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In Brief

The RNA-binding protein TDP-43 is
associated with neurodegenerative
diseases, such as ALS. Wang et al. report
that TDP-43 forms protective nuclear
bodies in response to stress, which is
mediated by IncRNA NEAT1-promoted
liquid-liquid phase separation. Defects in
the assembly of stress-mitigating TDP-43
nuclear bodies may contribute to ALS
pathogenesis.
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SUMMARY

Despite the prominent role of TDP-43 in neurodegeneration, its physiological and pathological functions are
not fully understood. Here, we report an unexpected role of TDP-43 in the formation of dynamic, reversible,
liquid droplet-like nuclear bodies (NBs) in response to stress. Formation of NBs alleviates TDP-43-mediated
cytotoxicity in mammalian cells and fly neurons. Super-resolution microscopy reveals distinct functions of
the two RRMs in TDP-43 NB formation. TDP-43 NBs are partially colocalized with nuclear paraspeckles,
whose scaffolding IncRNA NEATT1 is dramatically upregulated in stressed neurons. Moreover, increase of
NEAT1 promotes TDP-43 liquid-liquid phase separation (LLPS) in vitro. Finally, we discover that the ALS-
associated mutation D169G impairs the NEAT7-mediated TDP-43 LLPS and NB assembly, causing excessive
cytoplasmic translocation of TDP-43 to form stress granules, which become phosphorylated TDP-43 cyto-
plasmic foci upon prolonged stress. Together, our findings suggest a stress-mitigating role and mechanism

of TDP-43 NBs, whose dysfunction may be involved in ALS pathogenesis.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a neurological disorder char-
acterized by degeneration of motor neurons in the brain and spinal
cord (Tayloretal., 2016; van Es et al., 2017). Missense mutations in
the gene TARDBP encoding TAR DNA-binding protein 43 (TDP-43)
predispose to familial ALS, and protein inclusions containing TDP-
43 are a pathological hallmark of ALS (Neumann et al., 2006; Kaba-
shi et al., 2008). TDP-43 has a nuclear localization signal (NLS), a
nuclear export signal (NES), two canonical RNA recognition motifs
(RRMs), and a C-terminal low complexity domain (LCD). The LCD
mediates protein-protein interactions and is enriched with dis-
ease-associated mutations (Kabashi et al., 2008; Lee et al,
2011). TDP-43 is engaged in a variety of ribonucleoprotein (RNP)
complexes, such as stress granules (SGs), and regulates RNA pro-
cessing and homeostasis (Fahrenkrog and Harel, 2018; Zhao et al.,
2018). In diseased conditions, SGs may undergo aberrant phase
transition and promote the formation of solid protein aggregates
(Li et al., 2013; Ramaswami et al., 2013).

Nuclear bodies (NBs) are dynamic, membraneless nuclear
structures that concentrate specific nuclear proteins and RNAs
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to regulate nuclear functions and homeostasis (Stanek and
Fox, 2017). Among them, paraspeckles (PSs) are a class of nu-
clear RNP granules formed by the scaffolding long non-coding
RNA (IncRNA) nuclear-enriched abundant transcript 1 (NEATT),
associated with proteins such as splicing factor proline-gluta-
mine rich (SFPQ) and P54NRB/NONO. PSs are engaged in regu-
lating cellular functions through nuclear retention of mMRNAs and
proteins (Bond and Fox, 2009; Fox and Lamond, 2010; Naka-
gawa et al., 2018). Notably, TDP-43 is found colocalized with
PSs in the spinal motor neurons of ALS patients (Nishimoto
et al., 2013), and excessive PSs are also observed in ALS-FUS
patients (An et al., 2019a). Although TDP-43 is present in NBs
that sometimes accompany neurodegeneration, the under-
standing about the function of TDP-43 in NBs and the involve-
ment of NBs in ALS pathogenesis is still rudimentary.

Recent studies indicate that liquid-liquid phase separation
(LLPS) of RNA-binding protein (RBP) drives the assembly of
liquid droplet (LD)-like, membraneless RNP granules in cells
(Lin et al., 2015; Feric et al., 2016; Banani et al., 2017; Uversky,
2017; Fox et al., 2018). Several ALS-related RBPs, including
TDP-43, are shown to phase separate in vitro (Hyman et al.,
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2014; Molliex et al., 2015; Schmidt and Rohatgi, 2016), and the
intrinsically disordered LCD domains of the RBPs are thought
to mediate the LLPS (Hennig et al., 2015; Molliex et al., 2015;
Xiang et al., 2015; Murray et al., 2017). RNA is also of vital impor-
tance in regulating the LLPS (Dominguez et al., 2018; Namkoong
et al., 2018; Fox et al., 2018), which can suppress or promote
phase separation depending on the contents and concentrations
of the RNAs (Shevtsov and Dundr, 2011; Lin et al., 2015; Maha-
rana et al., 2018; Mann et al., 2019).

In this study, we find that stress causes TDP-43 to form dy-
namic, reversible, and cytotoxicity-antagonizing NBs. Further in-
vestigations reveal distinct functions of the two RRMs and a
crucial role of NEAT1 IncRNA in regulating TDP-43 LLPS and
NB formation, which is compromised by the ALS-causing
mutation D169G, leading to hyperphosphorylated TDP-43 cyto-
plasmic foci and reduced tolerance to stress. Together, we pro-
pose that stress induces LLPS and the assembly of TDP-43 NBs
in the generally suppressive nucleoplasm via upregulation of
IncRNA NEATT1, and defective stress-mitigating TDP-43 NBs
may contribute to ALS pathogenesis.

RESULTS

Arsenic Stress Induces Dynamic and Reversible TDP-

43 NBs

TDP-43 is predominantly in the nucleus but recruited to cyto-
plasmic SGs in response to stress (Li et al., 2013). Interestingly,
in an earlier related work (Duan et al., 2019), we noticed that
although arsenic stress induced TDP-43* cytoplasmic SGs,
the majority of TDP-43-HA signals remained nuclear. In these
cells, nuclear TDP-43 lost the normal diffused pattern but dis-
played a distinct granular appearance (Figures 1A and 1B;
Video S1). Endogenous TDP-43 also formed nuclear granules
upon stress (Figures 1C-1E), indicating that this phenomenon
was not an artificial effect simply due to TDP-43 overexpres-
sion (OE).

A membraneless nuclear structure fulfills the requirements of
NBs if it is (1) microscopically visible, (2) enriched with specific
nuclear factors, and (3) continuously exchanging with the sur-
rounding nucleoplasm (Stanek and Fox, 2017). Arsenite-induced
TDP-43 nuclear granules were microscopically visible (Figures
1A-1E) and partially colocalized with several types of NBs, espe-
cially PSs labeled by SFPQ (Figure S1).

To examine whether the stress-induced TDP-43 nuclear gran-
ules were dynamic, we performed the fluorescence recovery
after photobleaching (FRAP) analysis in live cells using green
fluorescent protein (GFP)-tagged TDP-43. The fluorescence of
GFP-TDP-43 nuclear granules was rapidly recovered after pho-
tobleaching, reaching ~50% of the pre-bleaching intensity in
~65 s (Figures 1F-1H; Video S2), indicating that these nuclear
granules are LD-like and highly dynamic. As they fulfilled the
three requirements of NBs, we named them “TDP-43 NBs”
thereafter in this study.

Next, we determined whether stress-induced TDP-43 NBs
were reversible. Cells were treated with arsenite for 30 min to
induce the formation of TDP-43 NBs. Of note, some of the NBs
were not perfectly round (Figure 1), which might be a sign of
the start of phase transition toward the less dynamic aggregates
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as shown in Figure 1G with prolonged stress (6 h). With prompt
arsenite washout, TDP-43 NBs gradually disappeared and even-
tually recovered to nearly diffused pattern (Figure 1l). Both the
percentages of cells showing TDP-43 NBs and the counts of
TDP-43 NBs per cell decreased in a time-dependent manner af-
ter arsenite washout (Figures 1J-1L). Thus, arsenite-induced
TDP-43 NBs are reversible.

Formation of TDP-43 NBs Acts as a General Cellular
Stress Mechanism

Reversible TDP-43 nuclear aggregation was previously
observed with heat shock (Udan-Johns et al., 2014). To deter-
mine whether other types of stress could induce TDP-43 NBs,
we disturbed the nuclear homeostasis by inhibition of nuclear
export with leptomycin B (LMB), which caused endogenous
TDP-43 to form NBs (Figures 2A and 2B), suggesting that the as-
sembly of TDP-43 NBs might be a general mechanism employed
by the nucleus in response to stress.

Next, we sought to test whether blocking the nuclear export of
TDP-43 itself was sufficient to induce TDP-43 NBs. A few recent
works indicated that the NES sequence lacked functional export
activity (Archbold et al., 2018; Ederle et al., 2018; Pinarbasi et al.,
2018); nevertheless, nuclear TDP-43 puncta with resemblance to
NBs upon deletion of this domain were evident as previously re-
ported (Ayala et al., 2008; Winton et al., 2008). Thus, we gener-
ated the so-called NLS™" and NES™! TDP-43 (Figure 2C).
TDP-43-NLS™* was predominantly cytoplasmic with no or few
NBs; in contrast, the NES™! was exclusively nuclear and formed
striking NBs in the absence of stress (Figures 2D-2F). The solu-
bility of TDP-43-NES™" protein was significantly reduced (Fig-
ures 2G and 2H). Of note, the total protein levels of NLS™" and
NES™" are not statistically different from that of wild-type (WT)
TDP-43 (p = 0.8451 and 0.2835, respectively).

The marked reduction of the solubility raised the question
whether TDP-43-NES™! NBs were still dynamic or were solid
aggregates. We then performed the FRAP assay on the NES™"
NBs. Similar to the PS protein SFPQ, the fluorescence signal of
GFP-TDP-43-NES™" rapidly recovered (Figures S2A and S2B).
None of WT, NLS™*, or NES™" TDP-43 in the soluble fractions
showed significant turnover in 24 h after the inhibition of cellular
protein synthesis with cycloheximide (CHX) (Figures S2C-S2F),
suggesting that the soluble TDP-43 protein was rather stable.
In contrast, the insoluble fraction of TDP-43-NES™ decreased
rapidly upon CHX inhibition (Figures S2C-S2F), and NES™"
NBs were disassembled (Figures S2G and S2H), indicating that
TDP-43-NES™ " NBs were dynamic and reversible.

Next, we examined how disturbance of the proteostasis in
cells impacted TDP-43 NBs. Inhibition of proteasome-mediated
protein degradation by MG132 led to a significant increase in the
insoluble fractions of WT and NES™" TDP-43 protein (Figures
S21-8S2L). In contrast, blocking autophagic flux by chloroquine
(CQ) did not significantly affect the levels of insoluble TDP-43
(Figures S2M-S2P). Thus, unlike protein aggregates, the turn-
over of TDP-43 NBs did not rely on the autophagy-lysosomal
pathway. Together, TDP-43 NBs are distinct from misfolded
protein aggregates. Instead, they are dynamic, reversible subnu-
clear organelles that are sensitive to changes in the microenvi-
ronment of the nucleoplasm.
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Formation of TDP-43 NBs Alleviates the Cytotoxicity in
Mammalian Cells and Fly Neurons

To understand the functional significance of forming TDP-43
NBs, we examined how cells expressing WT, NLS™*, or NES™""
TDP-43 responded to stress. Compared to WT TDP-43, cells
transfected with the NLS™" showed significantly increased cell
death assessed by propidium iodide (Pl) staining, whereas the
NES™" was more resistant to arsenic stress (Figures S3A-
S3E’). Next, we examined how the formation of NBs impacted
TDP-43 cytotoxicity. We found that in the absence of arsenic
stress, OE of WT or NLS™", but not NES™!, TDP-43 was suffi-
cient to significantly decrease the cell viability (Figure 3A) and
the ATP levels (Figure 3B) in human 293T cells. These results
were consistent with the previous studies that cytoplasmic
TDP-43 was more toxic than nuclear TDP-43 in flies (Miguel
etal., 2011) and primary rat neurons (Barmada et al., 2010); how-
ever, the reduced cytotoxicity was not associated with the NB
formation of nuclear TDP-43 before.

To examine whether TDP-43 form NBs in vivo and how they
impact neurodegeneration, we generated transgenic flies to ex-
press WT, NLS™* or NES™* human TDP-43 (hTDP-43) by
®C31-mediated, site-specific integration (Groth et al., 2004; Ba-
teman et al., 2006). WT and NES™" hTDP-43 in fly neurons (elav-
Gal4) were predominantly nuclear, whereas the NLS™! was
mostly cytoplasmic (Figure S4A). Consistent with the mamma-
lian data, NES™" hTDP-43 formed NBs in the nucleus of fly neu-
rons (Figures S4A and S4B), and the solubility was significantly
decreased (Figures S4C and S4D). The eye degeneration anal-
ysis (Figure S4E) and the climbing assay (Figure S4F) showed
that WT TDP-43 flies exhibited marked age-dependent degener-
ative phenotypes, and the NLS™" flies were significantly worse.
In contrast, the NES™" was substantially less toxic, especially in
the ALS-related functional assay of the climbing capability
(Figure S4F).

To confirm whether it was the formation of TDP-43 NBs that
underlay the cytotoxicity-mitigating effect rather than simply
the restriction of TDP-43 in the nucleus, we sought for alterna-
tive approaches to induce TDP-43 NBs without disrupting their
nucleocytoplasmic transport. Acetylation of TDP-43 at K145
and K192 was previously shown to regulate RNA binding
and affect TDP-43 aggregation (Cohen et al., 2015). Indeed,
the K145/192Q mutation in WT TDP-43 (Figure 3C) led to the
assembly of TDP-43 NBs in the absence of stress (Figures
3E, 3E/, and 3G). On the other hand, the K145/192R mutation
in TDP-43-NES™" (Figure 3D) abolished the spontaneous for-
mation of NES™! NBs (Figures 3F, 3F, and 3H). Neither of
the mutations significantly altered the subcellular distribution
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of TDP-43 (Figures 3l and 3J). Supporting our hypothesis,
the NB-forming K145/192Q mutation alleviated the cytotox-
icity of WT TDP-43 (Figure 3K), whereas the K145/192R muta-
tion abolished the NB-forming capability and made the origi-
nally non-toxic TDP-43-NES™" manifest marked cytotoxicity
(Figure 3L).

The Role of the Major Functional Domains of TDP-43 in
the Assembly of NBs

Next, we generated truncated TDP-43, namely ALCD, ARRM1,
and ARRM2, to investigate the role of each major domain in
the NB formation (Figure S5A). ALCD TDP-43 was mostly nu-
clear and soluble (Figures S5B and S5C) but did not form NBs
in response to stress (Figures S5F-S5G’). TDP-43-ARRM1 was
soluble (Figure S5D), whereas ARRM2 showed a remarkable in-
crease of insolubility (Figure S5E). More interestingly, TDP-43-
ARRM1 formed large, ring-shaped nuclear structures in the
absence of stress (Figures S5H and S5H’). The ARRM2 looked
similar to WT TDP-43 without stress but showed a grainy
appearance when stressed (Figures S5I and S5I'). We further
characterized these nuclear structures with the LIGHTNING su-
per-resolution microscopy: WT TDP-43 formed solid, mid-size
NBs; ARRM1 was much larger and ring-shaped; and ARRM2
displayed a mesh-like structure with numerous smaller NBs (Fig-
ures 4A and 4B). Three-dimensional (3D) rendering revealed that
WT and ARRM2 TDP-43 NBs were mostly ovals or sometimes
cylinders, whereas ARRM1 were large, hollow pillars. Measure-
ment of the diameters further confirmed that ARRM1 rings were
drastically larger than WT TDP-43 NBs, whereas ARRM2 NBs
were slightly smaller (Figure 4C).

Given the distinct morphology of the nuclear structures
formed by ARRM1 and ARRM2 TDP-43 (Figure 4D), it was
tempting to propose that the two RRMs might function antago-
nistically to maintain the shape and the size of TDP-43 NBs. To
test this hypothesis, we co-expressed HA-tagged WT TDP-43
with Myc-tagged WT, ARRM1, or ARRM2 TDP-43 and induced
the NB formation in 293T cells by LMB (Figures 4E-4H).
ARRM1 formed a ring-shaped shell wrapping the co-expressed
WT TDP-43 NBs (Figures 4F and 4J), and the diameter of these
NBs was larger (Figure 4N). The increased size was not simply
due to OE of two folds of the TDP-43 protein, because co-
expression of WT TDP-43-HA and WT Myc-TDP-43 did not
show this effect (Figures 4E, 41, and 4M). ARRM2 co-expressed
with WT TDP-43 was mainly localized to the core (Figures 4G and
4K) and was a smaller size than WT TDP-43 NBs (Figure 40).
Similar results were obtained with co-expression of ARRM1
and ARRM2 (Figures 4H, 4L, and 4P).

Figure 1. TDP-43 Forms Reversible, Dynamic NBs in Response to Arsenic Stress
(A and B) Representative images (A) and quantifications (B) of HeLa cells forming TDP-43 NBs (arrows) and TDP-43* SGs (arrowheads) induced by arsenite

(250 uM, 30 min). TIAR, SG marker; DAPI, nuclear labeling. See also Video S1.
(C) Same as (A) but stained for endogenous TDP-43 (enTDP-43) by anti-TDP-43.

(D) The intensity profiles of enTDP-43 along the indicated lines in (C).
(E) Quantification of % of cells with enTDP-43 NBs in (C).

(F and G) FRAP analysis of GFP-TDP-43 NBs in live cells induced by arsenite treatment for 30 min (F) or 6 h (G). See also Video S2.

(H) The FRAP recovery curves of (F) and (G) are quantified (see STAR Methods).

(I-L) Confocal images (l) and quantifications (J-L) of the dynamics of TDP-43 NBs and TDP-43* SGs in the washout assay.
Mean + SEM; n=~100 cells (B, E, J, and K), n = ~9 NBs (H), and n = ~15 cells (L) each group from pooled results of 3 independent repeats. Student’s t test (B and
E), two-way ANOVA (B and H), one-way ANOVA (J-L). Scale bars, 10 um (A) and 5 um (C, F, G, and I).
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Figure 2. Inhibition of Nuclear Export Induces the Assembly of TDP-43 NBs

(A and B) Representative images (A) and quantifications (B) of enTDP-43 forming NBs upon LMB treatment (45 nM, 18 h).

(C) A diagram of the major domains and the residues mutated in human TDP-43 in this figure.

(D-F) Confocal images (D) and quantifications (E and F) of the NBs formed by WT, NLS™*, or NES™" TDP-43.

(G and H) Western blot analysis of WT, NLS™", and NES™! TDP-43 proteins in the detergent-soluble (S) and insoluble fractions () (see STAR Methods).
Mean + SE; n = ~120 cells (B and E), n = ~10 cells (F), and n = 3 repeats (G and H); ns, not significant. Student’s t test (B) and one-way ANOVA (E, F, and H). Scale

bars, 5 um.

Next, we examined the co-localization of the above TDP-43
nuclear structures with PSs by co-immunostaining of NONO, a
PS protein known to reside in the core of PSs (West et al.,
2016). Consistently, NONO showed up in the core of WT and
ARRM2 TDP-43 NBs (Figures 4Q and 4S). Interestingly, the
ring-shaped ARRM1 did not co-localize with PSs labeled by
NONO (Figure 4R), suggesting that TDP-43 requires the RRM1
to be associated with PSs and that TDP-43 NBs are not homo-
geneous, although a significant subpopulation overlapped with
PSs (Figure S1). Together, these data indicate that the two
RRMs play distinct functions in the assembly and maintenance
of TDP-43 NBs, possibly by interacting with different RNAs
and/or RBPs.

RNA Suppresses TDP-43 In Vitro De-mixing via

the RRMs

The dynamic and reversible characteristics of TDP-43 NBs sug-
gested that LLPS might underlie the NB formation. Purified full-
length (FL) TDP-43 protein formed LDs in vitro in a dose-depen-
dent manner, and the LCD played a significant role in promoting
TDP-43 LLPS (Figures S6A-S6D). Nevertheless, in vitro de-mix-
ing of the C-terminal LCD truncation (TDP-43""27%) was evident at

higher concentrations (=50 uM) (Figure S6D), which was consis-
tent with the previous report that the N-terminal domains of TDP-
43 drove LLPS in vivo (Schmidt and Rohatgi, 2016). Next, we
examined how RNA impacted TDP-43 LLPS by adding total
RNAs extracted from Hela cells into the in vitro de-mixing sys-
tem (Figures S6E and S6F). Total RNAs (500 ng/ul) markedly
reduced the LLPS of FL TDP-43 (Figure S6E), whereas much
lower concentrations of RNAs (>100 ng/pl) were sufficient to
suppress the LLPS of TDP-43'27* (Figure S6F). Of note, the
LCD made purified TDP-43 proteins extremely insoluble, for
which a solubilizing sumo tag was needed to prevent the pro-
teins from precipitation in vitro. With the sumo tag, however, it
was tricky to form large sumo-TDP-43 droplets (Figures S6G—-
S6l), making it difficult to compare the two RRMs in RNA sup-
pression. Hence, we used the TDP-43"-274 protein that did not
require the sumo tag to stay soluble (Figures S6J-S6L and 5A-
5N) in the subsequent experiments.

To facilitate the evaluation, we lowered the NaCl concentration
and increased the crowding agent PEG, which allowed larger
TDP-43 LDs to form at the beginning of the suppression assay
(Figures 5B-5D). Total RNAs (100 ng/ul) markedly reduced the
size and the number of WT TDP-43'2"* LDs (Figure 5B).
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Figure 3. Formation of NBs Mitigates TDP-43-Mediated Cytotoxicity

(A) In the absence of stress, OE of WT or NLS™", but not NES™", TDP-43 is sufficient to decrease the cell viability.

(B) Relative ATP levels of 293T cells transfected with WT, NLS™", or NES™" TDP-43.

(C and D) Diagrams showing the K145/192Q and K145/192R mutations.

(E-F’) Representative images of WT (E) and “WT + K145/192Q” TDP-43 (E’) or NES™! (F) and “NES™" + K145/192R” TDP-43 (F') in 293T cells.

(G and H) Quantification of TDP-43 NB counts per cell in (E-F') as indicated.

(I and J) Quantification of percentages of cells showing TDP-43 exclusively in the nucleus (nuc) or in both the nucleus and the cytoplasm (cyto) in (E-F').

(K and L) K145/192Q suppresses whereas K145/192R enhances TDP-43 cytotoxicity.

Mean + SEM; n = 3~4 repeats (A, B, K, and L), n = ~12 cells (G and H), and n = over 100 cells (I and J); ns, not significant. One-way ANOVA (A and B), Student’s t

test (G, H, K, and L), and two-way ANOVA (I and J). Scale bar, 5 um.

ARRM1 TDP-43""274 (50 uM) only formed small LDs (Figure 5C),  (Figure 5C). We also tested ARRM1 at a higher concentration
which initially made us presume that total RNAs would more (100 pM) to allow large ARRM1 LDs to form at the beginning,
easily suppress the LLPS of ARRM1. To our surprise, a much  which confirmed the drastically reduced RNA suppression of
higher concentration of total RNAs (=500 ng/ul) was required the LLPS of ARRM1 TDP-43"27* (>250 ng/nl) (Figure 5C)).
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Figure 4. The RRM1 and RRM2 Function Complementarily in the Assembly and Maintenance of TDP-43 NBs
(A) A diagram of WT, ARRM1 and ARRM2 TDP-43.

(B and C) LIGHTNING super-resolution microscopy (B) and quantification of the diameters (C) of LMB-induced NBs formed by WT, ARRM1, or ARRM2 TDP-43 in
293T cells. Zoom-ins and 3D renderings are shown.
(D) A model representing the TDP-43 NB with different RRM deletions.

(E-H) Multicolor super-resolution microscopy and zoom-in images of LMB-induced WT+WT (E), WT+ARRM1 (F), WT+ARRM2 (G), and ARRM1+ARRM2 (H)
TDP-43 NBs.

(legend continued on next page)
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The RNA suppression of the LLPS of ARRM2 TDP-43"274 was
also reduced but to a lesser extent than that of ARRM1
(100~250 ng/ul) (Figure 5D). The dot-blot assay confirmed
reduced RNA-binding affinity in both ARRM1 and ARRM2
TDP-43'27* (Figures S6M-S60). These data indicate that an
RBP with lower tendency to phase separate does not necessarily
mean RNAs would more readily suppress its LLPS. Instead, the
regulation by RNAs is rather specific, likely depending on the
type and content of the RNAs.

tRNA reduced the LLPS of FUS in vitro (Maharana et al., 2018),
which also potently suppressed in vitro de-mixing of TDP-43 in
this study (Figure 5E). WT and ARRM1 TDP-43"-2"* showed
similar sensitivity to tRNA (>1.25 pg/ul) (Figures 5E and 5F),
whereas ARRM2 required a higher concentration of tRNA
(=2.5 pg/ul) (Figure 5G). Unlike total RNAs, ARRM1 TDP-
43'27* did not exhibit a greatly decreased sensitivity to tRNA
suppression (Figures 5C and 5F). Thus, the lack of a strong sup-
pression of the LLPS of ARRM1 by total RNAs was not simply
because suppression of small LDs was difficult to manifest or
detect. Together, RRM1 appeared to play a major role in medi-
ating the suppression of TDP-43 LLPS by total RNAs, whereas
RRM2 might be more involved in the suppression by tRNA.

LncRNA NEAT1 Promotes TDP-43 LLPS and Is
Upregulated in Stressed Neurons

Recent works have revealed both positive and negative regula-
tion of protein LLPS by RNAs (Guo and Shorter, 2015). We found
that the PS scaffolding RNA NEATT not only directly bound to
TDP-43 protein in vitro (Figure 5H) but also promoted TDP-43
de-mixing in a dose-dependent manner (Figure 5I), which
involved both RRM1 and RRM2 (Figures 5J and 5K). Further-
more, we demonstrated that increasing concentrations of
NEATT1 antagonized the suppressive environment generated by
tRNA in the in vitro LLPS assay of TDP-43 (Figure 5L), which
was markedly reduced by ARRM1 but enhanced by ARRM2
(Figures 5M and 5N). These data suggest that, in the nucleo-
plasm that contains both positive and negative regulatory
RNAs, the RRM1 may play a major role in mediating NEAT7-pro-
motion of TDP-43 LLPS, whereas the RRM2 may be more
involved in the tRNA-mediated suppression.

In addition, we examined TDP-43-NES™", and its RNA-bind-
ing affinity was significantly reduced (Figures S3H and S83I),
which was consistent with the previous studies (Lukavsky
etal., 2013; Flores et al., 2019). Moreover, the K145/192Q muta-
tion also impaired RNA binding (Figures S3F and S3G) and
reduced the suppression of TDP-43 LLPS by total RNAs (Figures
S3J-S3L). The K145/192R mutation did not increase RNA bind-
ing (Figures S3F-S3I) or enhance the total RNA suppression (Fig-
ure S3L). Instead, it disrupted NEAT1-mediated TDP-43 droplet
formation (Figures S3M-S30), which might complement the lack
of RNA suppression in the NES™". As such, TDP-43-NES™""-

Molecular Cell

K145/192R did not form NBs spontaneously (Figures 3F, 3F
and 3H) and regained cytotoxicity (Figure 3L).

Next, we extended our investigation of TDP-43 NBs and
NEATT1 to neurons. Consistently, TDP-43 formed NBs in mouse
primary neurons upon stress (Figures 50, 50/, 5R, and 5U);
ARRM1 TDP-43 formed large, ring-shaped structures in both
normal and stressed mouse neurons (Figures 5P, 5P’, and 5S);
ARRM2 displayed a grainy appearance when stressed (Figures
5Q, 5Q/, and 5T). More importantly, the levels of both total
NEAT1 RNA and the IncRNA isoform NEAT1_2 were dramatically
increased in stressed mouse neurons (Figures 5V and 5W).
These data suggest that stress triggers the upregulation of
NEAT1 RNA, which provides nucleation scaffolds to condense
TDP-43 (and possibly other NB components) and promote the
LLPS, leading to the formation of TDP-43 NBs.

ALS-Associated D169G Mutation of TDP-43 Shows a
Specific Defect in NB Formation

To investigate the disease relevance of TDP-43 NBs, we then
examined several known ALS-causing mutations in TDP-43.
We found that a mutation of D169G (640A—T) within the
RRM1 (Kabashi et al., 2008; Figures 6A and 6B) drastically
reduced the stress-induced assembly of TDP-43 NBs (Figures
6C-6E; Figures S7TA-S7C). In contrast, the formation of SGs or
the recruitment of TDP-43-D169G to SGs was not reduced (Fig-
ures 6C and 6F). Unlike TDP-43-D169G, the disease-associated
mutations in the LCD, such as Q331K and M337V, did not hinder
the NB formation (Figures S7D-S7G). Thus, although TDP-43
NBs and SGs are both phase-separated, membraneless RNP
granules, the exact mechanisms regulating their formation may
be different.

With extended arsenite treatment (250 uM, 120 min), D169G
eventually formed TDP-43 NBs (Figures 6C-6E). Surprisingly,
we saw staggeringly more cells forming TDP-43* SGs in
D169G (75.6% = 3.8%) than WT TDP-43 (31.3+2.3%) at this con-
dition (Figures 6C and 6F). Phosphorylation of TDP-43 (pTDP-43)
at S409/410 (pS409/410) is a disease-specific marker of TDP-43
aggregates (Hasegawa et al., 2008; Neumann et al., 2009). With
prolonged stress (arsenite 250 puM, 6 h), the NB-forming defec-
tive D169G accumulated cytoplasmic foci that were positive
for pS409/410, which was not observed with WT TDP-43 at the
same condition (Figures 6G-6l). Of note, D169G in the nucleus
was absent of pS409/410 staining even with prolonged stress
(Figure 6H), indicating that TDP-43-D169G was not generally hy-
perphosphorylated but only so when the abnormal cytoplasmic
foci formed. Moreover, D169G caused significantly more cell
death during mild but prolonged stress (arsenite 100 uM, 12 h)
(Figures 6J-6K’). These results suggest that the assembly of
TDP-43 NBs upon stress might lower the demand for
cytoplasmic translocation and participation of TDP-43 in SGs,
therefore reducing the chance of aberrant phase transition and

(I-L) The intensity profiles along the indicated lines across the NBs in (E-H).
(M-P) The diameters of the different TDP-43 NBs in (E-H) are quantified.

(Q-S) Super-resolution images and intensity line analyses of WT (Q), ARRM1 (R), and ARRM2 (S) TDP-43 NBs (green) co-immunostained with the PS marker

NONO (purple).

The box-and-whisker plots with values and n = ~900 NBs (C and M-P). *p < 0.0001. One-way ANOVA (C) and Student’s t test (M-P). Scale bars, 5 um (B), 2 um

(E-H), 500 nm (Q-S), and 200 nm in the zoom-ins (B and E-H).
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accumulation of pathogenic pTDP-43 inclusions in the
cytoplasm.

To assess the neurotoxicity of D169G in in vivo settings, we
generated transgenic flies expressing hTDP-43-D169G (Figures
6L and 6M). These flies exhibited eye degeneration during aging
(Figure 6N), and the enhanced toxicity was more evident when
D169G was expressed in fly motor neurons: the climbing
capability showed an accelerated decline compared to flies
expressing WT hTDP-43 (Figure 60). Aging is associated with
cumulative stress and is a risk factor for neurodegenerative dis-
eases (Lopez-Otin et al., 2013; Hou et al., 2019). Thus, these data
further support the idea that the D169G mutation makes cells
more prone to stress, which may underlie its pathogenesis in

ALS disease.

The D169G Mutation Diminishes LncRNA NEAT1-
Mediated TDP-43 LLPS In Vitro and NB Formation

in Cells

To understand the molecular basis for the NB-forming deficit
of D169G, we examined the phase behaviors of TDP-43-
D169G in the in vitro LLPS assay. D169G formed LDs in a
dose-dependent manner similar to WT TDP-43"-27* (Figures
7A and 7B), indicating that the ability of D169G to phase sepa-
rate was not reduced. Neither was the binding affinity of
D169G to total RNAs (Figures S7H-S7J). Suppression of
TDP-43 LLPS by total RNAs showed no marked difference be-
tween D169G and WT TDP-43"27% (Figures 7C and 7D). Thus,
the general regulation of TDP-43 droplets by total RNAs re-
mained intact in D169G.

In contrast, the induction of TDP-43 LLPS by NEAT1 RNA was
drastically reduced by D169G (Figures 7E and 7F). The RNA
electrophoretic mobility shift assay (EMSA) showed that incuba-
tion with TDP-43 proteins markedly slowed down the migration
speed of NEAT1 RNA, leading to a dose-dependent band shift
(Figure 7G). The band shifts caused by D169G were less robust
than WT TDP-43 (Figures 7G and 7H), indicating reduced binding
of D169G to NEAT1 RNA. We did notice that at a higher protein
concentration (16 uM), the difference between D169G and WT
TDP-43 became smaller. This again points to the importance
of the relative RNA and protein concentrations in regulating
TDP-43 NBs, which may partially explain why the stress-induced
NB formation was delayed, but not completely abolished, by
D169G (Figures 6C—-6E).

Molecular Cell

Finally, we conducted fluorescence in situ hybridization (FISH)
for NEATT IncRNA together with immunostaining for TDP-43-HA
in HelLa cells. Stress significantly increased the colocalization of
NEATT IncRNA foci with WT TDP-43 NBs (Figures 71, 7J, 7M, and
7N), which was not observed with D169G (Figures 7K, 7L, 70,
and 7P), suggesting that NEAT7 IncRNA was unable to nucleate
D169G to form NBs in cells. To further confirm the requirement of
NEATT in the assembly of TDP-43 NBs, we downregulated
NEATT1 by small interfering RNA (siRNA) (Figures 7Q and 7R).
Knockdown (KD) of NEAT1 dramatically reduced the numbers
of stress-induced NEAT1 puncta, as well as TDP-43 NBs (Fig-
ures 7S-7X). Together, the PS scaffolding IncRNA NEATT medi-
ated the assembly of stress-induced TDP-43 NBs

DISCUSSION

The Stress-Induced TDP-43 NB and its Cytoprotective
Function

We show in this study that various cellular stresses trigger the
formation of dynamic, reversible TDP-43 NBs. They are
observed in human cells, mouse primary neurons, and
Drosophila brains in vivo. Similarly, a recent paper by Gasset-
Rosa et al. (2019) showed that TDP-43 at its endogenous level
forms nuclear droplets in multiple cell types. Thus, the assembly
of TDP-43 NBs occurs in various cell types and in different or-
ganisms, suggesting a general role and wide participation of
TDP-43 NBs in response to stress.

We show in this study that the NB-forming NES™* and K145/
192Q TDP-43 are less cytotoxic than diffused WT TDP-43, and
disruption of the NB formation abolishes the toxicity-mitigating
effect. How do TDP-43 NBs acquire cytoprotection? It is thought
that SGs help cells survive stress by sequestering mRNAs and
temporarily arresting protein synthesis (Liu-Yesucevitz et al.,
2010). Given the presence of TDP-43 in both SGs and TDP-43
NBs, it is conceivable that a similar mechanism may underlie
the cytoprotective function of TDP-43 NBs. For example, the as-
sembly of TDP-43 NBs may stall DNA transcription and/or arrest
RNA processing in stressed cells; when stress is relieved, TDP-
43 NBs disassemble, releasing RNAs and nuclear proteins for
normal cellular functions. During prolonged stress, however,
TDP-43 NBs become irreversible protein aggregates, which is
consistent with the observation of intranuclear inclusions of
TDP-43 in some ALS cases (Forman et al., 2007). In addition,

Figure 5. NEAT1 RNA Promotes TDP-43 LLPS In Vitro and Is Upregulated in Stressed Neurons

(A) A diagram of WT, ARRM1, and ARRM2 of TDP-43-274,

(B-D) In vitro LLPS assay of WT (B), ARRM1 (C and C’), and ARRM2 (D) TDP-43"27% with total RNA extracts added as indicated. (C’) A higher concentration of
ARRM1 with large LDs as WT TDP-43 is also tested. The concentrations of NaCl, the crowding agent PEG, TDP-43 proteins, and RNAs used in the in vitro assays

are indicated.

(E-G) In vitro LLPS of WT (E), ARRM1 (F), and ARRM2 (G) TDP-431-272 with tRNA.

(H) The in vitro dot-blot assay confirming direct binding of NEAT1 RNA to TDP-43. Bovine serum albumin (BSA) is used as a negative binding control.

(I-K) In vitro LLPS of WT (I), ARRM1 (J), and ARRM2 (K) TDP-43""27% with NEAT7 RNA.

(L-N) NEAT1 RNA antagonizes tRNA-mediated suppression of WT (L), ARRM1 (M), and ARRM2 (N) TDP-43 LLPS.

(O-Q’) Representative images of mouse primary neurons expressing WT (O and O’), ARRM1 (P and P’), and ARRM2 (Q and Q') TDP-43 treated with PBS or

arsenite as indicated. MAP2, neuronal marker.

(R-T) Intensity line analyses of the TDP-43 NBs indicated by the arrows in the zoom-ins in (O'-Q).

(U) Quantification of % of neurons showing WT TDP-43 NBs in (O and O’), n = ~100.

(V and W) Stress induced by arsenite (V) or LMB (W) increases the levels of total NEATT RNA and the NEAT1_2 isoform in mouse primary neurons, n = 3.
Mean + SEM; Student’s t test. Scale bars, 2 um (B-G and I-N), 5 pm (O-Q’) and 2 um in the zoom-ins.

452 Molecular Cell 79, 443-458, August 6, 2020



Molecular Cell

¢ CellP’ress

A TDP-43 B 1pp43Ha e J No stress
102 106 181191 261 274 414 T\ M1ROC H ns Hoechst Merge
@ WT D169G 2400
wr OB . e MW o0 | ropas 8 K
L] 2 50 =
(anti-HA) & < = <20
D169G|NTD[2 H RRM1 HRRMZH LCD | S cion 2 Vo X §1s
D169G TDP-43-HA ¥ =10
a|o o
(o4 WT D169G ol S
=|© 5 5 sk
TDP-43-HA G3BP Merge TDP-43-HA G3BP Merge 3 <
WT D169G
c TDP-43
E J Stress
o Hoechst Merge K
s 20
% S > [S P N ;EI: %15 S
% = (32} kel
& |E ¥ 310
oo & g
- & :
@ ®
2 WT D169G
<|_ TDP-43
S L Pan neurons
S (elav-Gal4y>hTDP-43 N
- S s 1 Eye (GMR Gal4)|_EYe (GMR-Gal4)>hTDP-43
—ll 0w ww hTDP-43 —— AN B189G.
— TDP-43-WT —TDP-43-D169G . o :
D 00, TDP-43NBs (%) E ;5. TDP-43NBs(#) F 1007 TDP-43' SGs (%) 0
>
- Tewx 3 100. EEE* 2 * M Ssoluple  —insoluble 8
§ 60 ?; @ g *kk _%0(;
g 40 3 s0 340 g7
° 20 o i S 20 © 50 '
0 L o B =
Arsenite: 0 30 120 (min) Arsenite: 0 30 120 (min) Arsenite: 0 30 120 (min) ¢ 0 WT D169G =
P43 O
TDP-43-HA pS409/410 Merge hTDP-43
. | pTDP-43* o_ 30+0.12(")
= 307 cytoplasmic foci o 100 .
g 5 \
2]
= ﬁ T 201 D169G b J; x
c?: - O 60 Motor neurons " u
< ° 10 vk B< (D42-Gal4)> -
= . e ;g 401 == Luciferase (120)
o B WT e o0 | ~=hTDP-43-WT (100)
& . 0 2 6(h N ~hTDP-43-D169G (140)
Arsenite (250 uM) o 0+ T T T - r
ﬁ ° 0 5 10 15 20 25 30 (Day)

Figure 6. TDP-43-D169G Impairs NB Assembly, Accumulates Pathological Cytoplasmic Foci and Potentiates the Cytotoxicity of TDP-43 in
Prolonged Stress and Aging

(A) A diagram showing WT and D169G mutant TDP-43.

(B) Western blot analysis of WT and D169G TDP-43 in Hela cells.

(C) Confocal images of HeL a cells transfected with WT or D169G TDP-43 and treated with arsenite for indicated durations. G3BP, a SG Marker. Arrows, TDP-43
NBs; arrowheads, TDP-43* SGs.

(D-F) Quantifications of percentages of cells showing TDP-43 NBs (D), TDP-43 NB counts per cell (E), and percentages of cells showing TDP-43* SGs (F) in (C).
(G-1) Representative images (G and H) and quantification (1) of cells transfected with WT or D169G TDP-43-HA showing pS409/410*-TDP-43 cytoplasmic foci
during prolonged arsenic stress (250 uM, 6 h). TDP-43-HA (green), pS409/410 (red), and DAPI (blue). Arrowheads, TDP-43* SGs; asterisks, pTDP-43" cyto-
plasmic foci.

(J and J') Cell death analysis of WT or D169G TDP-43 by PI staining in the absence (J) or presence (J') of prolonged arsenic stress. Hoechst, nuclear labeling.
(K and K’) Quantifications of percentages of cells showing positive Pl staining in (J and J').

(L and M) Western blot analysis of the protein levels and solubility of hnTDP-43-D169G in transgenic flies. S, soluble; |, insoluble.

(N) Fly eyes expressing WT or D169G hTDP-43 (GMR-Gal4) at indicated ages. The degeneration scores (mean + SEM) and the statistical significance compared
to the control flies (UAS-lacZ) are indicated.

(O) The climbing assay of the flies expressing WT or D169G hTDP-43 in motor neurons (D42-Gal4), number of flies tested in each group are indicated.

Mean + SEM; n = 3 repeats (B and M), n = ~100 cells (D, F, and I), n = ~8 cells (E), n = ~2000 cells (K and K'), n = 13~16 fly eyes (N) in each group; ns,
not significant. Student’s t test (B, E, K, K’, and M), one-way ANOVA (N) and two-way ANOVA (D, F, |, and O). Scale bars, 5 um (C, G, and H), 50 um (J), and
100 um (N).
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Figure 7. D169G Impairs the NEAT1-Mediated Nucleation of TDP-43 Droplets

(A and B) Both WT (A) and D169G (B) TDP-43 form LDs by LLPS in a dose-dependent manner.

(C and D) Total RNAs suppress in vitro LLPS of WT (C) and D169G (D) TDP-43.

(E and F) NEATT promotion of WT (E) TDP-43 LLPS is dramatically reduced by D169G (F).

(G and H) Representative image (G) and quantification (H) of the EMSA gel shift assay of NEATT RNA incubated with WT or D169G TDP-43"274 protein.

(I-L) Confocal images WT (I and J) or D169G (K and L) TDP-43 NBs in the absence or presence of stress as indicated, co-stained for NEAT1 IncRNA by FISH in
Hela cells.

(M-P) Colocalization of TDP-43-HA and NEAT1 IncRNA in the cells in (I-L) is assessed by Pearson’s correlation coefficient of the fluorescence intensity of each
channel for all pixels and shown on the right of each group.

(Q and R) Relative levels of total NEAT7 RNA (Q) and the NEAT1_2 isoform (R) with NEAT1 siRNA (siNEAT1) determined by gPCR.

(S-V) Representative images of NEAT1 RNA puncta and TDP-43 NBs in cells in the absence (S and T) or presence (U and V) of stress, treated with siCtr/ or
SINEATT as indicated.

(W and X) Quantifications of the number of NEAT1 puncta (W) or TDP-43 NBs (X) in (S-V).

Mean + SEM; n = 4 repeats (H and Q-R), n = ~20 cells (M-P), and n = ~10 cells (W and X); ns, not significant. Two-way ANOVA (H) and Student’s t test (M-R, W,
and X). Scale bars, 2 um (A-F) and 5 um (I-L and S-V).

given that the cellular levels of poly(ADP-ribose) (PAR) regulate  (PARPs) are enriched in the nucleus (Hottiger, 2015), it will be
the dynamics of SGs containing TDP-43 (McGurk et al., 2018; interesting to investigate the role of PAR and PARPs in the forma-
Duan et al,, 2019) and that poly(ADP-ribose) polymerases tion of TDP-43 NBs in the future.
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The Organization of TDP-43 NBs and the Functions of
the Two RRMs

TDP-43 contains two canonical RRMs in tandem. RRM1 has a
longer Loop3 region than RRM2 and is thought to have a higher
affinity for RNAs (Buratti and Baralle, 2001; Kuo et al., 2014).
Although ARRM1 and ARRM2 show similar binding affinity to to-
tal RNAs, they do display divergent responses to RNAs in the
in vitro LLPS assays. For example, suppression of TDP-43
LLPS by total RNAs is greatly reduced by ARRM1 but only
slightly decreased by ARRM2; in the assay, using tRNA to mimic
nucleoplasmic suppression, the promotion of TDP-43 LLPS by
NEAT17 RNA is much reduced by ARRM1 but increased
by ARRM2.

The RRM1 appears to have two seemingly conflicting func-
tions: suppressing TDP-43 phase separation by total RNAs
under normal conditions and mediating NEAT1 RNA nucleation
and condensation of NBs when TDP-43 LLPS is induced. In
contrast, since ARRM2 retains the suppression by total RNAs
mediated by the RRM1, it does not spontaneously phase sepa-
rate. When TDP-43 LLPS is triggered by cellular stress, however,
the RRM2-mediated “centrifugal force” is missing, and ARRM2
cannot counteract the RRM1 and NEAT1-mediated “centripetal
force,” which is therefore condensed to small, insoluble NBs.
The distinct roles of the two RRMs in regulating the assembly
of TDP-43 NBs likely result from different RNA-recognition pat-
terns and binding preferences. Supporting this idea, the RRM1
mediates the promotion of TDP-43 LLPS by NEATT IncRNA,
whereas the RRM2 is more involved in the suppression by tRNA.

The Role of LncRNA NEAT1 in the Assembly of TDP-

43 NBs

LncRNAs are thought to provide the scaffold for the assembly of
PSs (Clemson et al., 2009; Chen and Carmichael, 2009; Yama-
zaki et al., 2018). In particular, the IncRNA NEATT1 is increased
in patients and/or animal models of several neurodegenerative
diseases, including ALS (Nishimoto et al., 2013), Alzheimer’s dis-
ease (Puthiyedth et al., 2016), Parkinson’s disease (Mariani et al.,
2016), Huntington’s disease (Cheng et al., 2018), and multiple
sclerosis (Schirmer et al., 2019).

In this study, we find that NEAT7 IncRNA is upregulated in
stressed neurons and mediates the nucleation of TDP-43 NBs.
As NEATT IncRNA is over 20 kb in length and has complex sec-
ondary structures, we speculate that it may provide multiple bind-
ing sites for gathering TDP-43 molecules (and potentially other
NEATT1-binding proteins). This would increase the multivalent in-
teractions leading to co-phase separation of TDP-43 and NEAT1.
In contrast, shorter RNAs, such as tRNA, which lack long
stretches to accommodate multiple TDP-43 molecules, may
instead segregate each individual TDP-43, therefore suppressing
LLPS. It is worth noting that NEAT1 is an RNA target of TDP-43
(Polymenidou et al., 2011; Chung et al., 2018; Modic et al.,
2019), implying complicated cross-regulations between TDP-
43 and NEATT1, as well as between SGs and PSs (An et al., 2019b).

The D169G Mutation and the Relevance of TDP-43 NBs
in ALS Pathogenesis

More than 30 disease-causing mutations have been identified in
TDP-43, and most of them are in the LCD and adjacent regions
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(Chen-Plotkin et al., 2010; Lee et al., 2011). D169G is the only
known ALS-causing mutation in the RRM1 of TDP-43 (Kabashi
et al., 2008), and its pathogenic mechanism had been elusive. It
was presumed to abrogate RNA binding due to its location within
the RRM (Kabashi et al., 2008); however, it turns out that D169G
only causes a small local conformational change in the Turn6 of
the B sheets within the RRM1 without reducing the overall binding
affinity of TDP-43 to RNA or DNA (Austin et al., 2014; Kuo et al.,
2014; Chiang et al., 2016). And, although D169G exhibits slightly
increased thermal stability and may be more susceptible to proteo-
lytic cleavage (Austin et al., 2014; Chiang et al., 2016), it does not
engender aberrant oligomerization but instead increases the resis-
tance of TDP-43 to aggregation (Austin etal., 2014). The only known
major alteration by D169G is that it reduces polyubiquitination and
co-aggregation of TDP-43 with Ubiquilin 1 (Kim et al., 2009). How-
ever, given the long-standing notion that cytoplasmic inclusions
containing ubiquitinated TDP-43 are a pathological hallmark and
cause of the disease (Li et al., 2013; Zhao et al., 2018), it has
been difficult to understand how decreased ubiquitination and ag-
gregation of TDP-43-D169G lead to ALS.

In this study, we discovered that D169G has a striking and
specific deficit in the assembly of stress-induced TDP-43 NBs,
which is caused by reduced NEAT1 RNA-binding and nucle-
ation. More interestingly, the NB-defective D169G forms signifi-
cantly more TDP-43* SGs in prolonged stress, giving rise to hy-
perphosphorylated cytoplasmic TDP-43 foci. Together, we
propose that the stress-induced upregulation of NEATT IncRNA
promotes the assembly of TDP-43 NBs via LLPS, which is called
up to engage in the first line of defense against stress and dis-
ease conditions. Prompt assembly of TDP-43 NBs lowers the
need to form cytoplasmic SGs, preventing excessive cyto-
plasmic accumulation of TDP-43. The ALS-causing D169G mu-
tation diminishes the assembly of TDP-43 NBs and forms
abnormal cytoplasmic foci containing pTDP-43 in prolonged
stress, which may contribute to ALS pathogenesis. Given that
cytoplasmic mislocalization and nuclear depletion of TDP-43
are common in diseased neurons, it is likely that loss of the
TDP-43 NB-mediated stress-mitigating mechanism may also
underlie other ALS cases and related diseases.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse anti-G3BP

Rabbit anti-HA

Rabbit anti-TIAR

Rabbit anti-SC35

Rabbit anti-SFPQ

Rabbit anti-TAF9

Rabbit anti-PML

Chicken anti-MAP2
Mouse-anti--Tubulin Il
Mouse anti-FLAG

Rabbit anti-c-Myc

Mouse anti-HA

Mouse anti-pS409/410-TDP-43
Rabbit anti-TDP-43

Mouse anti-p54/nrb NONO

BD Biosciences

Cell Signaling Technology
Cell Signaling Technology
Abcam

Abcam

Abcam

Abcam

Abcam

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Proteintech

Proteintech

Proteintech

Santa Cruz

Cat#611127; RRID:AB_398438
Cat#3724; RRID:AB_1549585
Cat#8509S; RRID:AB_10839263
Cat#ab204916

Cat#ab177149

Cat#ab169784

Cat#ab179466

Cat#ab5392; RRID:AB_2138153
Cat#T2200; RRID:AB_262133
Cat#F3165; RRID:AB_259529
Cat#C3956; RRID:AB_439680
Cat#66006-1

Cat#66318-1-Ig

Cat#10782-2-AP; RRID:AB_615042
Cat#sc-166702; RRID:AB_2152178

Bacterial and Virus Strains

BL21 (DE3) E. coli

TransGenBiotech

Cat#CD601-03

Chemicals, Peptides, and Recombinant Proteins

TDP-43'274-K145/192Q This study N/A
TDP-43""274-K145/192R This study N/A
TDP-43"-274-.NES™t This study N/A
TDP-43'274.NES™"-K145/192R This study N/A
TDP-43'274-D169G This study N/A
Sumo-TDP-43 This study N/A
Sumo-TDP-43-1-274 This study N/A
Sumo-TDP-43-ARRMH1 This study N/A
Sumo-TDP-43-ARRM2 This study N/A
TDP-43'-274 This study N/A
TDP-43"-274_.ARRM1 This study N/A
TDP-43"274-.ARRM2 This study N/A
Critical Commercial Assays

Cell Counting Kit-8 Dojindo Cat#CKO04
CellTiter-Glo® Luminescent Assay Promega Cat#G7570
Experimental Models: Cell Lines

293T ATCC ATCC® CRL-3216, RRID:CVCL_0063
Hela ATCC ATCC® CCL-2, RRID:CVCL_0030
Primary cortical neurons This study N/A
Experimental Models: Organisms/Strains

Drosophila: pBID-UASC-TDP-43-NES™ This study N/A
Drosophila: pBID-UASC-TDP-43-D169G This study N/A

Drosophila: D42-Gal4
Drosophila: elav-Gal4

Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center

Strain#8816; RRID:BDSC_8816
Strain#8760; RRID:BDSC_8760
(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Drosophila: UAS-LacZ
Drosophila: pBID-UASC-Luciferase

Bloomington Drosophila Stock Center
Cao et al., 2017

Strain#8529; RRID:BDSC_8529
N/A

Drosophila: pBID-UASC-TDP-43-WT This study N/A
Drosophila: pBID-UASC-TDP-43-NLS™* This study N/A
Oligonucleotides
PCR primer This study See Table S1
siCtrl Genepharma 5'-UUCUCCGAACGUGU
CACGUTT -3
SINEAT1 Genepharma 5'-UUACAAAAUAUGUUG
CCAUTT -3’
Recombinant DNA
pcDNA3.1-TDP-43-NES™ - HA This study N/A
pcDNA3.1-TDP-43-K145/192Q-HA This study N/A
pcDNA3.1-TDP-43-HA Sun et al., 2018 N/A
pcDNA3.1-TDP-43-NES™'-K145/192R-HA This study N/A
pcDNA3.1-TDP-43-D169G-HA This study N/A
pcDNA3.1-TDP-43-Q331K-HA This study N/A
pcDNA3.1-TDP-43-M337V-HA This study N/A
pcDNA3.1-TDP43-ARRM1-HA This study N/A
pcDNA3.1-TDP43-ARRM2-HA This study N/A
pcDNAS.1-NEAT1 This study N/A
pCMV-Myc-TDP-431-274 This study N/A
pCMV-Myc-TDP-43-ARRMH This study N/A
pCMV-Myc-TDP-43-ARRM2 This study N/A
pCAG-GFP-TDP-43 This study N/A
pCAG-GFP-TDP-43-NES™! This study N/A
pCAG-GFP-SFPQ This study N/A
pET28a-6 x His-TDP-43'274 This study N/A
pET28a-6 x His-TDP-43"'2"4-ARRM1 This study N/A
pET28a-6 x His-TDP-43'"274-ARRM2 This study N/A
pET28a-6 x His-TDP-43'274-K145/192Q This study N/A
pET28a-6 x His-TDP-43'274-K145/192R This study N/A
pET28a-6 x His-TDP-43'-274_NES™"! This study N/A
pET28a-6 x His-TDP-43"-274-NES™!- This study N/A
K145/192R
pET28a-6 x His-TDP-43'274-D169G This study N/A
pET28a-6 x His-sumo-TDP-43 This study N/A
pET28a-6 x His-sumo-TDP-43-"274 This study N/A
pET28a-6 X His-sumo-ARRM1 This study N/A
pET28a-6 x His-sumo-ARRM2 This study N/A
pCMV-myc-TDP-43 Sun et al., 2018 N/A
pLenti-hSyn-TDP-43-HA This study N/A
plLenti-hSyn-TDP-43-ARRM1-HA This study N/A
pLenti-hSyn-TDP-43-ARRM2-HA This study N/A
pBID-UASC-TDP-43-Myc This study N/A
pBID-UASC-TDP-43-NLS™!-Myc This study N/A
pBID-UASC-TDP-43-NES™*-Myc This study N/A
pCAG-hTDP-43 Sun et al., 2018 N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
pcDNA3.1-TDP-43-NLS™-HA This study N/A

Software and Algorithms

ImageJ NIH https://imagej.nih.gov/ij/
GraphPad Prism Software GraphPad https://www.graphpad.com/

scientificsoftware/prism/

Leica Application Suite (LAS) X Leica https://www.leica-microsystems.
com/products/microscope-software/
p/leica-las-x-Is/

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Yanshan
Fang (fangys@sioc.ac.cn).

Materials Availability
All unique and stable reagents generated in this study are available from the Lead Contact with a completed Material Transfer
Agreement.

Data and Code Availability
This study did not generate datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila strains and husbandry

The transgenic fly strains of WT and various mutant UAS-hTDP-43 were generated by ®C31 integrase-mediated, site-specific inte-
gration, which allowed uniform transgene expression across different lines. The attP2 landing site stock used for the fly embryo in-
jection and transformation in this study was y[1] M{vas-int.Dm}ZH-2A w[*]; P{CaryP}attP40 (25C6). The pBID-UASC-Luciferase
(UAS-Luc) transgenic fly strain was generated using the same approach at the same landing site (Cao et al., 2017) and was therefore
used as a control in this study. The following strains were obtained from the Bloomington Drosophila Stock Center (BDSC): D42-Gal4
(#8816), elav-Gal4 (#8760) and UAS-LacZ (#8529). Flies were raised on standard cornmeal media and maintained at 25°C and 60%
relative humidity. Flies tested in this study were all male flies. For western blot and immunostaining experiments, 5-day old adult flies
were used. For aging-related experiments, the ages of the flies tested in each experiment are as indicated in the figures.

Mouse care and primary neuron culture

All mouse procedures were performed in compliance with the institutional guidelines on the scientific use of living animals at Inter-
disciplinary Research Center on Biology and Chemistry, the Chinese Academy of Sciences (CAS). Principles of laboratory animal
care (NIH publication No. 86-23, revised 1985) were followed. Animal distress and conditions requiring euthanasia were addressed
and the number of animals used was minimized.

Primary cortical neurons were isolated from the C57BL/6 mouse cortex at embryonic day 17 (E17, at which the gender of the em-
bryos was not distinguishable) and cultured in serum-free Neurobasal medium (Invitrogen) supplemented with 2% B27, GlutaMax,
and penicillin-streptomycin (Invitrogen). At 7 days in vitro (DIV), neurons were infected with pLenti-hSyn-TDP-43-HA for 5 days before
extraction for RNA or immunofluorescence.

METHOD DETAILS

Plasmids and constructs

The pcDNA3.1-TDP-43-HA and pCMV-myc-TDP-43 plasmids were as previously described (Sun et al., 2018) and used as the tem-
plates to generate the following plasmids. The pcDNA3.1-TDP-43-NES™", NLS™", D169G, Q331K and M337V-HA plasmids were
generated by site-directed mutagenesis using the Fast Mutagenesis Kit Il (Vazyme). The pcDNA3.1-TDP-43-K145/192Q-HA and
pcDNA3.1-TDP-43-NES™""-K145/192R-HA plasmids were generated by site-directed mutagenesis using the Fast Mutagenesis
Kit MultiS (Vazyme). The pCMV-myc-TDP-43'-274 pCMV-myc-TDP-43-ARRM1, and pCMV-myc-TDP-43-ARRM2 plasmids
were generated by PCR using the pCMV-myc-TDP-43 plasmid as a template. The pcDNA3.1-TDP43-ARRM1-HA and
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pcDNA3.1-TDP43-ARRM2-HA plasmids were generated by PCR using the pCMV-myc-TDP-43-ARRM1 and pCMV-myc-TDP-43-
ARRM2 plasmids as a template. To generate the pCAG-GFP-TDP-43 plasmid, the GFP coding sequence was amplified from
pcDNA3.1-GFP-AXR3 (a gift from Dr. Z. Zhang) by PCR and then subcloned into a pCAG-hTDP-43 plasmid (Sun et al., 2018) using
the ClonExpress MultiS One Step Cloning Kit (Vazyme). The pCAG-GFP-TDP-43-NES™! plasmid was generated by site-directed
mutagenesis using the Fast Mutagenesis Kit Il (Vazyme). To generate the pCAG-GFP-SFPQ plasmid, The SFPQ coding sequence
was amplified from pmEmerald-C1-SFPQ (a gift from Dr. L. Chen) by PCR and then subcloned into the pCAG-GFP-TDP-43 plasmid
using the ClonExpress MultiS One Step Cloning Kit (Vazyme).

For generation of transgenic fly lines, WT and various mutant UAS-hTDP-43 constructs were generated by PCR using the above
plasmids as a template and sub-cloned into the pBID-UASC-6*Myc vector (Cao et al., 2017) between the Kpnl and Apal sites.

For lentivirus infection of mouse primary neurons, the pLenti-hSyn-TDP-43-HA, pLenti-hSyn-TDP-43-ARRM1-HA and pLenti-
hSyn-TDP-43-ARRM2-HA plasmid was generated by PCR using the pcDNAS3.1-TDP-43-HA as a template and sub-cloned into
the pLenti-hSyn vector (a gift from Dr. Y. Chen).

For Escherichia coli (E. coli) expression, the pET28a-6 x His-sumo-TDP-43, His—sumo-TDP-43-1'274, His-sumo-TDP-43-ARRM1,
His-sumo-TDP-43-ARRM2, His-TDP-43"2"*, His-TDP-43"27*-ARRM1, His-TDP-43"2"*-ARRM2, His-TDP-43"274-K145/192Q,
His-TDP-43"274-NES™" and His-TDP-43'2"*-NES™""-K145/192R and His-TDP-43"'274-D169G constructs were generated by
PCR using the above WT or mutant TDP-43 plasmid as a template and were sub-cloned into a pET28a-6 x His (a gift from Dr. L.
Pan) or pET28a-6 x His-sumo (a gift from Dr. J. Zhou) vector. The His-TDP-43"274-K145/192R plasmid was generated by site-
directed mutagenesis using the Fast Mutagenesis Kit MultiS (Vazyme) using the pET28a-6 x His-TDP-43"27* plasmid a template.

For in vitro transcription of NEAT1 RNA, the pcDNA3.1-NEAT1 was generated by PCR using the pEGFP-C1-mNEAT1 plasmid (a
gift from Dr. L. Chen) as a template and sub-cloned into the pcDNA3.1 vector.

All constructs were verified by sequencing to ensure the integrity of the cloned open reading frames. The primers used for PCR to
generate the expression plasmids are summarized in Table S1.

Lentivirus production

To generate lentivirus for infecting primary neurons, 293T cells were co-transfected with pLenti-hSyn-TDP-43-HA, psPAX2 and
pMD2.G with a ratio of 4:2:1 in Opti-MEM medium using Lipofectamine 2000. Culture supernatant was collected at 48 h after trans-
fection and passed through a 0.45-um filter. Viral particles were concentrated from culture supernatants by Lenti-X Concentrator
(Clontech). Viral pellets used for neuronal infection were resuspended in Neurobasal medium (Invitrogen).

Cell cultures and transfection

293T and Hela cells were cultured in Dulbecco’s Modified Eagle Medium (Sigma, D0819) supplemented with 10% (v/v) fetal bovine
serum (FBS, BioWest) and 1% penicillin/streptomycin at 37°C in 5% CO.. Transient transfection was performed using Lipofectamine
3000 (Invitrogen) in Opti-MEM (Invitrogen). Cells were transfected for at least 24 h before the subsequent drug treatments or exam-
inations. For the KD experiment, the siRNA (Genepharma) was transfected into the HeLa cells using the Lipofectamine™ RNAiMax
Transfection Reagent (Invitrogen) according to the manufacturer’s instruction. The siRNA was incubated for ~48 h before cells were
harvested.

Pharmacological assays
Arsenite treatment: HelLa or 293T cells were grown on coverslips in a 24-well plate and transfected with the indicated plasmids for 24
h. Cells were then treated with 250 uM of NaAsO, or PBS for 30 min, prior to fixation with 4% paraformaldehyde. For the recovery
experiments, the culture medium containing NaAsO, was removed and the cells were incubated in fresh medium for indicated time
prior to fixation.

LMB treatment: For the nuclear export inhibition assays, LMB was added into the culture medium after 6 h transfection at indicated
final concentrations.

CHX treatment: For the pulse-chase assays, CHX was added into the medium at a final concentration of 25 ng/mL.

MG132 treatment: For the proteasomal inhibition assays, MG132 was added into the medium at a final concentration of 25 pM.

CQ treatment: For autophagy inhibition assays, CQ was added into the medium a final concentration of 25 mM.

Cells incubated in the culture medium with the above drugs for indicated time before fixation forimmunocytochemistry or western
blotting analysis.

Immunocytochemistry and immunohistochemistry

HeLa or 293T cells grown on coverslips pre-coated with PLL (Sigma) in a 24-well plate were transfected and treated as described
above. For immunostaining of whole-mount fly brains, the fly heads were dissected at the indicated ages in PBS on ice. The cells
or fly brains were then fixed in 4% paraformaldehyde in PBS for 15 min at room temperature (RT), permeabilized in 0.5% Triton
X-100 (Sigma) in PBS for 15~30 min and blocked with 3% goat serum in PBST (0.1% Triton X-100 in PBS) for 1 h at RT. The above
primary and secondary antibodies were then incubated in the blocking buffer at 4°C overnight or for 48 h, or at RT for 1-2 h. After 3
washes with PBST, cells were mounted on glass slides using the VECTASHIELD Antifade Mounting Medium with DAPI (Vector
Laboratories).
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Confocal and super-resolution imaging

Fluorescent confocal images were taken with Leica TCS SP8 confocal microscopy system using a 63X or 100X oil objective (NA =
1.4). Super-resolution images were captured using the Leica SP8 LIGHTNING confocal microscope, which allowed simultaneous
multicolor imaging in super-resolution down to 120 nm. Confocal or super-resolution images were then processed in LAS X (Leica)
and assembled into figures using Adobe Photoshop CS6.

Live cell imaging

Hela cells transfected with pCAG-GFP-TDP-43 were grown on Nunc Lab-Tek Chambered Coverglass (Thermo) for 24 h before the
cells were treated with 250 uM of NaAsO,. For live cell imaging, the chambered coverglasses were placed in the Incubation System
for Microscopes (Tokai Hit) and maintained at 37°C in 5% CO, for the duration of the experiment. Time-lapse images were captured
using the Leica TCS SP8 confocal microscopy system every 10 min for about 1 h.

FRAP assay

The Fluorescence recovery after photobleaching (PFRP) assay was performed using the FRAP module of the Leica SP8 confocal
microscopy system. In brief, each GFP-TDP-43 NB was bleached using a 488 nm laser at 100% laser power for approximately 5
s. After photobleaching, time-lapse images were captured every 10 s for the about 5 min. For each indicated time point (t), the fluo-
rescence intensity within the bleached NB was normalized to the fluorescence intensity of a nearby, unbleached NB (to control for
photobleaching during prolonged live imaging). The normalized fluorescence intensity of pre-bleaching was set to 100% and the
normalized fluorescence intensity at each time point (l;) was used to calculate the fluorescence recovery according to the following
formula: FR(t) = l¢/lpre-bleaching- IMaged was used for quantification and GraphPad Prism to plot and analyze the FRAP experiments.

Antibodies

The following antibodies were used for western blotting, immunoprecipitation and immunofluorescence assays: mouse anti-FLAG
(Sigma, F3165), mouse anti-HA (Proteintech, 66006-1), mouse anti-pS409/410-TDP-43 (Proteintech, 66318-1-Ig), mouse anti-
p54/nrb NONO (Santa Cruz, sc-166702), mouse anti-G3BP (BD Biosciences, 611127), rabbit anti-HA (CST, C29F4), rabbit anti-c-
Myc (Sigma, ¢3956), rabbit anti-TDP-43 (Proteintech, 10782-2-AP), anti-B-Tubulin Il (Sigma, T2200), rabbit anti-TIAR (Cell Signaling
Technology, 8509S), rabbit anti-SC35 (Abcam, ab204916), rabbit anti-SFPQ (Abcam, ab177149), rabbit anti-TAF9 (Abcam,
ab169784), rabbit anti-PML (Abcam, ab179466), and chicken anti-MAP2 (Abcam, ab5392). HRP conjugated secondary antibodies:
goat anti-mouse (Sigma, A4416) and goat anti-rabbit (Sigma, A9169). Fluorescent secondary antibodies: goat anti-mouse-Alexa
Fluor 488 (Life Technologies, A11029), goat anti-rabbit-Alexa Fluor 568 (Life Technologies, A11036) and goat anti-Chicken-Alexa
Fluor 568 (Life Technologies, A11041).

Protein extraction and western blotting

Total protein was extracted from cells in a 2% SDS extraction buffer (50 mM Tris pH 6.8, 2% SDS, 1% mercaptoethanol, 12.5% glyc-
erol and 0.04% bromophenol blue) containing the protease inhibitor cocktail (Roche, 04693132001). For separation of soluble and
insoluble proteins, cells or fly heads were lysed on ice in a RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% NP-40, 5 mM EDTA,
0.5% sodium deoxycholate, 0.1% SDS) supplemented with protease and phosphatase inhibitors (Roche). After sonication, the ho-
mogenates were centrifuged at 16,000 g for 15min at 4°C. The supernatant was used as the soluble fraction and the pellets containing
the insoluble fraction were dissolved in a urea buffer (9 M urea, 50 mM Tris buffer, pH 8.0) after wash.

All protein samples were then boiled at 100°C for 5 min and separated using a 10% Bis-Tris SDS-PAGE (Invitrogen). Detection was
performed using the High-sig ECL Western Blotting Substrate (Tanon). Images were captured using an Amersham Imager 600 (GE
Healthcare) and densitometry was measured using ImageQuant TL Software (GE Healthcare). The contrast and brightness were opti-
mized equally using Adobe Photoshop CS6. All experiments were normalized to tubulin or GAPDH as indicated in the figures.

Cell viability assay

Transfected 293T cells were seeded in 96-well plates (Corning) at the density of 9 x 10° cells/well and cultured in 100 pL of culture
medium. Otherwise, cell viability was examined 48-72 h after transfection using the Cell Counting Kit-8 (CCK-8) (Dojindo), according
to the manufacturer’s instructions. Briefly, 10 uL of the CCK-8 solution were added to each well and incubated at 37°C for 2.5 h.
Finally, the absorbance at 450 nm was measured with a Synergy2 microplate reader (BioTek Instruments).

ATP level measurement

Transfected 293T cells were seeded in 96-well plates (Corning) at the density of 2.5 x 10* cells/well. ATP levels were examined 36 h
after transfection using the CellTiter-Glo® Luminescent Assay (Promega) according to the manufacturer’s instructions. Briefly, the
CellTiter-Glo® reagent was added into the microplate wells, mixed and incubated for 15 min at 37°C on the shaker. The lumines-
cence was then measured with a Synergy2 microplate reader (BioTek Instruments).
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RNA extraction and real-time quantitative PCR
For quantitative PCR (gPCR), total RNA was isolated from mouse primary neuron using TRIzol (Invitrogen) according to the manu-
facturer’s instruction. After DNase (Promega) treatment, the reverse transcription reactions were performed using All-in-One
cDNA Synthesis SuperMix kit (Bimake). The cDNA was then used for real-time gPCR using the SYBR Green gPCR Master Mix (Bi-
make) with the QuantStudio 6 Flex Real-Time PCR system (Life Technologies). The mRNA levels of GAPDH were used as an internal
control to normalize the mRNA levels of NEAT1. The gPCR primers used in this study are listed below:

Total MNEATT:

5- ACTCTTGCCCCTCACTCTGA -3’

5'- CAGGGTGTCCTCCACCTTTA —-3';

mNEAT1_2:

5- CCCACACCTCAGTGGTTTCT —-%&

5'- ACAGAACCAAGGCACAATCC -3/;

mGAPDH:

5- CACCATCTTCCAGGAGCGAG -3

5'- CCTTCTCCATGGTGGTGAAGAC —-3';

Purification of TDP-43 proteins

WT or mutant TDP-43 protein was expressed in BL21 (DE3) E. coli (TransGenBiotech, CD601-03) at 19°C for 16 h after induction by
adding 100 uM of IPTG as previously described (46). In brief, cells were harvested by centrifugation at 4000 rpm for 20 min at 4°C and
lysed in 50 mL of lysis buffer (50 mM Tris-HCI, 500 mM NaCl, pH 8.0, 10 mM imidazole, 4 mM B-mercaptoethanol, 1 mM PMSF, and
0.1 mg/mL RNase A). After cell lysates were filtered with a 0.22 um filter, the protein was purified using Ni columns (GE Healthcare,
USA) and then eluted in an elution buffer (50 mM Tris-HCI, 500 mM NaCl, pH 8.0, 250 mM imidazole and 4 mM B-mercaptoethanol).
The proteins were further purified using the Superdex 200 16/600 columns (GE Healthcare) in a buffer containing 50 mM Tris-HCI pH
7.5, 300 mM NaCl and 2 mM DTT, and freshly frozen in liquid nitrogen and stored at —80°C. RNase A was routinely added in cell
lysates and administrated again before chromatography during the protein purification procedure. All purified proteins were
confirmed by Coomassie brilliant blue staining and western blotting before use.

Dot-blot RNA-protein binding assay

Purified WT or mutant TDP-43 protein was diluted in a blotting buffer (50 mM Tris-HCI, pH 7.5, 300 mM NaCl, and 5% glycerol)
and blotted onto a 0.45 um nitrocellulose membrane. The membranes were left to dry at room temperature for 30 min and
then stained with Ponceau S for 10 s. Images were captured using an Amersham Imager 600 (GE Healthcare). After the
images were captured using an Amersham Imager 600 (GE Healthcare), the membranes were washed with PBST (0.05%
TWEEN 20 in PBS) for 30 min and then incubated in the PBST containing 25 ng/ul total RNAs or NEAT1 RNA for 1 h with gentle
rocking and rotation at room temperature. The membranes were then washed in PBST and incubated in the SYBR Gold Nucleic
Acid Gel Stain (Invitrogen) for 10 min. RNAs bound to the membranes were imaged and examined using the Gel Image Sys-
tem (Tanon).

In vitro phase separation and RNA buffering assay

For the in vitro LLPS experiments, purified WT or mutant TDP-43 protein was mixed with NaCl at indicated concentrations in a phase
separation buffer (50 mM Tris-HCI, pH 7.5 and 5%-10% (w/v) PEG 8000 (Sigma)) and incubated for 1 min at room temperature. For
the RNA buffering assay, the TDP-43 proteins were incubated with total RNAs, tRNA or NEAT1 RNA in the above phase separation
buffer with NaCl at indicated concentrations as shown in the figures. Finally, 5 uL of each sample was pipetted onto a coverslip and
imaged using a Leica microscope with differential interference contrast (DIC). The total RNAs were extracted from Hela cells using
TRIzol (Invitrogen) according to the manufacturer’s instructions. Yeast tRNA was purchased from Invitrogen. The NEAT1 RNA was
in vitro transcribed and purified using HiScribe T7 Quick High Yield RNA Synthesis Kit (NEB). Total RNAs and NEAT1 RNA were used
within one day of production.

Electrophoretic mobility-shift assay

To examine the RNA binding affinity of WT and D169G TDP-43, the purified TDP-43'274 protein was incubated with NETA7 RNAin a
buffer containing 50 mM Tris-HCI, 500 mM NaCl, pH 8.0 at 37°C for 10 min, and then loaded in 0.65% UltraPure Agarose (Thermo)
and examined by electrophoresis. The RNA was visualized using the SYBRTM Green || RNA Gel Stain (Invitrogen) in 0.5 X TBE buffer
and imaged with UV light using the Gel Image System (Tanon).

Fluorescence in situ hybridization

The fluorescently-labeled DNA probes used in the Fluorescence in situ hybridization (FISH) assay to detect NEAT1 IncRNA were syn-
thesized with the Nick Translation DNA Labeling System (Enzo) and Gold 550 dUTP (Enzo). The NEAT1_2 cDNA templates used in the

e6 Molecular Cell 79, 443-458.e1-e7, August 6, 2020



Molecular Cell ¢? CellPress

above reactions were generated from human HeLa cells or mouse NSC-34 cells by reverse transcription reactions (TaKaRa) using the
following primers:

Human NEAT1_2 mid1:

5-GCCACATTCTTTGCCTTCAT-3';

5'-TCATTTACCCGCATTTCACA-3'

The FISH assay was conducted as previously described (Mito et al., 2016). Briefly, cells grown on coverslips were fixed in 4% para-
formaldehyde (PBS) for 30 min at room temperature (RT), washed twice with PBS, and permeabilized in 0.5% Triton X-100 (Sigma)
and 2 mM rnase-inhibitor-ribonucleoside-vanadyl complexes (RVC) (Sangon Biotech) in PBS for 30 min at RT. The hybridization
buffer containing the fluorescent labeled DNA probes (10 ng/ul) in 50% Formamide (Sangon Biotech), 2x saline sodium citrate
(SSC) (Invitrogen) and 500 pg/mL Salmon Sperm DNA Solution (Invitrogen) was heated at 100°C for 10 min and placed on ice before
incubated with the samples at 37°C overnight. For the simultaneous detection of TDP-43, immunocytochemistry was performed af-
terward as mentioned above.

Eye degeneration analysis and climbing assay in flies

To assess the eye degeneration, z stack images of adult fly eyes were captured using an Olympus SZX16 stereomicroscope at indi-
cated ages. Degeneration was evident and assessed by rough surface, swelling and loss of pigment cells of the compound eyes.
Each fly eye was single-blindly scored in a scale of 0 to 4, with O for no degeneration and 4 for the full degeneration.

For the climbing assay, ~20 flies per vial, 5~10 vials per group were tested. All flies were transferred into an empty polystyrene vial
and allowed 15 min for flies to recover. The flies were then gently tapped down to the bottom of the vial and the number of flies that
climbed over 3 cm within 10 s was recorded. The test was repeated three times for each vial and the average was used in the
quantifications.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical significance in this study is determined by one-way analysis of variance (ANOVA) with Tukey’s HSD post hoc test, two-way

ANOVA with Bonferroni’s post hoc test, or unpaired, two-tailed Student’s t test with unequal variance at *p < 0.05, **p < 0.01, and
***p < 0.001 and specified in the legends of each figure. Error bars represent the standard error of the mean (SEM).
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