antibody; IP, with anti-FLAG
L -_— - —— . antibody. The immunoblotting was carried
out with an antibody against either HA or
FLAG. ssDNA, single-stranded DNA
) (TG+TC). (B) Co-IP for association of
[re— —— -_— actin FLAG-TDP-35 or its FLAG-TDP-35-4FL
mutant with HA-TIA1. The co-IP was under
B the condition of no treatment. (C) Co-IP for
Non-treat ssDNA-assisted association of FLAG-TDP-
input IP: anti-FLAG 35 with HA-TIA1. FLAG-TDP-35-4FL was
set as a control. All the co-IP experiments
FLA(I}-iX]-)'IPI:Z? ; W'_T 41_T_L :_ V:[_T 4lj_L were under the condition of RNase and/or
IB: TG+TC ssDNA (~2.5 uM) treatment. In all
- . ant.i HA co-IP experiments, ~8% loading of the
NS ommn o - - sample was applied for input. Images
shown are representative of three
experiments.
1B:
o e b @ iAo
TaED eEm» = actin
C +RNase A & ssDNA
input IP: anti-FLAG
FLAG-TDP-35 - WT 4FL = WT 4FL
HA-TIA1 + + + + + +
1B:
—— - anti-HA
—-
D oae e G  ——
1B:
anti-FLAG
— — -b G
actin

dysfunctions and cytotoxicities of the hijacked partners (Yang and
Hu, 2016; Yang et al., 2014). As TIAIl and TIAR (also known
as TIAL1) proteins are essential for accurate processing of the
interferon-inducible double-stranded RNA-dependent protein
kinase activator A (PRKRA) mRNA (Patel and Sen, 1998), and
thus might regulate the protein level of PRKRA (Meyer et al., 2018),
we investigated the effect of TIA1 and/or TIAR sequestration on
the expression levels of PRKRA in HEK 293T cells. Firstly, we
performed a semi-quantative RT-PCR experiment to examine the
effect of TDP-35 overexpression on the alternative splicing of
PRKRA mRNA. As expected from the literature, there were three

spliced isoforms identified in the gel (Fig. 5A), for which it is the
mature form (isoform I) that can translate into the PRKRA protein
(Meyer et al., 2018). Compared with the vector control,
overexpression of TDP-35 attenuated the abundance of the major
form (isoform I) as well as total PRKR4 mRNA (Fig. 5A), whereas
TDP-35-4FL had little effect on them. This indicates that
sequestration of TIA1 and/or TIAR influences their splicing of
PRKRA mRNA and its mRNA stability (Meyer et al., 2018).
Secondly, on the protein level, overexpression of TDP-35
significantly reduced the PRKRA level (Fig. 5B), whereas that of
TDP-35-4FL had little effect on the protein level. Moreover, the
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Fig. 4. Combined FISH and immunofluorescence
experiment for detecting specific RNAs enriched in
the TDP-35 inclusions in HeLa cells. (A) Microscopy
imaging with the Cy5-oligo-dT probe showing
poly(A)-containing RNAs enriched in the cytoplasmic
TDP-35 inclusions and colocalized with endogenous
TIA1. (B) Imaging with the Cy5—-CA probe showing
UG-repeat RNAs in the inclusions. (C) Imaging with the
Cy5—NN probe for random RNAs as a negative control.
FLAG-TDP-35 and FLAG-TDP-35-4FL are in green,
TIA1 is in red, RNAs are in pink, while the nuclei are in
blue (Hoechst). Images shown are representative of
three experiments. Scale bars: 10 pm.
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Fig. 5. Formation of the TDP-35 inclusions influences the expression level of RPKRA in HEK 293T cells. (A) Effect of TDP-35 overexpression on the
alternative splicing of PRKRA mRNA. TDP-35-4FL was set as a control. The upper band is the unspliced mRNA of PRKRA, whereas the lower three bands for
spliced mRNA of isoform [, Il and Ill, respectively. The intensity of the mature spliced mRNA (isoform |) was quantified in each condition and normalized with that of
GAPDH, with the total mMRNA being the sum of unspliced and three spliced isoforms. (B) Effect of TDP-35 overexpression on the protein level of RPKRA. HEK
293T cells were transfected with each indicated plasmid, the cell lysates were centrifuged, and then the supernatant was subjected to western blotting analysis.
(C) Dose-dependent experiment for alteration of the RPKRA level upon overexpression of TDP-35. (D) As in C, but upon overexpression of TDP-35-4FL.

(E) Quantification of the PRKRA levels upon over-expression of TDP-35 or TDP-35-4FL as in C,D. Data are shown as meanszts.e.m. (n=3). *P<0.05; **P<0.01;

N.S., not significant.

reduction of PRKRA caused by TDP-35 overexpression was
dependent on the TDP-35 level (Fig. 5C,E), whereas that did not
occur with an increased dose of the mutant (Fig. SD,E). Similarly,
this downregulation effect was also observed in a dose-dependent
manner in HeLa cells (Fig. S6). Collectively, these data demonstrate
that TDP-35 overexpression downregulates the expression level of
PRKRA and imply that this deregulation is caused by sequestration of
TIA1 and probably TIAR. Therefore, TDP-35 sequesters TIA1 and/
or TIAR into cytoplasmic inclusions, leading to dysfunction of TIA1
and/or TIAR that ultimately impairs the downstream expression.

Live-cell imaging authenticates the sequestration of TDP-43
by cytoplasmic TDP-35 inclusions

Our previous study demonstrated that the cytoplasmic inclusions
formed by TDP-35 sequester full-length TDP-43 via poly(A)-
containing RNA (Che et al., 2015), but most of the data were
obtained from averaging multiple cultured cells. To animate the
process by which TDP-35 sequesters endogenous TDP-43 into
cytoplasmic inclusions, we engineered a HEK 293T cell line
stably expressing endogenous EGFP-tagged TDP-43 protein
through CRISPR/Cas9 techniques, and performed fluorescence
microscopy imaging in living cells. We firstly examined whether the
TDP-35 inclusions can sequester endogenous EGFP-TDP-43
protein. FLAG-TDP-35 was transiently expressed in the EGFP—
TDP-43 cell line, and after transfection, the TDP-35 inclusions were
visualized by using an anti-FLAG antibody and TDP-43 was
directly observed via its GFP fluorescence at different time points.

As shown in Fig. 6A, in the cells expressing TDP-35 puncta were
formed and TDP-43 was observed present in the cytoplasmic
inclusions, whereas in the cells without TDP-35 expression,
TDP-43 retained its nuclear distribution. This suggests that a
population of endogenous TDP-43 was mis-localized in the
cytoplasm and especially it might be driven into the TDP-35
inclusions. More importantly, within 18 h after transfection,
expression of TDP-35 was sufficient to sequester endogenous
TDP-43, and the sequestration and colocalization became more
efficient with longer culture time. Next, we directly visualized the
TDP-43 molecules being transported into the cytoplasmic TDP-35
inclusions in living cells. The images showed that TDP-43 firstly
re-distributed from nucleus into the cytoplasm and then appeared
gradually in the large round puncta (Fig. 6B; Movie 1). This implies
that endogenous TDP-43 is able to be sequestered into the
cytoplasmic inclusions from nucleus distribution even though
TDP-35 is unobservable in this experiment.

From the above experiments, we have seen TDP-43 is
sequestered from the nucleus to the cytoplasm in living cells,
but whether this is triggered by the TDP-35 inclusions or cell
stress remained obscure. To resolve this point, we next generated
two mCherry-tagged TDP-35 constructs, but found only the
C-terminally tagged TDP-35-mCherry formed cytoplasmic
inclusions in HEK 293T cells. The TDP-35-mCherry plasmid
was transiently transfected into the EGFP-TDP-43 cell line, and
~12 h later, live-cell imaging was started to monitor the dynamic
events of endogenous TDP-43. Consistent with our above
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A FLAG-TDP-35

18h

24 h

48 h

220 min

520 min 620 min 720 min

Fig. 6. Fluorescence microscopic imaging for sequestration of TDP-43 in
the EGFP-TDP-43 cell line. (A) Colocalization of TDP-43 with the TDP-35
inclusions. Representative images for the immunofluorescence analysis of
FLAG-TDP-35 in the EGFP-TDP-43 HEK 293T cell line are shown. The
images were recorded at 18, 24 and 48 h after expression of FLAG-TDP-35.
TDP-35 was stained with anti-FLAG antibody (red), TDP-43 was indicated from
the fluorescence of its fused EGFP (green), and nuclei were stained with
Hoechst (blue). Scale bar: 10 ym. (B) Live-cell imaging. Excerpts from a time-
lapse movie imaged with 20-min intervals in the EGFP-TDP-43 cell line
transfected with FLAG-TDP-35. The imaging began at ~12 h after transfection
with FLAG-TDP-35. Scale bar: 5 ym. The cytoplasmic inclusions colocalized
with EGFP-TDP-43 are indicated with arrows. Images shown are
representative of four experiments.

observations, TDP-35-mCherry firstly formed cytoplasmic
inclusions, and a population of TDP-43 was mis-localized into
the cytoplasm and colocalized with the cytoplasmic TDP-35
inclusions (Fig. 7A; Movie 2). Interestingly, we observed an
accumulation of EGFP fluorescence signal in the TDP-35
inclusions with a lag time, suggesting that the TDP-35 inclusions
sequester endogenous TDP-43 and this event occurs after formation
of the TDP-35 inclusions. Quantification of the fluorescence
intensities of mCherry and EGFP for each punctum also revealed
that the cytoplasmic fraction of TDP-43 that colocalized with the

A TDP-35-mCherry EGFP-TDP-43
min

Merge

60

100

200

300

400

—_
O [\
1 1

Fluorescence intensity @
(normalized)

EGFP
3 -8 mCherry
‘ W
0 T T 1 T 1 1
0 100 200 300 400 500 600
Time (min)

Fig. 7. Live-cell imaging for sequestration of TDP-43 by the TDP-35
inclusions. (A) Excerpts from a time-lapse movie imaged with 20-min intervals
in the EGFP-TDP-43 HEK 293T cell line transfected with TDP-35-mCherry.
The imaging began at ~12 h after transfection with TDP-35—-mCherry. Scale
bars: 5 ym. The images are aligned starting at the 0-min time point based on
appearance of the EGFP-TDP-43 signals in the TDP-35 inclusions. Images
shown are representative of four experiments. (B) Quantification of the
fluorescence intensities of mCherry and EGFP for a representative inclusion in
atime-lapse movie. The intensity data are normalized to that of the 0-min point.
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TDP-35 inclusions was progressively increased, but the mCherry
signal remained almost constant over time (Fig. 7B; Fig. S7). This
strongly suggests that the TDP-35 inclusions trigger the endogenous
TDP-43 molecules to escape from the nucleus where they become
sequestered into the cytoplasmic inclusions.

DISCUSSION

Our previous studies have revealed that TDP-35, a C-terminal
fragment of TDP-43, forms cytoplasmic inclusions and sequesters
full-length TDP-43 into the inclusions (Che et al., 2015), which was
proposed to be associated with the TDP-43 proteinopathy. In this
research, we demonstrate the dynamic sequestration process,
showing that formation of the cytoplasmic TDP-35 inclusions
precedes sequestration of the full-length TDP-43. The nucleus-
localized TDP-43 re-distributes into the cytoplasmic inclusions
formed by its C-terminal fragment TDP-35. To our knowledge, this
is for the first time that the dynamic process of sequestration
triggered by protein aggregates or inclusions in living cells has been
directly visualized, and exemplifies that a truncated form sequesters
its full-length protein into the inclusions. This dynamic imaging
provides direct and solid evidence in support of our hijacking model
where sequestration of cellular interacting partners by protein
aggregates or inclusions is implicated in a pathological mechanism
of proteinopathies (Yang and Hu, 2016; Yang et al., 2014).

TDP-43 is an RBP with two RRM domains, and its C-terminal
fragment TDP-35 still retains its RNA-binding ability (Che et al.,
2015). Mutation in the RRM domains might destroy its RNA-
binding ability and cause functional loss of the protein (Buratti and
Baralle, 2001). Mann et al. reported that the RNA-bound TDP-43
phase separates into SGs, but the RNA-free form experiences
aberrant phase transition to TDP-43 proteinopathy (Mann et al.,
2019). Interestingly, oligonucleotide RNA antagonizes the
neurotoxic phase transition of TDP-43. We presume that specific
RNA sequences play critical roles in mediating the sequestration of
TIA1l and other RBPs. For example, TDP-43 and TDP-35
specifically binds with UG-repeat RNA sequences (Lukavsky
et al., 2013; Passoni et al., 2012), whereas TIA1 binds to UC-rich
sequences (Waris et al., 2017). Our experiments with ssDNA and
FISH probes strongly demonstrate that these specific sequences
(UG repeats for TDP-35 and UC-rich for TIA1) are important for
the formation of the cytoplasmic TDP-35 inclusions and
sequestration of TIA1. By using the oligo-dT probe, these RNAs
were defined to be poly(A)-containing RNA (especially mRNA),
while the CA probe indicated that this type of RNA contained UG-
rich sequences. Thus, we conclude that TDP-35 associates with
other RBPs and sequesters them into cytoplasmic inclusions in an
RNA-dependent manner. We propose that the RNA-assisted
sequestration plays important roles in protein association,
inclusion formation and even co-pathologies for the diverse
RBPs. Of note, there is still little evidence demonstrating that
specific RNAs localize in the TDP-43 inclusions in human post-
mortem material; one possible reason is that TDP-43 deposition
leads to destabilization of the targeted RNA in ALS/FTLD (Tank
et al., 2018), another is the technical challenge in charactering RNA
foci in brain tissue (Highet et al., 2021; Mehta et al., 2020). The
specific RNA molecules that assist sequestration of TDP-43 and
other RBPs by TDP-35 in cells and even brain tissue remains to be
characterized.

The TIA proteins are commonly localized in SGs and are
supposed to be involved in the granule formation (Mackenzie et al.,
2017; Waris et al., 2014). TIA1 is often stated to be a molecular
marker for RNA granules, but whether its sequestration is associated

with the formation of these SGs remains unclear. We propose that
the cytoplasmic TDP-35 inclusions (aggregates) are more
condensed than the TIA1-positive SGs; their dynamic behaviors,
sequestration kinetics and even the cellular impacts are also
different. Hence, sequestration of TIAl into the TDP-35
inclusions (aggregates) might interfere with the formation of SGs
upon heat or arsenite treatment. TIA1 commonly distributes mainly
in the nucleus while also being dispersed in the cytoplasm
(Kedersha et al., 1999), and sequestration by TDP-35 may re-
locate it into the cytoplasmic inclusions and accordingly reduce
its nuclear abundance. The normal function of TIA1 is in regulating
the pre-mRNA processing of PRKRA and thus its protein level
(Meyer et al., 2018). Our data suggest that the sequestration of
TIA1 by TDP-35 results in dysregulation of TIA1 and alteration
of the expression level of PRKRA. This functional deregulation
may be one of the fundamental elements in TDP-43—-TDP-35
proteinopathies.

TDP-43 is a pathological marker for ALS and FTLD, and it might
co-aggregate with other pathogenic proteins. The ALS-linked
mutations of TIA1 promote its phase separation and alter the SG
dynamics, in which the recruited TDP-43 becomes immobile and
insoluble (Mackenzie et al., 2017). Recently, Lee et al. reported that
arsenite induces sequestration of cytoplasmic TDP-43 into TIA1-
positive SGs (Lee et al., 2021). In addition, TDP-43 has also been
reported to co-occur with other RBPs including G3BP1 (Aulas
etal., 2015), Matr3 (Johnson et al., 2014), Atx2 (Elden et al., 2010;
Toyoshima et al., 2011) and hnRNPs (Kim et al., 2013). Association
or co-aggregation of TDP-43 with these RBPs contributes to SG
formation and the co-pathologies of ALS, FTLD and other NDs. We
have confirmed that hnRNPA2/B1 is colocalized in the cytoplasmic
TDP-35 inclusions, but neither Matr3 nor hnRNP Al were
identified in the inclusions under our experimental conditions.
Interestingly, the cytoplasmic form of PABP (PABPC1) but not its
nuclear form PABPNI1 colocalized with the cytoplasmic TDP-35
inclusions. Considering the fact that the nucleus-addressed TDP-43
can be sequestered by TDP-35, the selective colocalization of
RBPs in the TDP-35 inclusions might be attributable to their
RNA-binding specificities. Thus, we propose that the cytoplasmic
TDP-35 inclusions associate with, and sequester, TDP-43 and other
specific RBPs, and co-aggregation of these pathologically
amyloidogenic RBPs potentially contributes to the co-pathologies
of ALS, FTLD and other NDs.

MATERIALS AND METHODS

Plasmids, antibodies, and reagents

The ¢cDNAs for encoding TDP-35 (residues 90-414) and its mutant (TDP-
35-4FL, which has mutations F147L, F149L, F229L and F231L) were
cloned into the FLAG-pcDNA3.1 vector), and the cDNA for N- or C-
terminally mCherry-tagged TDP-35 was cloned into the FLAG-pcDNA3.1
or pcDNA3.1-FLAG vector. The cDNAs for encoding TIA1 and PABPC1
were cloned into the HA—pcDNA3.0 vector. The cloning vectors were from
in-house stocks. All constructs were validated by DNA sequencing as listed
in Table S1. All primary antibodies used in this study are listed in Table S2.
The secondary antibodies were from Jackson ImmunoResearch
Laboratories.

Cell culture, transfection and western blotting analysis

HEK 293T cells and HeLa cells (Cell Bank of Chinese Academy of
Sciences) were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
HyClone) supplemented with 10% fetal bovine serum (Gemini) and
penicillin-streptomycin at 37°C under a humidified atmosphere containing
5% CO,. The cell lines were checked for mycoplasma contamination at
regular intervals. All transfections of plasmids were performed by using
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PolyJet™ reagent (SignaGen) following the manufacturer’s instructions.
Protein samples of lysates or fractions were subjected to SDS-PAGE and
transferred onto PVDF membranes (PerkinElmer or Millipore). When
needed, the blots were cut prior to antibody hybridization. The indicated
proteins were detected with specific primary and secondary antibodies and
detected by an ECL detection kit (Thermo Fisher Scientific). For
quantification, the integral grayscale values of protein bands were
recorded by using Scion Image software.

Supernatant-pellet fractionation

About 48 h after transfection, the HEK 293T or HeLa cells were harvested
and lysed in 100 pl of a RIPA buffer [SO mM Tris-HCI pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1% Nonidet P-40, and cocktail protease inhibitor
(Roche)] on ice for 30 min, and then centrifuged at 13,800 g for 15 min at
4°C. The supernatant was added with 100 pl of 2% loading buffer (2% SDS),
while the pellet was sufficiently washed with the RIPA buffer three times at
4°C and then 50 ul of 4x loading buffer (4% SDS) was added. Equal
volumes of the supernatant and pellet fractions were subjected to SDS-
PAGE and western blotting analysis. RNase A (Invitrogen) and/or plus
ssDNA (Sangon) were added when the cells were subjected to lysis. The
final concentration of ssDNA was ~5 uM and that of RNase A was 0.5 mg/
ml. The ssDNA sequences are shown in Table S3.

Immunofluorescence microscopy and immunoprecipitation

For immunofluorescence microscopy, ~24 h after transfection, HEK 293T
or HeLa cells grown on glass coverslips were washed with PBS buffer
(10 mM Na,HPO,, 1.8 mM KH,PO,, 140 mM NacCl, 2.7 mM KCl, pH 7.3)
and fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.1%
Triton X-100, and blocked with blocking solution (5% BSA and 10% FBS
in PBS buffer) for 1 h at room temperature. Then the fixed cells were
incubated with the respective primary antibodies overnight at 4°C. After
washing with the PBS buffer, the cells were incubated with an FITC-
conjugated antibody and a TRITC-conjugated antibody (Jackson
ImmunoResearch Laboratories). The nuclei were stained with Hoechst
33342 (Sigma). The cells were visualized on a Leica TCS SP8 confocal
microscope (Leica Microsystems).

For the immunoprecipitation assay, the HEK 293T cells were harvested at
48 h post-transfection and lysed in PEB buffer [10 mM HEPES, pH 7.4,
100 mM KCl, 5 mM MgCl,, | mM DTT, 0.1% Nonidet P-40, 1 mM PMSF,
supplemented with cocktail protease inhibitor (Roche)] on ice for 30 min,
and then centrifuged at 13,800 g for 20 min at 4°C. Protein A/G plus agarose
(Santa Cruz Biotechnology) was washed and incubated with mouse anti-
FLAG antibody (1:1000; F1804, Sigma) for ~1 h at 4°C, and then the
supernatant was added and further incubated for another 4 h at 4°C,
meanwhile, the control was incubated with protein A/G Agarose beads and
mouse IgG antibody. The beads were washed with the PEB buffer for three
times and boiled in 50 ul of 2x sampleloading buffer. Then the proteins were
analyzed by immunoblotting. Similar experiments with RNase and/or plus
ssDNA treatments were also performed; the RNase A and/or ssDNA were
added during the incubation with the supernatant. The chimera TG+TC
ssDNA (~2.5 uM) was used in this experiment.

Combined FISH and immunofluorescence

The method for preparing samples for imaging RNA/protein was as
described previously (Che et al., 2015). Briefly, HeLa or HEK 293 T cells on
glass coverslips were washed with 1x PBS and fixed with 4%
paraformaldehyde for 15 min and permeabilized with 0.1% Triton X-100
for 15 min, and then washed with 2x SSC (Sangon) for 10 min at room
temperature. The cells were hybridized with the FISH probes overnight at
42°C. Then the cells were washed continuously two times with 2xSSC, 0.5x
SSC and 1x PBS in dark at room temperature. Immunofluorescence was
performed by incubating the fixed cells with the primary antibodies in
blocking buffer (2% BSA in 1x PBS) for 1 h at room temperature. The cells
were then washed three times with 1x PBS for 5 min each and incubated
with the secondary antibody and Hoechst 33342 in blocking buffer for
another 1 h at room temperature. The immunofluorescence experiment was
carried out under the condition of light protection. The FISH probes were

synthesized and labeled with Cy5 at the 5’ end (Sangon), and their
sequences are shown in Table S3.

RNA isolation, cDNA synthesis and alternative splicing analysis
The alternative splicing events of PRKRA mRNA were detected as described
previously (Meyer et al., 2018). HEK 293T cells were transfected with the
FLAG-tagged plasmids respectively and harvested at~48h after
transfection. Total RNA was isolated using TRIzol Reagent (Thermo
Fisher-Invitrogen). According to the manufacturer’s instructions, the
cDNAs were synthesized with Hifair® III 1st Strand cDNA Synthesis kit
(gDNA digester plus) (Yeasen Biotech) using oligo(dT);g primer and 1 ug
of total RNA. Total 20 ul of the cDNA product was diluted to 100 ul, then
5 ul of the diluted cDNA was used for subsequent PCR amplification. PCR
amplification was performed using 2xTaq PCR MasterMix (Tiangen
Biotech) in a 25-ul reaction solution, containing 12.5 pl of PCR MasterMix,
5 ul of the diluted cDNA template and 0.5 mM of each primer. GAPDH was
chosen as the loading control. The primers used for PCR are listed in
Table S3. Three independent experiments were performed. The intensity of
spliced band was quantified by Scion Image software (Scion Corp) and the
spliced levels of PRKRA mRNA were compared.

Live-cell imaging and imaging processing

For live-cell imaging, we first generated a cell line on HEK 293T cells stably
expressing EGFP-tagged TDP-43 by using CRISPR/Cas9 techniques as
described in our previous work (Xue et al., 2020a). The EGFP-TDP-43 cells
were plated on a 29-mm dish with 20-mm glass-bottom wells (Cellvis). At
~12 h after transfection with FLAG-TDP-35 or TDP-35-mCherry, the
growth medium was replaced with fresh medium containing 0.2 mg/ml
Hoechst 33342 (Sigma) to stain the nuclei. The cells were then imaged on an
inverted laser scanning confocal microscope, Zeiss Celldiscoverer 7 (Zeiss)
or Olympus SpinSR (Olympus) at 20-min intervals. During imaging, the
cells were kept at 37°C and under a chamber with 5% CO,. For processing of
the live-cell images, the fluorescence intensities of individual inclusions were
recorded by using the CellSens imaging software (Olympus) beginning at the
time point of EGFP-TDP-43 inclusion formation. The intensity value of each
time point was normalized to that of the starting point. The intensity profiles
for individual inclusions were plotted with GraphPad Prism software.

Statistical analysis

Data from at least three independent experiments were obtained from the
integral grayscale values of indicated protein bands in western blots and
normalized to that of the respective control. Then the relative levels for
protein amounts were presented as means+s.e.m. Statistical analyses were
performed with one-way ANOVA program followed by Bonferroni post-
hoc test, and the quantitative data were presented by using OriginPro
software. Differences were considered statistically significant at P<0.05. In
all experiments, the P-values were labeled in the graphs as *P<0.05,
**P<(0.01, ***P<0.001, ****P<0.0001 or N.S. (not significant).
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Fig. S1. Characterization of the RBPs sequestered by the cytoplasmic
TDP-35 inclusions by immunofluorescence imaging

(A) Identification of hnRNP A2B1 that co-localizes with the inclusions. (B, C, D)
hnRNP Al (B), Matr3 (C) or PABPN1 (D) that does not co-localize with the
inclusions. The HEK 293T cells expressing FLAG vector, FLAG-TDP-35 or
FLAG-TDP-35-4FL were imaged, and the endogenous RBPs were examined with the
indicated antibodies. TDP-35 and its mutant were stained with anti-FLAG antibody
(green), RBPs were stained with indicated antibodies (red), and the nuclei were

stained with Hoechst (blue). Scale bar = 10 pmn.
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Fig. S2. Confirmation of TIA1 and PABPC1 co-localized with the cytoplasmic
TDP-35 inclusions by immunofluorescence imaging

(A, B) Co-localization of endogenous TIAl and PABPC1 with the cytoplasmic
TDP-35 inclusions in HelLa cells. The HelLa cells over-expressing FLAG vector,
FLAG-TDP-35 or FLAG-TDP-35-4FL were imaged, and the endogenous TIA1 (A)
or PABPC1 (B) was shown to be co-localized with the cytoplasmic TDP-35 inclusions.
FLAG-TDP-35-4FL was set as a control. The inset graph shown in (A) is the
percentage of nuclear TIAL1 in the cells with TDP-35 inclusions. The amounts of
nuclear and total TIA1 were obtained from the pixel intensities of individual cell
image, and the data were statistically analyzed by one-way ANOVA and presented as
Means £=SEM (Vector, n=36; TDP-35, n=35; TDP-35-4FL, n=24). *, p < 0.05, ****,
p < 0.0001. (C, D) Co-localization of exogenous TIA1l or PABPC1l with the
cytoplasmic TDP-35 inclusions in HEK 293T cells. HA-TIAL (C) or HA-PABPC1 (D)
was co-transfected with FLAG-TDP-35 in HEK 293T cells, and the cells were
visualized by immunofluorescence imaging. TDP-35 and its mutant were stained with
anti-FLAG antibody (green). Endogenous TIAl1 or PABPCl was stained with
antibody anti-TIA1 or anti-PABP antibody (red), while exogenous HA-tagged TIAl
or PABPC1 was stained with anti-HA antibody (red). The nuclei were stained with
Hoechst (blue). Scale bar = 10 pm.
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Fig. S3. Dose-dependent experiment for characterizing the sequestration
of endogenous TIA1 by the TDP-35 aggregates

(A) Sequestration of endogenous TIA1 by TDP-35. (B) By TDP-35-4FL as a control.
HeLa cells were transfected with different dose of the FLAG-TDP-35 (A) or
FLAG-TDP-35-4FL (B) plasmid, and the cell lysates were subjected to
supernatant/pellet fractionation and Western blotting analysis for TIA1. The proteins
were detected by using anti-FLAG, anti-TIA1 and anti-actin antibodies. (C)
Quantification of the amounts of TIA1 in supernatant and pellet fractions. Data are

shown as Means 2SEM (n=3). *, p<0.05; **, p<0.01. Sup., supernatant; Pel., pellet.
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Fig. S4. TDP-35 associates with endogenous TIA1 mediated by sequence-
specific RNA.

(A) Immunoprecipitation experiment examining the effects of RNase and sSDNA
treatments on the association of FLAG-TDP-35 with endogenous TIAl. The cell
lysates were immunoprecipitated with protein A/G beads plus FLAG antibody under
various conditions including non-treat, RNase treatment, and RNase A plus sSDNA
treatment. 1gG, a control without FLAG antibody; IP, with anti-FLAG antibody. The
immunoblotting was carried out with an antibody against either TIA1 or FLAG.
sSDNA, TG+TC. *, non-specific band. (B) Immunoprecipitation for association of
FLAG-TDP-35 or FLAG-TDP-35-4FL with endogenous TIAl. The lysates were
immunoprecipitated with protein A/G beads plus FLAG antibody under the condition
of non-treat and then immunoblotted with an antibody against either TIAL or FLAG.
(C) Immunoprecipitation for ssDNA-assisted association of FLAG-TDP-35 with
endogenous TIAl. FLAG-TDP-35-4FL was set as a control. The lysates were
immunoprecipitated with protein A/G beads plus FLAG antibody and subjected to
RNase and ssDNA (TG+TC) treatments, and then immunoblotted with the indicated
antibodies. In all IP experiments, about 8% loading of the sample was applied for

input.
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Fig. S5. Combined FISH and IF experiment for detecting specific RNAs enriched
in the TDP-35 inclusions in HEK 293T cells.

(A) Imaging with the Cy5-oligo-dT probe showing poly(A)-containing RNAs
enriched in the cytoplasmic TDP-35 inclusions co-localized with endogenous TIAL.
(B) Imaging with the Cy5-CA probe showing UG-repeat RNAs in the inclusions
co-localized with endogenous TIAl. FLAG-TDP-35 and FLAG-TDP-35-4FL are in
green, TIAL is in red, RNAs are in pink, while the nuclei are in blue (DAPI). Scale
bar = 10 pm.
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Fig. S6. Dose-dependent experiment for characterizing the effect of TDP-35 on
the protein level of PRKRA.

(A) Effect of TDP-35 over-expression on the PRKRA level. (B) TDP-35-4FL as a
control. (C) Qualification of the alteration of the PRKRA level. HeLa cells were
transfected with each indicated plasmid, the cell lysates were centrifuged, and then the
supernatant was subjected to Western blotting analysis. Data are shown as Means +
SEM (n=3). *, p<0.05; **, p<0.01.
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Fig. S7. Quantification of the fluorescence intensities of mCherry and EGFP for

individual inclusions in a time-lapse movie.

Six graphs are extracted from the movie and each stand for an individual inclusion.

The intensity data are normalized to that of the 0-min point.
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Table S1. List of the constructs applied in this study.

Constructs Vectors Restriction Additional
Enzyme sites
FLAG-TDP-35 FLAG-pcDNA3.1 | BamH |/ Xho | TDP-35, residues
90-414 of TDP-43
mCherry-TDP-35 FLAG-pcDNA3.1 | Hind 111 / BamH | | TDP-35, N-terminally
tagged mCherry
TDP-35-mCherry FLAG-pcDNA3.1 | BamH I/ Xho | TDP-35, C-terminally
tagged mCherry
FLAG-TDP-35-4FL FLAG-pcDNA3.1 | BamH |/ Xho | TDP-35, RRM
mutant:
F147/149/229/231L
HA-TIAL HA-pcDNAS3.0 BamH I/ Xho | Full-length TIAL,
isoform 1
HA-PABPC1 HA-pcDNAS3.0 BamH I/ Xho | Full-length PABPC1
Cas9-sgRNA(TDP-43)- | pX330 Bpi | For constructing an
mCherry EGFP-TDP-43 cell
EGFP-TDP-43 FLAG-pcDNA3.1 | BamH |/ Xho | line by CRISPR/Cas9
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Table S2. List of the antibodies used in this study.

Antibody Source Catalog Number Dilution
_ WB: 1:1000
] Sigma-
Anti-FLAG (mouse) ] F1804 IF: 1:200
Aldrich
IP: 1:1000
) ) ) 20543-1-AP WAB: 1:1000
Anti-FLAG (rabbit) Proteintech
IF: 1:200
) Sigma- H9658 WAB: 1:1000
Anti-HA (mouse) )
Aldrich IF: 1:200
) Santa Cruz sc-166247 WB: 1:1000
Anti-TIA1 (mouse) .
Biotechnology IF: 1:100
) ) ) 12133-2-AP WAB: 1:3000
Anti-TIA1 (rabbit) Proteintech
IF: 1:200
Anti-PABP (rabbit, for PABPC1) | Abcam ab21060 IF:1:100
Anti-Matrin 3 (rabbit) Abcam ab151714 IF: 1:200
Anti-PABPN1 (rabbit) Abcam ab75855 IF: 1:200
Anti- hnRNP A2/B1 (rabbit) Proteintech 14813-1-AP IF: 1:200
) Santa Cruz sc-32301 IF: 1:100
Anti-hnRNP Al (mouse) )
Biotechnology
) Santa Cruz sc-377103 WB: 1:1000
Anti-PACT (mouse, for PRKRA) ]
Biotechnology
Anti-B-actin (mouse) Proteintech 6008-1-1g WAB: 1:5000

WB, Western blotting; IF, immunofluorescence. IP, immunoprecipitation.
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Table S3. Nucleotide sequences of ssDNAs, FISH probes and RT-PCR primers
applied in this study.

ssDNA/probe Sequence
/primer
TG 5-TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT
(58 nt) GTGTGTGTGTGTG-3’
TC 5-TTTTTACTCCCCTCATTTTTTTTTTACTCC-3’
(30 nt)
TG+TC 5-TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT
(78 nt) GTGTTTTTACTCCCCTCATTTTTTTTTTACTCC-3’
Cy5-oligodT | Cy5-5-TTTTTTTTTTITTTITTITTTITITTT-3
Cy5-CA Cy5-5’- CACACACACACACACACACACACA -3’
Cy5-NN Cy5-5"- NNNNNNNNNNNNNNNNNNNNNNNN-3°
GAPDH-forward | 5’>-GGAGCGAGATCCCTCCAAAAT-3’
GAPDH-reverse | 5-GGCTGTTGTCATACTTCTCATGG-3’
PRKRA-forward | 5-GTGAAGGTACAAGTAAGAAGCTGGCG-3’
PRKRA-reverse 5’-AATGAACCAATAGGATTAAGCTGGTTCTTT-3’
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Movie 1. Time-lapse movie for sequestration of TDP-43 over-expressing
FLAG-TDP-35. Movie related to Fig. 6B.

The movie was imaged with 20-min intervals in the EGFP-TDP-43 cell line transfected
with FLAG-TDP-35. The imaging began at c.a. 12 hrs after transfection with FLAG-
TDP-35. TDP-43 was indicated from the fluorescence of its fused EGFP (green). The live-

cell images were obtained by Zeiss Celldiscoverer 7 (Zeiss). Scale bar, 5 pm.
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Movie 2. Time-lapse movie for sequestration of TDP-43 over-expressing

TDP-35-mCherry. Movie related to Fig. 7A.

The movie was imaged with 20-min intervals in the EGFP-TDP-43 cell line
transfected with TDP-35-mCherry. The imaging began at c.a. 12 hrs after transfection
with TDP-35-mCherry. TDP-43 was indicated from the fluorescence of its fused
EGFP (green), while TDP-35 was lighted up by the fluorescence of its fused mCherry
(red), and nuclei were stained with Hoechst (blue). The live-cell images were obtained

by Olympus SpinSR (Olympus), Scale bar = 5 pm.
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