nature cell biology

Article

https://doi.org/10.1038/s41556-026-01895-y

Paraspeckle condensationis controlled
viaTDP-43 polymerizationand linked to

neuroprotection

Received: 3 March 2025

Accepted: 26 January 2026

Published online: 18 March 2026

W Check for updates

1,42

Rachel E. Hodgson
Haiyan An? Emil G. P. Stender?, Zhaklin P. Chalakova'“°, Mark D. Driver ® **,
Anna Sanchez Avila', Brittany C. S. Ellis', Emily Day', Jessica A. Rayment!,
Kyungmin Baeg ®°, Andrew Strange', Tobias Moll', Gareth S. A. Wright®¢,
Joke J. F. A. van Vugt ®’, Project MinE ALS Sequencing Consortium?®,
ScottP. Allen’, Nicolas Locker?, lanthe Pitout®, Susan Fletcher®°,

1,42

, Wan-Ping Huang"*?, Ruaridh Lang"*?, Vedanth Kumar',

Patrick R. Onck®*, Olivier Duss®°%, Johnathan Cooper-Knock®' &
Tatyana A. Shelkovnikova®'

The paraspeckle is a disease-relevant biomolecular condensate assembled
fromlong non-coding RNA (IncRNA) NEAT1 2 ribonucleoprotein particles.
Paraspeckle biogenesis is suppressed in normal tissues, yet it can be rapidly
upregulated under stress. Here we demonstrate that aneurodegeneration-
linked RNA-binding protein TDP-43 inhibits NEAT1 2 ribonucleoprotein
particle condensation into the paraspeckle, in aconcentration-dependent
manner, which requires itsintact polymerization and RNA binding. This
effectis counterbalanced by core paraspeckle proteins such as FUS. Below
disruptive concentrations, TDP-43 can be recruited into paraspeckles,
forming non-liquid clusters. Under stress, TDP-43 sequestration into de novo
nuclear condensates alleviates paraspeckle suppression and increases

their dynamism. NEAT1_2 middle-part and 3’-end UG repeats mediate
paraspeckle regulation by TDP-43 cotranscriptionally and post assembly,
respectively. The deletion of the 3’-end UG repeat increases paraspeckle
stability and cytoprotection in stressed human neurons. Consistently, longer
3’-end UG repeats are linked to shorter survival in the neurodegenerative
disease amyotrophic lateral sclerosis. Thus, TDP-43 is a critical regulator of
paraspeckle condensates linked to cytoprotection.

Paraspeckles are nuclear membraneless organelles (MLOs), or bio-
molecular condensates, seeded and sustained by an ‘architectural’
long non-coding RNA (IncRNA) NEAT1_2". Paraspeckle roles described
sofarincludetheregulation of gene expression, viathe sequestration
of transcription factorsand RNAs"?. NEAT1_2/paraspeckles are absent
or very sparse in the majority of healthy mammalian tissues’ but are
upregulated during development*”, by environmental stresses®’ and
in disease, including cancer and neurodegeneration®’. For example,

although paraspeckles are almost undetectable in healthy postmitotic
neurons in human tissue, their de novo assembly was observed in the
motor neurons of patients with amyotrophic lateral sclerosis (ALS)"* "2,

The NEATI locus gives rise to two NEAT1 isoforms overlapping in
the 5’-end and produced by differential 3’-end processing; only the
long, read-through NEAT1_2 transcript is required for paraspeckle
formation ™, NEAT1_2 forms complexes with SFPQ/NONO hetero-
dimers and other proteins cotranscriptionally, assembling NEAT1
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ribonucleoprotein particles (NEAT1 RNPs),"" followed by the coa-
lescence of these paraspeckle precursors into mature condensates—
paraspeckle ‘spheroids””®, This assembly step is primarily driven by
theliquid-liquid phase separation (LLPS) activity of FUS protein, with
contribution from other paraspeckle proteins (PSPs)'®. Within the
spheroid, NEAT1 2 terminiand the middle region localize to the outer
layer (‘shell’) and centre (‘core’), respectively™.

TDP-43is an RNA-binding protein with awide expression pattern
and a plethoraof regulatory roles'. TDP-43 dysfunctionis considered
amain culprit in neurodegenerative diseases such as ALS?. In addi-
tion to being mutated ina small subset of familial ALS cases, TDP-43 is
ubiquitously dysregulated in sporadic ALS?. TDP-43 isa component of
several MLOs, including paraspeckles™'. Interestingly, in contrast to
most other PSPs, TDP-43 localizes to the paraspeckle spheroid shell's.
This protein was also found to regulate the NEAT1isoform ratio*. How-
ever, therole of TDP-43in paraspeckle condensate regulation, beyond
NEAT1isoform levels, remains largely unknown.

Here, we demonstrate, using single-molecule dual RNA fluores-
cenceinsitu hybridization (RNA-FISH), super-resolution microscopy
(SRM), mutagenesis, fluorescence recovery after photobleaching
(FRAP), optogenetics, high-content imaging, in vitro reconstitution
of condensates, in silico analysis, engineered cell lines, physiological
neuronal models and a large human genetic dataset, that TDP-43 is a
key regulator of paraspeckle condensate biogenesis downstream of
NEAT1_2 expression—a mechanism realized via TDP-43 self-assembly
and position-dependent binding on NEAT1_2 and relevant to the cellular
stress response and neurodegeneration.

Results

TDP-43 is a negative regulator of paraspeckle condensation
While studying TDP-43 localization to paraspeckles, we noticed a
striking defect in paraspeckle spheroid assembly upon TDP-43 over-
expression (OE). HeLa, SH-SY5Y or MCF7 cells expressing exogenous
TDP-43 lost large NEAT1_2-positive foci and instead accumulated
smaller NEAT1-positive particles (Fig. 1a and Extended Data Fig. 1a).
InHeLacells that possess more prominent paraspeckles thanthe other
two lines, residual large NEAT1 foci were sometimes detectable (Fig. 1a).
Paraspeckle dispersal by TDP-43 was concentration-dependent, with
paraspeckles dispersed in 91.8% of high-medium-expressing but only
in12.5% of low-expressing cells (Fig. 1b—d). The ectopic expression
of GFP alone, shell-localized PSPs other than TDP-43 (RBM14, BRG1,
hnRNPF)"*¥, core-localized PSPs (SFPQ, NONO, FUS)*® or cytoplas-
mically localized TDP-43ANLS did not cause paraspeckle dispersal
(Extended Data Fig.1a-c). As large tags and GFP dimerization can affect
the properties of tagged proteins, we sought to validate these findings

using different systems. Untagged TDP-43 and TDP-43 with SNAP-tag
were also found to disrupt paraspeckles (Extended Data Fig. 1d-f),
confirming thatitisa TDP-43-specific effect. Onaverage, ~3.5-fold TDP-
43 upregulation over the endogenous led to detectable paraspeckle
dispersal in HeLa cells (Extended Data Fig. 1g,h). TDP-43 GFP, which
was most efficient in paraspeckle disruption (-37% transfected cells),
was primarily used for mechanistic studies.

Using dual NEAT1 RNA-FISH followed by SRM (structured illu-
mination microscopy, SIM or Airyscan), we first confirmed that the
core-shell spheroid structure can be visualized using commercial
NEATI1 (Stellaris) probes. These probes spanlonger regions than those
used in the original study’® (1-3,700 for the 5’-end and 3,800-11,700
for the middle region versus 15-1,066 and 7,231-9,403, respectively)
but still provide a sufficiently tight/focused signal for the core-shell
analysis (Fig.1le,f). The SRM revealed that small NEAT1-positive fociin
TDP-43-OE cells correspond to paraspeckle precursors—NEAT1RNPs,
detected as paired red (core)-green (shell) signals (Fig. 1g). In addition
totheindividual NEAT1RNPs (‘singlets’), we detected doublets, triplets
and amixed population of ‘multiplets’. The quantification (>400 units
analysed) revealed a prevalence of singlets and doublets (68.2% of
counted particles) (Fig. 1g). Notably, in TDP-43-OE cells, the middle
parts of precursors (red) were joined, whereas the termini (green)
were typically found apart (forexample, Fig. 1g, circle). Similar results
were obtained with a custom 3’-end NEAT1 probe (20,210-22,744,
data not shown). The residual NEAT1-positive clusters presentina
proportion of cells with high TDP-43 OE (Fig. 1a, arrow) were found
to represent disordered collections of NEAT1 RNPs largely devoid of
intactspheroids (Fig. 1h). TDP-43 was enriched in these RNP aggregates
(Extended DataFig. 1i) and in individual NEAT1 RNPs (Fig. 1i).

We next sought to validate these findings in a physiological model
and with homogeneous TDP-43 expression. Paraspeckle assembly
oscillates during differentiation* and has been linked to neurodegen-
eration'’; therefore, we utilized human induced pluripotent stem cell
(iPS cell)-derived neural precursors and motor neurons. Paraspeckles
are readily detectable in day 16 neural precursors but are very low in
motor neurons'’. Untagged TDP-43 was ectopically expressed, using
lentiviral delivery, in day 36 human motor neurons, achieving a uni-
form, approximately twofold OE in both cell types (Fig. 1j). Owing to
low NEAT1_2/paraspeckle levelsin neurons, we reasoned that this level
of TDP-43 OE would be sufficient for a detectable effect. To increase
detection sensitivity, we used NEAT1_2 RNAscope-ISH, which uses
signal amplification, after the validation of thisapproachinHeLacells
(Extended Data Fig. 1j). With these tools, we demonstrated that TDP-
43 upregulation also leads to paraspeckle dispersal in neuronal cells
(Fig. 1k and Extended Data Fig. 1k).

Fig.1| TDP-43 regulates paraspeckle condensation. a, Non-transfected (NT)
cellswith intact paraspeckle clusters (inset 1) and TDP-43-OE cells with dispersed
paraspeckles (inset 2); the arrow indicates a TDP-43-OE cell with residual NEAT1-
positive clusters. b, An example of low-expressing cells; cells were classified

as high-, medium- or low-expressing. ¢, The quantificationis for HeLa, from a
representative experiment; the number of cells analysed (n) is indicated within
bars. FL, full-length. d, The profiles were drawn fromimages ina (HeLa).Ina-d,
the paraspeckle dispersal in TDP-43 overexpressing cells. TDP-43 with a GFP tag
onits N-terminus was used. Scale bars, 15 um. e, The NEAT1_2 arrangement in
the paraspeckle spheroid and positions of probes used for dual NEAT1 RNA-
FISH. f, Paraspeckle spheroids and their higher-order assemblies in HeLa cells
asdetected by dual NEAT1RNA-FISH and SIM. g, h, The spheroid disruption and
precursor accumulationin HeLa cells with TDP-43 OE: diffuse (g) and clustered
(h) TDP-43 distribution. s, singlet, d, doublet, t, triplet, m, multiplet. A doublet
withdisrupted NEAT1_2 end joiningis circled. Representative images and
quantification from a representative experiment are shown. The number of cells
quantified (n) is indicated within bars. i, The TDP-43 GFP enrichment in NEAT1
RNPs. j, The TDP-43 OE confirmation in human motor neurons (hMNs) using
lentiviral (LV) delivery. Representative images are shown. Untagged TDP-43

and day 36 hMNs were used. A representative western blot is shown (mock and

TDP-43 LV samples were run on the same gel). Scale bar, 10 pm. k, Theincreased
TDP-43 dosage in hMNs leads to paraspeckle dispersal. RNAscope-ISH with
aNEAT1_2 probe was used for amplified paraspeckle detection. Untagged
TDP-43 and day 36 hMNs were used. Representative images and quantification
from arepresentative experiment are shown. The number of cells quantified

(n) isindicated within bars. Scale bar, 50 pum.1,m, The paraspeckle precursor:
the spheroid ratiois cell line-specific: smaller NEAT1-positive particles
corresponding to NEAT1RNPs and bundles are more abundant than paraspeckle
spheroids (I), and NEAT1_2 is more extractable (m) in SH-SY5Y cells as compared
with HeLa. Arrows indicate spheroids. Inl, quantification was performed on
n=10 cells from arepresentative experiment. ****P < 0.0001, one-tailed Mann-
Whitney Utest. In m, the semi-extractability was measured by RT-qPCR. Graphs
showmean t+s.d.N=4;*P<0.05 (P=0.0286), one-tailed Mann-Whitney U test.
n, TDP-43 depletion shifts the equilibrium towards paraspeckle spheroids.
Representative images and quantification of particle size in TDP-43-sufficient
and -deficient SH-SY5Y cells. Shell (5-end NEAT1) probe was used; s, spheroid;
288 and 216 particles were quantified for scrambled and TDP-43 siRNAs,
respectively, fromn > 10 fields of view, from a representative experiment.
P < (0.0001, one-tailed Student’s ¢-test. Representative images are shown
ina,b,fandh.
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Having characterized the phenotypes elicited by increased TDP-
43 dosage, we focused on the reciprocal condition—TDP-43 loss of
function. First, we showed that in HeLa cells, TDP-43 depletion does
not affect the core-shell arrangement of paraspeckle spheroids
(Extended DataFig. 2a,b). However, this cell line has a high prevalence

of spheroids and only a small precursor population, precluding an
efficient analysis of precursor condensation. Thus, for TDP-43 deple-
tion analysis, we used SH-SY5Y cells that have a significantly larger
precursor pool, as confirmed by particle quantification and NEAT1_2
semi-extractability analysis (Fig. 11,m and Extended Data Fig. 2c).
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Fig.2| TDP-43 oligomerization and RNA-binding are both required for
paraspeckle condensate regulation. a,b, Intact TDP-43 self-assembly is required
for paraspeckle dispersal: TDP-43 N- (a) and C-terminal (b) mutants were used.
Representative images of paraspeckle clusters (conventional and SRM) and their
quantification, from a representative experiment, are shown. The number of cells
(n) analysed is indicated within bars. Non-transfected (NT)/low-expressing (inset
1) and high-expressing cells (inset 2). ¢,d, The light-induced submicroscopic
oligomerization of optoTDP-43 expressed at a near-endogenous level leads to
paraspeckle disruption: representative images and their quantification (from
arepresentative experiment) for NEAT1 RNA-FISH (c) and time-lapse imaging
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number of cells (n) analysed is indicated within bars. Arrows indicate residual
paraspecklesinlight-stimulated cellsin c or intact paraspeckle clusters before
light stimulation in d. See also Extended Data Fig. 4 for more details. e-h, The
paraspeckle spheroid disruption by TDP-43is dependent on its RNA-binding
capacity: TDP-43 mutants used (e), the quantification of paraspeckle phenotypes
(f) and representative images of mutant TDP-43-OE cells (conventional
microscopy (g) and SRM of paraspeckle clusters (h), from a representative
experiment, are shown. The number of cells analysed (n) isindicated within bars.
NT/low-expressing (inset 1) and high-expressing (inset 2) cells. Experiments were
done in HeLa cells; only cells with high-medium TDP-43 GFP expression were
included in the quantification. Scale bars, 10 pm.

Thelatter property is defined by NEAT1_2 incorporation into spheroids
and measured by determining the increase in NEAT1_2 yield after
sample heating during RNA isolation'>*2. TDP-43 depletion caused a
significant (P < 0.0001) shift from smaller to larger NEAT1 particles, as

revealed by automated quantification with a threshold set to exclude
spheroid clusters and capture only single spheroids and precursors
(Fig. 1n). Thus, TDP-43 loss promotes NEAT1 RNP condensation and
spheroid formation.
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mutants (N-terminally tagged with GFP; Extended Data Fig. 3a). TDP-43
has afolded N-terminal domain (NTD) and alow-complexity C-terminal
domain (CTD), both of whichareimportant forits higher-order assem-
bly?. By analysing TDP-43 high-medium-expressing cells with similar
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Fig. 3 | Increasing FUS dosage restores paraspeckle spheroid assembly
incellswith TDP-43 OE. a,b, The paraspeckle cluster restoration by FUS
supplementation in TDP-43-OE cells: representative images (a) and the
quantification of paraspeckle phenotypes (b) in cells coexpressing TDP-43 GFP
with GFP or FUS-GFP are shown. Asterisks in aindicate cells with dispersed
paraspeckles. The number of cells quantified in b (n) is shown within bars (from
arepresentative experiment). Scale bar, 20 pm. ¢, TDP-43 is enriched within
paraspeckle clusters (arrows) in FUS-GFP-OE cells. A representative image is
shown. Scale bar, 20 pm.d, The TDP-43 OE-driven decrease in NEAT1_2 semi-
extractability is rescued by FUS supplementation. NEAT1_2 semi-extractability
was analysed by RT-qPCR. The graph shows the mean +s.e.m. N=4;*P=0.05,

one-tailed Mann-Whitney Utest. e, The FUS supplementation restores spheroid
formation in TDP-43-OE cells. Representative images and the quantification
of spheroid assembly in cells coexpressing TDP-43 GFP with GFP or FUS-
GFP are shown. Spheroid numbers analysed: 424 (non-transfected, NT), 87
(FUS),290 (TDP-43 + GFP), 308 (TDP-43 + FUS), from n = 5-10 fields of view
(FoV), from arepresentative experiment. The graph shows the mean +s.e.m.
***+p < (0.0001, one-way ANOVA with Tukey post hoc test. f,g, The NONO or
SFPQ supplementation restores spheroid formation in TDP-43-OE cells:

the quantification (f) and SRM images (g) are shown, from a representative
experiment. The number of cells (n) analysed in fis indicated within bars.
Representative images are shown ing. HeLa cells were used.

nuclear levels across all variants, we found that as few as two point muta-
tionsinthe NTD (E14A/E17A, TDP-43™)* prevent paraspeckle dispersal;
expectedly, this was also true for the TDP-43*"™ mutant (amino acids
(a.a.)1-98 deleted) (Fig. 2a). Likewise, TDP-43® lacking the conserved
a-helical self-assembly region in CTD*?° and TDP-43“°"™® mutant were
both unable to disperse paraspeckles (Fig. 2b). Notably, although the
reduced TDP-43 self-assembly impairsits nuclear retentionin HEK293
cells”?, TDP-43"" and the above mutants displayed similar nuclear-
cytoplasmic ratiosin HeLa cells, albeit withaminorincrease inthe cyto-
plasmicsignal for the TDP-43"variant (Extended Data Fig. 3b), which
couldbe dueto cellline-specific differences. Using disuccinimidyl glu-
tarate (DSG) crosslinking, we verified that both TDP-43?™ and TDP-434“}
are deficientinhomo-oligomerization (Extended Data Fig. 3c). Al TDP-
43 self-assembly mutants were nevertheless enriched in paraspeckles
(Fig.2a,b), despite lower nuclear TDP-43 granulation overall—consist-
ent with a previous study®. Finally, we found that ALS-linked TDP-43
mutations affecting different protein domains retain their ability to
disrupt paraspeckles upon OE (Extended DataFig. 3d), supporting that
itisarobust property of TDP-43 that can buffer mild structural defects.

Previously, TDP-43 loss was shown to increase paraspeckle for-
mation owing to the isoform switch from NEAT1_1to NEAT1_2, viaa
polyadenylation mechanism®. Yet, TDP-43 OE also results in NEAT1_2
accumulation® (Extended Data Fig. 3e). Using quantitative reverse
transcription PCR (RT-qPCR), we found that whereas the OE of
oligomerization-deficient mutantsleads to NEAT1_2 downregulation,
the OE of TDP-43"" and its ALS-linked mutants upregulates NEAT1_2,
withoutsignificant change to total NEAT1levels (Extended DataFig. 3e).
These datasuggest that NEAT1_1 production is promoted specifically by
monomeric TDP-43, whereas the oligomerization of exogenous TDP-43
withits endogenous counterpart may lead to TDP-43 loss-of-function
inNEATlisoform regulation.

NEAT1_2 was previously reported to have aminor spliced isoform
lacking the 20,360-21,153 region, which is more extractable?’; however,
thisisoform was undetectable by reverse transcription PCR (RT-PCR)
upon either upon TDP-43 OE or its knockdown (Extended Data Fig. 3f).

To test the effect of enhanced TDP-43 self-association at a near-
endogenous level, we generated ‘optoTDP-43’—full-length TDP-
43 N-terminally tagged with an opto-module Cry2olig, (Extended
Data Fig. 4a,b). OptoTDP-43 expressing cells had near-physiological
TDP-43 levels owing to endogenous TDP-43 downregulation
(Extended Data Fig. 4c,d). We reasoned that the augmented TDP-43
polymerization triggered by blue light would be sufficient for par-
aspeckle dispersal in the absence of TDP-43 OE. Indeed, single or
repetitive blue-light exposure led to asignificant loss of large NEAT1 2
positive foci—paraspeckle clusters (Fig. 2c,d). By contrast, Cry2olig
alone did not affect paraspeckle clusters upon blue light stimulation
(Extended DataFig. 4e).

To study TDP-43 RNA binding contribution, two RNA-binding
deficient mutants, F147/149L°° and K181E”, were used, alongside the
RNA-binding proficient K181A as a control (Fig. 2e). The RNA-binding
deficient mutants formed abundant granules in the nucleus, in a
concentration-dependent manner, probably corresponding to sta-
ble, non-LLPS aggregates®. The F147/149L and K181E substitutions,
but not K181A, prevented paraspeckle dispersal (Fig. 2f,g), indicating
that RNA binding is a prerequisite for paraspeckle condensate regu-
lation by TDP-43. Residual NEAT1-positive clusters were found to be
composed of intact spheroids in cells expressing F147/149 L or K181E
but were disordered in K181A-expressing cells; only the latter variant
was enriched in these RNP aggregates (Fig. 2h), similar to TDP-43"T
(Extended DataFig. 1i).

TDP-43 antagonizes core PSPs in paraspeckle condensation

The FUS protein plays a critical role in paraspeckle condensation,
where its depletion precludes spheroid assembly, without affecting
NEAT1RNP abundance'®, We tested whether FUS supplementation
could counterbalance TDP-43’s disruptive effect on paraspeckles.
The coexpression conditions were established in titration experi-
ments in HeLa cells, achieving TDP-43 and FUS coexpression in >95%
cells, with ~-3-4-fold OE of both proteins (Extended Data Fig. 5a-d).
FUS-GFP, but not GFP alone, restored paraspeckle clusters in the

Fig. 4| TDP-43 inhibits FUS condensation in vitro. a, The InmuCon: assay
schematic. b, Recombinant proteins used in the study. Representative western
blots are shown. ¢, The FUS condensate and TDP-43 cluster/aggregate formation
invitro and their sensitivity to 1,6-HD. Representative images are shown. See also
Extended Data Fig. 7 for more details. d, A circularity analysis of FUS and TDP-43
invitro assemblies; 149 and 217 particles were included in the analysis (n =5

fields of view (FoV)), from a representative experiment. The graph shows the
mean ts.d. e,f, The effect of TDP-43 on FUS condensates; representative images
(e) and the quantification (f) are shown. TDP-43 supernatant fraction, at the
indicated concentration, was added to FUS samples (2.5 uM), and condensates
were fixed after a10-min incubation. R, residual FUS condensate. The graph
shows the mean +s.e.m.n=5-9FoV for 0.0-2.5 uM and n =2 FoV for 5 uM were
analysed from arepresentative experiment. ****P < 0.0001, one-way ANOVA

with Dunnett’s post hoc test. g, The TDP-43 NTD (a.a.1-98) does not prevent FUS
condensation and remains soluble. Representative images and the quantification
are shown. The graph shows the mean + s.e.m. n = 5FoV per condition were
analysed from arepresentative experiment. n.s., non-significant, one-way ANOVA
with Dunnett’s post hoc test. h, The UG-rich RNA potentiates FUS condensate

disruption by TDP-43. FUS was used at 2.5 pM and TDP-43 at 0.1 uM. Both RNA
oligonucleotides were used at 0.25 pM. The graph shows the mean ts.e.m.n=7
FoV per condition were analysed from a representative experiment. **P < 0.01
(P=0.002),**P<0.001(P=0.0003), one-tailed Mann-Whitney Utest.1i, The
UG-rich RNA promotes TDP-43 clustering in vitro, as demonstrated by ImmuCon.
TDP-43 supernatant fraction (0.5 pM) was mixed with 0.25 pM RNA oligo-
nucleotide. Number of bigger clusters (particles 2100 pixels), and their area

were quantified. The graph shows the mean +s.d. n =4-5FoV per condition were
analysed from a representative experiment. **P < 0.01(P= 0.0079), one-tailed
Mann-Whitney Utest.j, The UG-rich RNA leads to TDP-43 higher-order assembly
invitro, as demonstrated by fractionation and western blot. TDP-43 samples were
prepared asini, followed by fractionation into supernatant (S, soluble protein
and small clusters) and pellet (P, large clusters pelleted by centrifugation) and
western blot for TDP-43, immediately after sample mixing (O min) and after
a10-minincubation. The graph shows the mean +s.e.m.N=4,*P<0.05
(P=0.0143), one-tailed Mann-Whitney Utest. Image inacreated in BioRender;
Shelkovnikova, T. https://biorender.com/c4vzzyl (2025).
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similar level of paraspeckle rescue (Extended Data Fig. 5e). Proximity
ligation assay (PLA) and co-immunoprecipitation (co-IP) demon-
strated detectable but limited interaction between TDP-43 and FUS
in the nucleus (-20 interactions per cell by PLA) (Extended Data
Fig. 6a,b). Using co-IP and PLA, we found that oligomerization-
deficient TDP-43 mutants, which do not cause paraspeckle disper-
sal (Fig. 2), retain their ability to interact with FUS (Extended Data
Fig. 6b,c). Therefore, the negative effect of increased TDP-43 dosage

majority of TDP-43-OE cells (Fig. 3a,b). TDP-43 was detectable in the
restored clusters (Fig. 3¢), indicating that the rescue was not due to
TDP-43 displacement from paraspeckles by FUS. The FUS coexpres-
sion also partially rescued reduced NEAT1_2 semi-extractability in
TDP-43-OE cells (Fig. 3d). The majority of NEAT1-positive clusters
restored by FUS were composed of spheroids with intact core-shell
structure (P<0.0001, Fig. 3e). These results were corroborated
by coexpressing FUS-GFP with TDP-43 SNAP-tag, which led to a
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on paraspeckle condensationis not mediated by its excessive interac-
tion with FUS molecules. Finally, the double TDP-43/FUS knockdown
or knockdown of TDP-43 in FUS-knockout (KO) cells could not rescue
spheroid assembly (datanotshown), inline with the pivotal role of FUS
in precursor condensation.

We next examined the possible redundancy of core PSPs in facil-
itating the paraspeckle condensation. Supplementing TDP-43-OE
cells with exogenous SFPQ and NONO indeed could also rescue para-
speckle condensation, with both paraspeckle clusters and spheroids
restored (Fig. 3f,g and Extended Data Fig. 6d). Consistently, ectopic
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Fig. 5| Molecular basis for TDP-43 and FUS microphase separation within
paraspeckles. a,b, The GFP-tagged PSPs display the expected localization
within spheroids; representative images (a) and the quantification (b) (froma
representative experiment) are shown. For TDP-43, low-expressing cells with
intact paraspeckles were analysed. The number of cells analysed (n) isindicated
within bars. See Extended Data Fig. 8a for more details. c, TDP-43 and FUS rarely
interact in paraspeckles as shown by PLA analysis of SFPQ-labelled paraspeckles.
Representative images and the quantification (from arepresentative
experiment) are shown. The number of cells analysed (n) isindicated. d, Amodel
for the subspheroid localization of FUS and normal and oligomerization-
deficient TDP-43. e,f, The oligomerization-deficient TDP-43 mutants localize

to the paraspeckle core/intermediate layer: representative images (e) and the
quantification (f) (from a representative experiment) are shown. The number of

cellsanalysed (n) isindicated within bars. g, The monomer-specific anti-TDP-43
antibody (E2G6G) recognizes TDP-43"in the core but not TDP-43"7 clusters in the
shell. Low-expressing cells with intact paraspeckles were analysed. Representative
images are shown. h, TDP-43?M displays a significantly higher mobility in
paraspeckles than WT protein. FRAP was performed on paraspeckle clustersin
TDP-43 GFP-expressing cells. Data from a representative experiment are shown
(n=10 cells, two paraspeckle clusters in each). i,j, The recombinant TDP-43 and
FUS proteins form microphases within residual FUS condensates in FUS/TDP-43
samples in vitro: conventional imaging (left) and confocal super-resolution (single
optical section) (right) are shown (i), alongside the detection of TDP-43 clusters
within partially disassembled FUS condensates formed on coverslips without
fixative precoating (j). Representative images are shown. k, The AlphaFold 3
predictions for FUS-TDP-43 oligomers at different protein ratios.

expression of FUS, SFPQ or NONO in a FUS-KO cell line* led to a sig-
nificant rescue of paraspeckle assembly (Extended Data Fig. 6e-i).
Strikingly, the expression of a chimeric protein in which the FUS
low-complexity domain (LCD) was replaced with a disordered, prion-
like domain from a yeast protein Sup35°*** also resulted in para-
speckle rescue; this protein localized to the spheroid core (Extended
Data Fig. 6e-i). These data indicate that paraspeckle condensation
relies onthe core PSP LCD dosage rather than a specific sequence.

TDP-43 limits FUS condensation in vitro

To corroborate cellular findings in vitro, we used recombinant FUS for
modelling paraspeckle condensates. We developed animmunostain-
ing assay for condensate analysis in vitro (‘ImmuCon’) (Fig. 4a), using
recombinant TDP-43 and FUS—commercial or purified in-house (Fig. 4b
and Extended DataFig. 7a,b). At concentrations >1.25 uM, FUS readily
formed round, droplet-like 0.1-1 um structures, in physiological salt
and without crowding agents, after 10-30 min of incubation (Fig. 4c
and Extended DataFig.7c). These droplets had ahigh circularity index,
were sensitive to 1,6-hexanediol (1,6-HD) and high salt and displayed
re-entrant phase behaviour (Fig. 4c,d and Extended Data Fig. 7d,e),
indicative of their LLPS nature. By contrast, the recombinant TDP-
43 formed large filamentous aggregates that could be removed by
low-speed centrifugation, leaving soluble protein and small, <100 nm
clusters in the supernatant (Fig. 4c). TDP-43 clusters and aggregates
were insensitive to 1,6-HD and molecular chaperones bis-ANS® and
trimethylamine N-oxide (TMAO)*® known to modulate TDP-43 LLPS
(Fig. 4c and Extended Data Fig. 7f), indicating that they correspond
tonon-LLPS structures.

For the co-incubation experiments, TDP-43 supernatant after
aggregate removal was added at an increasing concentration to FUS
samples (final FUS concentration of 2.5 uM). FUS is ~2.5 times more
abundant than TDP-43 in the nucleus (7.6 pM versus 2.9 uM)¥; there-
fore, we tested a range of FUS:TDP-43 ratios—between 5:1 and 1:2.
Even the lowest TDP-43 concentration used (0.5 pM; 5:1) disrupted

FUS condensates, virtually eliminating large FUS droplets—accom-
panied by an increase in droplet numbers (Fig. 4e,f). At the highest
TDP-43 concentration (5 uM), only small (<100 nm) FUS condensates
remained, which were often below the detection threshold, leading
toreduced condensate count (Fig. 4e,f). Consistently, in an orthogo-
nal assay for measuring condensate formation and stability, Taylor
dispersion-induced phase separation (TDIPS)*®, FUS readily under-
went condensation when exchanged into the LLPS assay buffer,
whereas TDP-43 co-injection caused a burst of monomerization
(Extended Data Fig. 7g). Finally, the FUS condensate size was signifi-
cantly reducedin the presence of TDP-43 in a different phase separation
assay—using proteins labelled with cyanine dyes viaa small ybbR pep-
tidetag (Extended Data Fig. 7h). By contrast, the recombinant TDP-43
NTD (a.a.1-98; Extended Data Fig. 7b), which was completely diffuse
in ImmucCon, had no effect on FUS condensates at concentrations of
upto5 puM (Fig. 4g). Thus, TDP-43 prevents FUS condensate fusion and
hence growth, which requiresiits ability to polymerize.

The TDP-43 RNA-binding capacity is required for paraspeckle
dispersal in cells (Fig. 2). NEAT1_2 contains several UG repeats—
the high-affinity binding sites for TDP-43***°, Using synthetic RNA
oligonucleotides and TDP-43 at low concentration (0.1 pM) for more
efficient detection of possible additive effect of RNA, we found
that the addition of UG5, but not control CA,;,) RNA, potentiates
FUS condensate disruption by TDP-43 (Fig. 4h). Furthermore, the
UG-richRNA was found to enhance TDP-43 clustering (Fig. 4i,j), consist-
entwithits role in promoting TDP-43 phase separation®.

TDP-43 and FUS form demixed microphases within
condensates including paraspeckles

Below disruptive concentrations, TDP-43 can be ‘accepted’ into par-
aspeckle condensates—forming TDP-43-containing spheroids, where
TDP-43 and FUS localize to the paraspeckle shell and core, respec-
tively'®. However, the molecular basis of this spatial segregation is
unknown. We first confirmed that GFP-tagged PSPs can be used as a

Fig. 6| TDP-43 sequestration into de novo nuclear condensates (TCs) alleviates
paraspeckle suppression during stress. a-c, The restored biogenesis of
paraspeckle spheroids upon TC assembly in TDP-43-OE cells: representative
conventional microscopy images for stress recovery stages (a), the quantification
of cells with NEAT1-positive foci (b) and SRM images confirming the intact core-
shell structure of de novo assembled spheroids (arrows) (c) are shown. The TC
formation in TDP-43 GFP-expressing cells was induced by NaAsO,, and cells with
high TDP-43 OE were analysed. Time stamps in a are times after NaAsO, wash-
off.Inb, graph shows mean + s.d. 45 and 49 cells (n =10 fields of view (FoV) per
condition) were analysed for basal and stage 2/3 conditions, respectively, froma
representative experiment. ***P < 0.0001, one-tailed Mann-Whitney U'test.

d, The transcriptional inhibition prevents paraspeckle spheroid restoration during
therecovery from NaAsO, stress. The transcriptional inhibitor DRB was added
after the NaAsO, wash-off, and cells were analysed after 1 h of recovery. In total,

69 and 61 cells (n =15FoV per condition) were analysed for dimethyl sulfoxide
(DMSO) and DRB conditions, respectively, from a representative experiment.

The graph shows the mean +s.d. ***P < 0.0001, one-tailed Mann-Whitney
Utest.e,f, The depletion of endogenous TDP-43 from paraspeckles during TC
assembly: representative images and profile plots for TCs/paraspeckles (e) and the
quantification of overlap (f) are shown. n =20 cells, with atleast 2-3 TCsin each,
were analysed per condition, from arepresentative experiment. ****P < 0.0001,
one-way ANOVA with Dunnett’s post hoc test. g, The NEAT1_2 semi-extractability

is decreased in TDP-43-depleted cells. Relative NEAT1_2 levels in heated and
non-heated samples are shown alongside the ratio. Graphs show mean + s.e.m.
N=4o0r6,*P<0.05(P=0.0143), *P< 0.01(P=0.0011), one-tailed Mann-Whitney
Utest. Left: the TDP-43 knockdown was confirmed by RT-qPCRin the same set of
samples. h, The TDP-43 downregulation results in reduced paraspeckle clustering.
Intotal, 148 and 123 cells (from n =5 FoV per condition) were analysed for
scrambled and TDP-43 siRNA, respectively, from a representative experiment.
The graph shows themean +s.e.m.**P<0.01(P=0.004), one-tailed Mann-
Whitney Utest. MG132-treated condition (4-h exposure) characterized by
augmented paraspeckle clustering is shown for comparison. Scale bars, 10 pm.
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tool in spheroid substructure studies, by confirming the localization
of GFP-tagged SFPQ and NONO to the core and TDP-43 to the shell
(Fig. 5a,b and Extended Data Fig. 8a). The TDP-43 signal appeared
‘interrupted’, forming clusters in the shell, consistent with a previous
report’. Notably, FUS’s signal appeared ‘wider’ than the NEAT1 core and
dimmer in the centre (Fig. 5a,b), forming an ‘intermediate layer’. Two
other shell-localized proteins, RBM14 and hnRNP F, formed clusters
and patches, respectively; however, they did not overlap with TDP-43
clusters in the shell (Extended Data Fig. 8b,c). Nor did these clusters
containother proteins previously detected in TDP-43-enriched nuclear

TDP-43 GFP NEAT1_2

Merged + DAPI

condensates” (Extended Data Fig. 8d). PLA showed that TDP-43-FUS
interactions within paraspeckles are extremely rare (Fig. 5¢), support-
ing that, within spheroids, these proteins are confined to separate,
tightly packed microphases (Fig. 5d).

Surprisingly, unlike TDP-43"7, its oligomerization-deficient vari-
ants largely localized to the spheroid core (Fig. 5e,f). A ‘monomeric’
TDP-43 antibody (E2G6G) that predominately recognizes non-NTD
oligomerized protein*’ readily detected the core-localized TDP-43*™
but did not recognize TDP-43"" clusters in the shell (Fig. 5g). Therefore,
these TDP-43 clusters are composed of TDP-43 oligomers assembled
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Fig. 7 | Differential role of the NEAT1_2 middle and 3’-end UG repeatsin
paraspeckle regulation. a, The predicted NEAT1_2 UG-repeat positions uponits
folding within NEAT1RNP. b, The NEAT1_2 UG-repeat positions in the linear RNA
and positions of CRISPR sites used to generate cell lines with the deletion of the
3’-end NEAT1_2 UG repeat (Arep4 cells). ¢, The TDP-43 clusters overlap with the
5’-end of NEAT1_2 within the paraspeckle shell. Top: arrows indicate TDP-43
clusters not overlapping with the 3’-end NEAT1_2 probe signal. Representative
images are shown. d, The NEAT1RNA-FISH with a probe set flanking repeat 4
(left) confirms its localization to the shell, external to TDP-43 clusters (right).
Arepresentative image is shown. e, The normal shell localization of TDP-43in

Arep4 cells. Representative image and quantification are shown. The number

of cellsanalysed (n) is indicated within bars. f, The TDP-43 GFP OE disperses
spheroidsin Arep4 cells. A representative image is shown. Scale bar, 10 um.

g, The attenuated TDP-43 GFP recruitment into paraspeckle clustersin Arep4
cells, as revealed by FRAP. n =18 cells with two clusters in each were analysed per
condition, per repeat (data from clones 2 and 3 combined), from arepresentative
experiment. **P < 0.001(P=0.0006), two-tailed unpaired t-test. h, Amodel

for co-and posttranscriptional TDP-43 recruitment onto NEAT1_2 and into
paraspeckle spheroids. Image in h created in BioRender; Shelkovnikova, T.
https://biorender.com/c4vzzyl (2025).

via NTD-NTD interactions. Using FRAP, we found that in contrast to
TDP-43"T, TDP-43"is highly mobile within the spheroids (¢, =18.5s,
versus 4.0 s for TDP-43%T; Fig. 5h). Thus, TDP-43 oligomerization
is essential for its shell localization, where it exists in the form of
low-dynamics, non-liquid microcompartments (Fig. 5d).

Strikingly, the TDP-43/FUS microphase arrangement in para-
speckle spheroids was recapitulated invitro. Residual FUS condensates
found in the TDP-43/FUS samples (Fig. 4e, R) also stained positive
for TDP-43, and high-resolution imaging demonstrated that TDP-43
clusters are embedded in the FUS condensate surface (Fig. 5i).

In partially disassembled FUS condensates, when the fixative pre-
coating step was omitted, multiple TDP-43 clusters were detected
inside the condensate (Fig. 5j). Consistently, TDP-43/FUS immisci-
bility could be also observed using ybbR-Cy3/5-labelled proteins
(Extended DataFig. 8e).

The co-IP analysis of FUS variants ectopically expressed in
FUS-KO cells at a near-endogenous level (complementation)
showed that full-length FUS more efficiently interacts with TDP-43
compared with FUS LCD or FUS RNA-binding domains in isolation
(Extended Data Fig. 8f,g). The coarse-grained molecular dynamics
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simulations showed that TDP-43 LCD (a.a.274-414) and FUSLCD (a.a.
1-167) are fully miscible and form ahomogeneous condensate (Supple-
mentary Fig.1)—unlike the two-phase arrangement we observed invitro
and in cells. Thus, the TDP-43-FUS two-phase arrangement within
condensates is a product of multidomain interactions. Our in vitro
datawere supported by AlphaFold 3 modelling. At the 1:1 FUS:TDP-43
ratio (four molecules each) or physiological ratios (for example, 6:3)”,
full-length proteins were found to form distinct homo-oligomers that
maintained a surface contact (Fig. 5k). However, increasing the TDP-
43 concentration (for example 3:7) led to FUS oligomer disruption
(Fig. 5k).

Collectively, data shown in Figs. 4 and 5 suggest that, depending
on its concentration, TDP-43 either joins FUS condensates as non-
liquid clusters, which can lead to their emulsification, both of which
require intact TDP-43 polymerization and multidomain interactions
with FUS.

TDP-43 sequestration into stress-induced de novo
condensates alleviates paraspeckle suppression

Paraspeckles are upregulated during stress, which was proposed to
be cytoprotective®”'%**, Cellular stresses also induce de novo TDP-43
nuclear condensate (TC) formation—leading to TDP-43 inactivation
under stress****, We hypothesized that the TDP-43 sequestration into
TCs alleviates the paraspeckle suppression. First, paraspeckles and
TCswere tracked in the TDP-43 GFP OE cells during the recovery from
NaAsO, (arsenite). Cells were grouped according to the TC assembly
stage: 1-fine nucleoplasmic granulation, 2—small/medium granules
and 3—large (mature) TCs. TDP-43 GFP sequestration into TCs was
accompanied by restoration of bright NEAT1 foci, which were found
to consist of intact spheroids (Fig. 6a—c). This restoration could be
prevented by transcription inhibition (Fig. 6d), indicating de novo
(cotranscriptional) assembly of paraspecklesin TC-forming cells, rather
than the coalescence of pre-existing NEAT1 RNPs. TDP-43 and NEAT1
signals progressively separated during stress, both for overexpressed
(Fig. 6a) and endogenous (Fig. 6e,f) protein.

TCs were reported to contain NEAT1*, and we also observed
some NEAT1_2 enrichment within TCs in the above experiments. To
establish the role of NEAT1 in TC formation, we generated NEAT1-KO
Hela cells (Supplementary Fig. 2a,b) and analysed TC assembly dur-
ing the recovery from NaAsO,. NEAT1-deficient cells were able to
form TCs, both from ectopically expressed and endogenous TDP-43
(Supplementary Fig. 2¢,d). However, the longitudinalimaging revealed
altered TCdynamicsin NEAT1-deficient cells, with faster TC disassem-
bly (Supplementary Fig. 2e). Furthermore, the FRAP showed higher
TDP-43 mobility in TCs upon transient or constitutive NEAT1 deple-
tion (Supplementary Fig. 2f and not shown). Therefore, NEAT1 is not
required for TC assembly, but it modulates their properties.

We next compared the properties of TDP-43-depleted and
TDP-43-containing paraspeckles, using small interfering RNA (siRNA)
knockdown in HeLa cells. The FRAP analysis of SFPQ-labelled par-
aspeckles demonstrated faster fluorescence recovery in TDP-43-
depleted paraspeckles (Extended Data Fig. 9a). We next studied the
NEAT1_2 semi-extractability upon TDP-43 knockdown. First, we found
that, similar to Trizol*, commercial RNA isolation kits also require a
heating step to efficiently isolate NEAT1_2 and that NEAT1_2 yield is
sensitive to DNase treatment (consistent with its chromatin associa-
tion*?), sample processing (freeze-thaw cycles) and sample density
and concentration (sample:buffer ratio) (Supplementary Fig. 3). The
DNase treatment increased NEAT1 2 yield in TDP-43-sufficient but
not in TDP-43-deficient cells, potentially pointing to the reduced
association of TDP-43-depleted paraspeckles with chromatin
(Extended Data Fig. 9b). Unexpectedly, TDP-43 knockdown resulted
inreduced NEAT1_2 semi-extractability despite NEAT1_2 upregulation
(Fig. 6g). TDP-43 depletion does not affect spheroid assembly (Fig.2);
however, we found that it significantly limits spheroid clustering,
which may beresponsible for the effect on NEAT1_2 semi-extractability
(Fig. 6h).

By reducing spheroid clustering, TDP-43 may increase their intra-
nuclear mobility. To address possible differences between paraspeck-
les distal and proximal to the NEATI locus, we generated a HeLa cell
line with a single NEATI allele labelled by MS2 tagging. The 6xMS2
repeats were inserted in a safe harbour region onthe 3’-end of NEAT1 2"
(Extended DataFig.9c). NEAT1_2-MS2 cells were transfected to express
nuclear-localized MCP-GFP. Between two and four,and most commonly
three, NEAT1-positive clusters were detected in hypertriploid HeLa
cells, and asingle cluster was invariably GFP-positive in transfected cells
(Extended DataFig. 9c). Strikingly, the ‘distal’ paraspeckles were found
tolose GFPsignal: 92.9 + 4.4% of proximal but only 14.6 + 6.8% of distal
paraspeckles were GFP-positive (Extended DataFig. 9¢). This suggested
aremodelling event that alters either MCP-GFP incorporation or its
folding within the spheroid and hence fluorescence. Therefore, NEAT1
locus-distal paraspeckles, which are prevalentin TDP-43 depleted cells,
may be subject to structural remodelling.

Position-dependent contribution of NEAT1_2 UG repeatsin
paraspeckle regulation via TDP-43

NEAT1_2 UG repeats are prerequisite for TDP-43 recruitment into
the paraspeckle spheroid, where their genomic deletion abolishes par-
aspecklelocalization of TDP-43, but can be rescued by re-introduction
of 60 repeats at NEAT1_23’-end*. NEAT1_2 has four UG repeats (=8 units),
three of which arelocatedin the middle (repeats1-3;6,681-10,920:19
interrupted, 8 pure and 9 pure repeats) and one—in the 3’-end (repeat
4;29 UG units; GRCh38) (Fig. 7a,b). The rest of NEAT1_2 is relatively
depleted of UG stretches of >6 units. The sequencing of repeat 4 inHelLa

Fig. 8| NEAT1_23’-end UG repeat links paraspeckle stability under stress to
neuronal survival and ALS. a, Paraspeckles are more stable in cells lacking
NEAT1_2 UG-repeat 4. Cells were analysed after 1 or 2 h of transcriptional block
with DRB. Representative images and the quantification are shown for WT
HeLa cells and two Arep4 clones. The arrow indicates a residual paraspeckle
cluster. Intotal, 99-128 cells from n =10 fields of view (FoV) were analysed per
condition, from arepresentative experiment. Box, 25th to 75th percentiles;
centre line, median; whiskers, mean tomax.*P < 0.05 (P=0.0334),*P<0.01
(P=0.0038), one-day ANOVA with Holm-Sidak post hoc test. Scale bar, 20 pm.
b, The enhanced stress-induced paraspeckle assembly in cells lacking NEAT1_2
UG-repeat 4. Cells were analysed after 6 hinto the recovery from NaAsO,
stress. In total, 85-170 cells from n =10 FoV were analysed per condition, from
arepresentative experiment. *P < 0.05 (P=0.0101), *P< 0.01 (P=0.0073),

***P < 0.001(P=0.0005), Kruskal-Wallis with Dunn’s post hoc test. Box, 25th

to 75th percentiles; centre line, median; whiskers, mean to max. ¢, The motor
neurons with NEAT1_2 UG-repeat 4 deletion used in the study. The homozygous
repeat 4 deletion was confirmed by RNA-FISH using stressed neurons (6 hrecovery

from NaAsO,). Representative images are shown. Scale bars, 10 pm. See Extended
DataFig.10 for cell line generation and characterization. d,e, The hMNs with
NEAT1_2 UG-repeat 4 deletion are protected from stress-induced apoptosis,
whereas hMNs with ablated paraspeckles are more sensitive to stress: neurons
were subjected to alow-dose, continuous stress (250 nM proteasome inhibitor
MG132 added at O h), which induces paraspeckle assembly (d) and analysed on
anIncucyte liveimager using a caspase 3/7 dye (e). Data from a representative
experiment are shown (n = 4 wells). The graph shows the mean + s.e.m.

***+p < (0.0001, one-way ANOVA with Tukey post hoc test (area under the curve
comparisons). f, The NEAT1_2 UG-repeats size distribution in the human
population from the analysis of WGS data of 4,996 patients with ALS and

1,743 controls. The repeat size was determined using ExpansionHunter.

g, Longerlengths of NEAT1_2 UG-repeat 4 are associated with shorter survival
in ALS. h, Amodel: the regulation of paraspeckles by TDP-43 via polymerization
and position-dependent binding of NEAT1_2 UG repeats in steady state,

under stress and in ALS. Image in h created in BioRender; Shelkovnikova, T.
https://biorender.com/c4vzzyl (2025).
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and SH-SYS5Y cells confirmed its large size (20-28 repeats). Surprizingly, = We generated HeLa clones with CRISPR-Cas9-mediated repeat 4 dele-
RNA-FISH and SRM demonstrated that shell-localized TDP-43 clusters  tion (‘Arep4’) (Extended Data Fig.10a,b). Paraspeckles formed normally
overlap withthe 5’- but not the 3’-end NEAT1 probe signal (Fig. 7c). By  in these clones, with TDP-43 localized to the shell, and were sensitive
RNA-FISH with aprobe flanking repeat 4 (43 nt/29 ntup/downstream), to TDP-43 OE (Fig. 7e,f and Extended Data Fig. 10c). Interestingly,
thisrepeat was found to localize externally to TDP-43 clusters (Fig. 7d). NEAT1_2 was upregulated in Arep4 clones (Extended Data Fig. 10d).
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We hypothesized that repeat 4, being in a more ‘accessible’ position
(spheroid surface), plays a role in TDP-43 recruitment into the sphe-
roid after its assembly. Indeed, FRAP demonstrated a slower recovery
of TDP-43 GFP fluorescence in Arep4 cells compared with wild-type
(WT) cells (Fig. 7g). Therefore, TDP-43 binding to NEAT1_2 middle/
core UG repeats (repeats 1-3) during cotranscriptional RNP assembly
mediates bothits spheroid localization and condensation regulation,
whereas repeat 4, which is synthesized later, is not essential for these
processes but may mediate TDP-43 recruitment into the spheroids
post assembly (Fig. 7h).

NEATI1_2 3’-end UG repeat links paraspeckle stability to
neuroprotection under stress and neurodegeneration

We hypothesized that decreased TDP-43 recruitment post assembly
willinfluence paraspeckle stability and turnover. To test this, we inhib-
ited the transcription with DRB to abolish the de novo paraspeckle
formation. The spheroid integrity rapidly declined after DRB addition;
however, the spheroid collapse was significantly slower in Arep4 cells
(Fig.8a). Ananalysis of paraspeckle numbers during the stress response
(6 hof recovery from NaAsO,, when multiple individual paraspeckles
accumulate)’ revealed more efficient stress-induced upregulation of
paraspeckles in Arep4 cells (Fig. 8b).

Paraspeckles and their protein components are dysregulated in
ALS’. We therefore studied the effect of NEAT1_2 repeat 4 deletion in
hMNs. The widely used iPS cell line KOLF2.1] that possesses 24/25 UG
repeats (Extended Data Fig. 10e) was utilized. Cell clones homozygous
for repeat 4 depletion were generated (Extended Data Fig. 10f,g). In
parallel, clones with ablated paraspeckles (by CRISPR-Cas9-mediated
deletion of the NEAT1_2-specific portion of the NEATI gene; NEAT1_2-KO
cells) were also generated and characterized (Extended Data
Fig. 10h-k). These engineered lines proliferated and differentiated
normally, beingindistinguishable from WT cells (Fig. 8c). Motor neuron
cultures (day 36) obtained from WT,NEAT1_2 Arep4 and NEAT1_2-KO iPS
cells were subjected to chronic stress (continuous low-dose treatment
with MG132) (Fig. 8d), and their survival was monitored on anIncucyte
live cell imager for 72 h. Paraspeckle induction in WT and NEAT1_2
Arep4 neurons by this stressor was confirmed using RNAscope-
in situ hybridization (ISH) in parallel (Fig. 8d). This survival analysis
demonstrated that NEAT1_2 Arep4 neurons are significantly protected
from stress-induced apoptosis, whereas NEAT1_2-KO neurons are more
vulnerable compared with WT cells (Fig. 8e).

Theabove findings led usto hypothesize that repeat 4 size would
have a disease-modifying effect in ALS. Using ExpansionHunter* and
whole genome sequencing (WGS) data from ProjectMine (https://
www.projectmine.com/, datafreeze 2), sizes of all four repeats were
determined for 6,739 individuals, including 4,996 patients with ALS
and 1,743 controls. The sizes of middle repeats (repeats 1-3) were
similar to those in the reference sequence, with the modal length of
20 (range 7-25), 8 (6-12) and 9 (7-10) for repeats 1-3, respectively.
The combined length of middle repeats (both alleles) was relatively
invariable, with no difference in the size distribution between control
and patient populations; no association with survival was detected
(Fig. 8fand not shown). By contrast, repeat 4 displayed awide range of
sizes (2-37 repeats) inboth human cohorts, with multimodal distribu-
tion of repeat length and two distinct maxima (Fig. 8f). We found that
patients with ALS with the lengths of repeat 4 above the second maxima
(n=50)hadasignificantly shorter survival time than patients with ALS
with a shorter repeat length, after adjusting for age, sex and the first
ten principal components of genetic variation (difference: 0.27 years,
Coxregression, P=0.02) (Fig. 8g).

Discussion

Here, we elucidate a central role for TDP-43 in controlling paraspeckle
condensation—and hence the paraspeckle complex stoichiome-
try—underpinned by its ability to bind UG repeats and polymerize.

This regulation is encoded in the NEAT1_2’s primary sequence, via
the positions of UG repeats. We show that TDP-43’s regulation of
paraspeckle condensationis linked to cytoprotection under stress and
to ALS progression (Fig. 8h). Overall, our study links emergent proper-
ties of acondensate to abiological function and disease pathogenesis.

Paraspeckle biogenesis is suppressed in the majority of healthy
mammalian tissues, being substantial only in the gut epithelium and
corpus luteum®. By contrast, the shorter NEAT1 isoform is expressed
in the majority of tissues**s. Therefore, the NEATI promoter is con-
stitutively active, requiring efficient control of the paraspeckle
‘low-assembly’ state. The NEAT1_2 production essential for paraspeckle
assembly is regulated by the coordinated activity of polyadenylation
factors hnRNPK, CPSF6, NUTD21" and TDP-43*. Here we demonstrate
that TDP-43 is a key player in two additional paraspeckle regulation
mechanisms downstream of NEAT1_2 synthesis. First, TDP-43 blocks the
coalescence of NEAT1RNPs into the paraspeckle condensate. Second,
TDP-43 limits the dynamics of these condensates. Such athree-pronged
mechanism (limited NEAT1_2 production®*, restricted paraspeckle
condensation and maintenance of their mobility and dynamism—this
study) ensures efficient paraspeckle suppression. Stress response, on
the contrary, requires paraspeckle upregulation®”* and thus the alle-
viation of TDP-43'sinhibitory activity. We show that this can be achieved
by TDP-43 sequestrationinto de novo nuclear condensates. Indevelop-
ment, when paraspeckle levels fluctuate***°, TDP-43’s availability may
be controlled by its different biophysical states and recruitment into
other MLOs. We demonstrate that TDP-43’s self assembly is crucial for
paraspeckle regulation, similar to splicing®***. Moreover, we find that
increased TDP-43 dosage can elicit a TDP-43 loss-of-function effect, at
least at the NEATIlocus, viaenhanced TDP-43 oligomerization. Overall,
we demonstrate that TDP-43’s control of paraspeckle biogenesis is
multilayered, extending beyond isoform switch, and is controlled by
TDP-43 self-assembly.

Below certain concentrations, TDP-43 can be ‘accepted’ into FUS
condensates; however, within those, it forms a distinct subcompart-
ment. Consistently, recent studies have also found low miscibility
between TDP-43 and FUS ‘phases’ in vitro and in cells***", Paraspeckle
spheroids were proposed to be LLPS assemblies'’; our data suggest
that they are multiphase structures, composed of non-liquid (TDP-43
clusters) and LLPS (core PSP microphase) subcompartments. TDP-43
clusters within the spheroid probably modulate paraspeckle assembly
by micellization®? and paraspeckle autonomy**. TDP-43 may act as a
modulator of paraspeckle micellization, where the TDP-43-rich phase
growing on NEAT1_2 molecules physically interferes with the micelle
assembly steps. Indeed, TDP-43 solid-like cluster formation would be
expected to affect the coalescence of NEAT1-based block copolymers
into a spheroid micellar structure®’. Furthermore, it can change the
physical properties of the micelle, such asits size, curvature and mate-
rial properties. Arecentin vitro and modelling study also supports that
immiscible phase formation and competition between core PSPs and
TDP-43 for NEAT1_2binding underlie paraspeckle spheroid formation®..

We find that TDP-43’s regulation of paraspeckles is mediated by
NEAT1_2UGrepeatsina position-dependent manner, viatwo different
mechanisms—cotranscriptional and post assembly. The middle repeats
recruit TDP-43 cotranscriptionally, promoting or even initiating its
polymerization. This can either lead to TDP-43 cluster incorporation
in the spheroid or block spheroid assembly, depending on TDP-43
dosage and oligomerization propensity (Fig. 8h). The exceptionally
long 3’-end NEAT1_2 UG repeat, which emerges later during transcrip-
tionand localizesinanaccessible position onthe paraspeckle surface,
probably servesto recruit TDP-43 into the spheroid post assembly and
modulate spheroid stability (Fig. 8h).

Paraspeckles were linked to cytoprotection*?, and here, we show
that paraspeckle condensates specifically contribute to human neuron
survivalunder stress. Given this and the reported links between TDP-43,
NEAT1/paraspeckles and ALS pathology”'®***, we interrogated a
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potential role for NEAT1_2 UG repeatsinalarge humangenetic dataset
(6,739 individuals). The invariability of the middle UG-repeat sizes sup-
ported theirimportantrole in paraspeckle regulation. Contrastingly,
the 3’-end repeat size is highly variable (2-37 units), and its longer
sizes correlate with faster ALS progression. We propose that longer
UG repeats decrease paraspeckle condensate formation and stability
under stress via enhanced TDP-43 recruitment, compromising cyto-
protectionandsurvivalinthe context of ALS (Fig. 8h). Several proteins
important for paraspeckle assembly are affected by ALS mutations’.
In particular, FUS mutations cause NEAT1_2 upregulation but impair
paraspeckle condensation®. Recent studies suggest that TDP-43 loss
of function is a primary disease mechanism, due to altered splicing™.
TDP-43 sequestration onto longer 3’-end UG repeat as well as middle
repeats exposed due to inefficient spheroid formation (for exam-
ple elicited by ALS-linked mutant proteins) may exacerbate its loss
of function and contribute to splicing dysregulation. ALS-causative
TDP-43 mutations affecting its interactions with other PSPs* and
oligomerization®® may also act via paraspeckles. Recently, changesin
TDP-43 monomer:oligomer ratios have been reported in ALS*, and we
demonstrate that TDP-43 homo-oligomerization capacity regulates
the NEAT1 isoform ratio. Altered TDP-43 self-assembly states may
affect paraspeckle formationin ALS viaboth NEAT1_2 production and
condensation mechanisms. Importantly, our datasuggest that NEAT1_2
upregulation per se may not be sufficient to elicit a cytoprotective
effect—whichis only achieved upon paraspeckle condensate formation.
Efficient tools to modulate paraspeckle condensation will be required
to fully prove this infuture studies. Ultimately, the therapeutic target-
ing of paraspeckle condensation may provide a universal treatment
option applicable to multiple ALS subtypes.

The term ‘paraspeckle’ typically refers to the foci positive for
NEAT1_2 and a core PSP. Our study posits that paraspeckles exist as a
spectrum of assemblies regulated by the stoichiometry of TDP-43 and
core PSPs, whichiis cell type- and cell state-specific. Paraspeckle con-
densates sequester additional proteins, for example FUS, and through
this probably acquire novel properties and functions. The impaired
stoichiometry of paraspeckle complexes will have unwanted cellular
effectsleading to disease states. Our research creates aframework for
the studies of differential and emergent functionalities of paraspeckle
assembliesinvarious physiological and pathological contexts, includ-
ing development, cancer and neurodegeneration.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/541556-026-01895-y.

References

1. Fox, A. H., Nakagawa, S., Hirose, T. & Bond, C. S. Paraspeckles:
where long noncoding RNA meets phase separation. Trends
Biochem. Sci. 43,124-135 (2018).

2. Wang, Y. &Chen, L. L. Organization and function of paraspeckles.
Essays Biochem. 64, 875-882 (2020).

3. Nakagawa, S., Naganuma, T., Shioi, G. & Hirose, T. Paraspeckles
are subpopulation-specific nuclear bodies that are not essential
in mice. J. Cell Biol. 193, 31-39 (2011).

4. Modic, M. et al. Cross-regulation between TDP-43 and
paraspeckles promotes pluripotency-differentiation transition.
Mol. Cell 74, 951-965 €913 (2019).

5. Hupalowska, A. et al. CARM1 and paraspeckles regulate
pre-implantation mouse embryo development. Cell 175, 1902-
1916 1913 (2018).

6. McCluggage, F. & Fox, A. H. Paraspeckle nuclear condensates:
global sensors of cell stress?. Bioessays 43, e2000245 (2021).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

An, H., Tan, J. T. & Shelkovnikova, T. A. Stress granules regulate
stress-induced paraspeckle assembly. J. Cell Biol. 218, 4127-4140
(2019).

Adriaens, C. & Marine, J. C. NEAT1-containing paraspeckles:
Central hubs in stress response and tumor formation. Cell Cycle
16, 137-138 (2017).

An, H., Williams, N. G. & Shelkovnikova, T. A. NEAT1 and
paraspeckles in neurodegenerative diseases: a missing lnc
found?. Noncoding RNA Res. 3, 243-252 (2018).

Shelkovnikova, T. A. et al. Protective paraspeckle hyper-assembly
downstream of TDP-43 loss of function in amyotrophic lateral
sclerosis. Mol. Neurodegener. 13, 30 (2018).

Nishimoto, Y. et al. The long non-coding RNA nuclear-enriched
abundant transcript 1_2 induces paraspeckle formation in the
motor neuron during the early phase of amyotrophic lateral
sclerosis. Mol. Brain 6, 31 (2013).

An, H. et al. ALS-linked FUS mutations confer loss and gain of
function in the nucleus by promoting excessive formation of
dysfunctional paraspeckles. Acta Neuropathol. Commun. 7,7
(2019).

Sasaki, Y. T., Ideue, T., Sano, M., Mituyama, T. & Hirose, T. MENg/[3
noncoding RNAs are essential for structural integrity of nuclear
paraspeckles. Proc. Natl Acad. Sci. USA 106, 2525-2530
(2009).

Clemson, C. M. et al. An architectural role for a nuclear noncoding
RNA: NEAT1 RNA is essential for the structure of paraspeckles.
Mol. Cell 33, 717-726 (2009).

Naganuma, T. et al. Alternative 3'-end processing of long
noncoding RNA initiates construction of nuclear paraspeckles.
EMBO J. 31, 4020-4034 (2012).

Fox, A. H., Bond, C. S. & Lamond, A. I. P54nrb forms a heterodimer
with PSP1 that localizes to paraspeckles in an RNA-dependent
manner. Mol Biol Cell 16, 5304-5315 (2005).

Yamazaki, T. et al. Functional domains of NEAT1 architectural
IncRNA induce paraspeckle assembly through phase separation.
Mol. Cell 70,1038-1053 e1037 (2018).

West, J. A. et al. Structural, super-resolution microscopy analysis
of paraspeckle nuclear body organization. J. Cell Biol. 214,
817-830 (2016).

Lang, R., Hodgson, R. E. & Shelkovnikova, T. A. TDP-43 in nuclear
condensates: where, how, and why. Biochem. Soc. Trans. 52,
1809-1825 (2024).

Tziortzouda, P., Van Den Bosch, L. & Hirth, F. Triad of TDP43
control in neurodegeneration: autoregulation, localization and
aggregation. Nat. Rev. Neurosci. 22, 197-208 (2021).

Balendra, R. et al. Amyotrophic lateral sclerosis caused by
TARDBP mutations: from genetics to TDP-43 proteinopathy.
Lancet Neurol. 24, 456-470 (2025).

Chujo, T. et al. Unusual semi-extractability as a hallmark of nuclear
body-associated architectural noncoding RNAs. EMBO J. 36,
1447-1462 (2017).

Mohanty, P., Rizuan, A., Kim, Y. C., Fawzi, N. L. & Mittal, J. A complex
network of interdomain interactions underlies the conformational
ensemble of monomeric TDP-43 and modulates its phase
behavior. Protein Sci. 33, e4891(2024).

Afroz, T. et al. Functional and dynamic polymerization of

the ALS-linked protein TDP-43 antagonizes its pathologic
aggregation. Nat. Commun. 8, 45 (2017).

Conicella, A. E., Zerze, G. H., Mittal, J. & Fawzi, N. L. ALS mutations
disrupt phase separation mediated by a-helical structure in

the TDP-43 low-complexity C-terminal domain. Structure 24,
1537-1549 (2016).

Hallegger, M. et al. TDP-43 condensation properties specify its
RNA-binding and regulatory repertoire. Cell 184, 4680-4696
(2021).

Nature Cell Biology


http://www.nature.com/naturecellbiology
https://doi.org/10.1038/s41556-026-01895-y

Article

https://doi.org/10.1038/s41556-026-01895-y

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

30.

40.

4.

42.

43.

44,

45,

Dos Passos, P. M., Hemamali, E. H., Mamede, L. D., Hayes, L. R. &
Ayala, Y. M. RNA-mediated ribonucleoprotein assembly controls
TDP-43 nuclear retention. PLoS Biol. 22, 3002527 (2024).
Perez-Berlanga, M. et al. Loss of TDP-43 oligomerization or RNA
binding elicits distinct aggregation patterns. EMBO J. 42, 111719
(2023).

Matsukawa, K. et al. Long non-coding RNA NEAT1_1 ameliorates
TDP-43 toxicity in in vivo models of TDP-43 proteinopathy. RNA
Biol. 18, 1546-1554 (2021).

Buratti, E. et al. Nuclear factor TDP-43 and SR proteins promote

in vitro and in vivo CFTR exon 9 skipping. EMBO J. 20, 1774-1784
(2001).

Chen, H. J. et al. RRM adjacent TARDBP mutations disrupt RNA
binding and enhance TDP-43 proteinopathy. Brain 142, 3753-3770
(2019).

Gu, J. et al. Hsp70 chaperones TDP-43 in dynamic, liquid-like
phase and prevents it from amyloid aggregation. Cell Res. 31,
1024-1027 (2021).

Shelkovnikova, T. A., Robinson, H. K., Southcombe, J. A.,

Ninkina, N. & Buchman, V. L. Multistep process of FUS aggregation in
the cell cytoplasm involves RNA-dependent and RNA-independent
mechanisms. Hum. Mol. Genet. 23, 5211-5226 (2014).

Franzmann, T. M. et al. Phase separation of a yeast prion protein
promotes cellular fitness. Science 359, eaao5654 (2018).
Babinchak, W. M. et al. Small molecules as potent biphasic modu-
lators of protein liquid-liquid phase separation. Nat. Commun. 11,
5574 (2020).

Choi, K. J. et al. A chemical chaperone decouples TDP-43
disordered domain phase separation from fibrillation. Biochemistry
57, 6822-6826 (2018).

Maharana, S. et al. RNA buffers the phase separation behavior of
prion-like RNA binding proteins. Science 360, 918-921(2018).
Stender, E. G. P. et al. Capillary flow experiments for
thermodynamic and kinetic characterization of protein liquid-
liquid phase separation. Nat. Commun. 12, 7289 (2021).

Tollervey, J. R. et al. Characterizing the RNA targets and
position-dependent splicing regulation by TDP-43. Nat Neurosci
14, 452-458 (2011).

Passoni, M., De Conti, L., Baralle, M. & Buratti, E. UG repeats/
TDP-43 interactions near 5' splice sites exert unpredictable effects
on splicing modulation. J. Mol. Biol. 415, 46-60 (2012).

Grese, Z. R. et al. Specific RNA interactions promote TDP-43
multivalent phase separation and maintain liquid properties.
EMBO Rep. 22, 53632 (2021).

Oiwa, K. et al. Monomerization of TDP-43 is a key determinant for
inducing TDP-43 pathology in amyotrophic lateral sclerosis. Sci.
Adv. 9, eadf6895 (2023).

Hirose, T. et al. NEAT1 long noncoding RNA regulates transcription
via protein sequestration within subnuclear bodies. Mol. Biol. Cell
25,169-183 (2014).

Wang, C. et al. Stress induces dynamic, cytotoxicity-antagonizing
TDP-43 nuclear bodies via paraspeckle IncRNA NEAT1-mediated
liquid-liguid phase separation. Mol. Cell 79, 443-458 e447 (2020).
Huang, W. P. et al. Stress-induced TDP-43 nuclear condensation
causes splicing loss of function and STMN2 depletion. Cell Rep.
43, 114421 (2024).

46. Werner, M. S. & Ruthenburg, A. J. Nuclear fractionation reveals
thousands of chromatin-tethered noncoding RNAs adjacent to
active genes. Cell Rep. 12, 1089-1098 (2015).

47. Zanovello, M. et al. Unexpected frequency of the pathogenic
AR CAG repeat expansion in the general population. Brain 146,
2723-2729 (2023).

48. Kukharsky, M. S. et al. Long non-coding RNA Neat1 regulates
adaptive behavioural response to stress in mice. Transl. Psychiatry
10, 171 (2020).

49. Chen, L. L. & Carmichael, G. G. Altered nuclear retention of
mRNAs containing inverted repeats in human embryonic stem
cells: functional role of a nuclear noncoding RNA. Mol. Cell 35,
467-478 (2009).

50. Demongin, C. et al. RNA and the RNA-binding protein FUS act in
concert to prevent TDP-43 spatial segregation. J. Biol. Chem. 300,
105716 (2024).

51. Snead, W. T, Skillicorn, M. K., Shrinivas, K. & Gladfelter, A. S.
Immiscible proteins compete for RNA binding to order
condensate layers. Proc. Natl Acad. Sci. USA 122, €2504778122
(2025).

52. Yamazaki, T. et al. Paraspeckles are constructed as block
copolymer micelles. EMBO J. 40, e107270 (2021).

53. Takakuwa, H. et al. Shell protein composition specified by the
IncRNA NEAT1 domains dictates the formation of paraspeckles as
distinct membraneless organelles. Nat. Cell Biol. 25, 1664-1675
(2023).

54. Li, C. etal. Genome-wide analyses identify NEAT1 as genetic
modifier of age at onset of amyotrophic lateral sclerosis.

Mol. Neurodegener. 18, 77 (2023).

55. Kawakami, Y. et al. Downregulation of NEAT1 due to loss of TDP-43
function exacerbates motor neuron degeneration in amyotrophic
lateral sclerosis. Brain Commun. 7, fcaf261(2025).

56. Mehta, P.R., Brown, A. L., Ward, M. E. & Fratta, P. The era of cryptic
exons: implications for ALS-FTD. Mol. Neurodegener. 18, 16 (2023).

57. Ling, S.C. et al. ALS-associated mutations in TDP-43 increase its
stability and promote TDP-43 complexes with FUS/TLS. Proc. Natl
Acad. Sci. USA 107, 13318-13323 (2010).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2026

'Sheffield Institute for Translational Neuroscience and Neuroscience Institute, University of Sheffield, Sheffield, UK. 2Cardiff University, Cardiff, UK.

SFida Biosystems ApS, Sgborg, Denmark. “Zernike Institute for Advanced Materials, University of Groningen, Groningen, the Netherlands. *Molecular
Systems Biology Unit, European Molecular Biology Laboratory, Heidelberg, Germany. 8School of Life Sciences, University of Essex, Essex, UK. "University
Medical Center Utrecht, Utrecht, the Netherlands. ®The Pirbright Institute, Pirbright, Surrey, UK. °Centre for Molecular Medicine and Innovative
Therapeutics, Murdoch University, Perth, Western Australia, Australia. “°Present address: The Francis Crick Institute, London, UK. “'Present address:

Big Chemistry Foundation, Nijmegen, the Netherlands. **These authors contributed equally: Rachel E. Hodgson, Wan-Ping Huang, Ruaridh Lang.

e-mail: t.shelkovnikova@sheffield.ac.uk

Nature Cell Biology


http://www.nature.com/naturecellbiology
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:t.shelkovnikova@sheffield.ac.uk

Article https://doi.org/10.1038/s41556-026-01895-y

Project MinE ALS Sequencing Consortium

Philip van Damme’, Philippe Corcia™'?", Philippe Couratier', Patrick Vourc’h™'®, Orla Hardiman",

Russell McLaughin', Marc Gotkine®, Yossef Lerner®®, Shovman Yehuda?®, Vivian Drory?, Nicola Ticozzi*??,
Vincenzo Silani???3, Jan H. Veldink?*, Leonard H. van den Berg?*, Mamede de Carvalho?>?¢, Teresa Salas?,

Jesus S. Mora Pardina”®, Monica Povedano?, Peter Andersen®’, Markus Weber®, Nazli A. Bagak®,

Ammar Al-Chalabi**?*, Chris Shaw®?, Pamela J. Shaw', Karen E. Morrison®, John E. Landers®, Jonathan D. Glass®"*,
Clifton L. Dalgard®, Joke J. F. A. van Vugt’ & Johnathan Cooper-Knock'

'°KU Leuven-University of Leuven, Department of Neurosciences, Leuven, Belgium. "Centre SLA, CHRU de Tours, Tours, France. "UMR, iBrain, Université
de Tours, Inserm, Tours, France. *Federation des Centres SLA Tours and Limoges, LITORALS, Tours, France. “Centre SLA CHU Dupuytren Limoges
France, Tours, France. ®Service de Biochimie et Biologie moléculaire, CHU de Tours, Tours, France. ®UMR 1253, Université de Tours, Inserm, Tours,
France. "Academic Unit of Neurology, Trinity College Dublin, Trinity Biomedical Sciences Institute, Dublin, Ireland. ®Department of Neurology, Beaumont
Hospital, Dublin, Ireland. *Complex Trait Genomics Laboratory, Smurfit Institute of Genetics, Trinity College Dublin, Dublin, Ireland. ?*Department of
Neurology, Hadassah Medical Organization and Faculty of Medicine, Hebrew University of Jerusalem, Jerusalem, Israel. ?’Department of Neurology
Tel-Aviv Sourasky Medical Centre, Tel Aviv-Yafo, Israel. ?Department of Neurology and Laboratory of Neuroscience, IRCCS Istituto Auxologico ltaliano,
Milan, Italy. 2Department of Pathophysiology and Tranplantation, ‘Dino Ferrari’ Center, Universita degli Studi di Milano, Milan, Italy. 2*Department

of Neurology, UMC Utrecht Brain Center, University Medical Center Utrecht, Utrecht University, Utrecht, the Netherlands. ZInstituto de Fisiologia,
Instituto de Medicina Molecular, Faculdade de Medicina, Universidade de Lisboa, Lisbon, Portugal. *Department of Neurosciences, Hospital de Santa
Maria-CHLN, Lisbon, Portugal. 7ALS Unit, Hospital Universitario La Paz-Carlos Ill, Madrid, Spain. 2ALS Unit, Hospital San Rafael, Madrid, Spain. *la Unitat
Funcional de Motoneurona, Cap de Seccid de Neurofisiologia, Servei de Neurologia, Hospital Universitario de Bellvitge-IDIBELL, Barcelona, Spain.
3°Department of Clinical Science, Neurosciences, Umeéa University, Umed, Sweden. *Neuromuscular Diseases Unit/ALS Clinic, Kantonsspital St. Gallen,
St. Gallen, Switzerland. **Koc University, School of Medicine, Molecular Biology and Genetics, Suna and Inan Kirag Foundation, Istanbul, Turkey. **Maurice
Wohl Clinical Neuroscience Institute, King’s College London, Department of Basic and Clinical Neuroscience, London, UK. **Department of Neurology,
King's College Hospital, London, UK. *School of Medicine, Dentistry and Biomedical Sciences, Queen's University, Belfast, UK. **Department of
Neurology, University of Massachusetts Medical School, Worcester, MA, USA. ¥Department of Neurology, Emory University School of Medicine, Atlanta,
GA, USA. *®Emory ALS Center, Emory University School of Medicine, Atlanta, GA, USA. **The American Genome Center, Uniformed Services
University—'America’s Medical School’, Bethesda, MD, USA.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-026-01895-y

Methods

Ethics statement

Research performed in this study complies with all relevant ethical
guidelines.

Plasmids

TDP-43, FUS, NONO and SFPQ expression plasmids from previously
published studies were used'®*®. Plasmids for the expression of all
TDP-43 variants, RBM14, hnRNPF and BRG1 were custom-made by
VectorBuilder or Genewiz/Azenta. Cry2olig-mCherry plasmid was
from Addgene (no. 60032)*, and TDP-43 ORF was subcloned into
this vector using BsrGl/BsiWl and Notl sites. All proteins were tagged
on their N-terminus. Expression plasmids generated in this study are
available from Addgene®.

Cellline generation and NEAT1_2 UG-repeat analysis

HeLa and SH-SY5Y cell lines were obtained from ATCC via Merck (nos.
93021013 and 94030304). Genomically edited cell lines were gener-
ated by CRISPR-Cas9 as described earlier'*®'. Guide RNAs (gRNAs)
were designed using ChopChop (https://chopchop.cbu.uib.no/).
The HeLa NEAT1-KO line was generated using double targeting with
the following gRNAs: upstream, ACAGGGAGGGATGCGCGCCT and
CTTGCATAGCTGAGCGAGCCCGG, and downstream, CCTTGTAAAG
GCATAGCCAG and CAAAACCTGAGTGCGGCCAT. Single-cell derived
clones were initially screened by PCR, and lack of NEAT1 signal in the
positive clones was confirmed by RNA-FISH using 5/, 3’ and middle
NEAT1 probes (Supplementary Table1). For the Arep4 cell line produc-
tion, two gRNAs were used to generate a 372-bp deletion comprising
this repeat: CTCCAAACACACTATGGTGC and GAGAGGACTGTAACCT
GCTC.Single-cell derived clones with the ‘edited’ (-600 bp) butnot WT
(-1,000 bp) allele were identified by PCR and RT-qPCR. For the CRISPR-
Cas9-mediated TARDBPinactivation, two gRNAs targeting exon 3 were
used: ACATCCGATTTAATAGTGTT and TGGAGAAGTTCTTATGGTGC.
The MS2-tagged HeLa cell line was generated by inserting 6xMS2 into
p0s.21076 of NEAT1_2 (gRNA: TGTGGGATAAGCGAGCTACG). The donor
plasmid was constructed using pCR Blunt II-TOPO vector (Thermo
Fisher) by amplifying the repeats from phage-cmv-cfp-24xms2 plas-
mid (Addgene plasmid no.40651)*and adding 25-bp microhomology
arms and a Cas9 target site on both ends to facilitate the lineariza-
tion of the donor template in the nucleus; a point mutation was intro-
duced to destroy the PAM sequence. Clones were screened by PCR
after cotransfection of the gRNA-containing and donor plasmids. The
pMS2-GFP plasmid was from Addgene (no.27121)%’. For NEAT1 2 repeat
4 length analysis, the repeat-containing region was PCR-amplified
from genomic DNA using flanking primers, cloned into the pCR Blunt
II-TOPO vector, and >4 colonies were sequenced. All PCR primers are
giveninSupplementary Table 1.

Cell transfection, treatments and optogenetic experiments

For the TDP-43 and NEAT1knockdown, SilencerSelect siRNAs (Thermo
Fisher) were used (nos. s23829 and n272456, respectively), and an
endoribonuclease-prepared siRNA (esiRNA) (no. EHU092111, Sigma)
was used for FUS, alongside scrambled negative control AlIStars siRNA
from Qiagen. Transfection with siRNA or plasmids was performed
using either Lipofectamine 2000 (Thermo Fisher) or jetPRIME (Jena
Bioscience) following manufacturer’s instructions, in a 24- or 12-well
format. Cells were treated with 0.5 mM NaAsO, (Sigma) for 1 h and left
torecoverinfreshmedia. For optoTDP-43 experiments, HeLa cells were
transfected to express optoTDP-43 or Cry2olig-mCherry and stimu-
lated with blue light 24 h post transfection, on a custom array or on
OperaPhenix®’. Cells were protected fromlight between experiments.

Stem cell and neuronal models
KOLF2.1J iPS cell line (iNDI/JAX, no. JIPSC001000) was cultured
in mTeSR Plus and passaged using ReLeSR (Stemcell Technologies).

Cells were pretreated with Y-27632 (ROCK inhibitor) for 1 hbefore lift-
ing, which was removed 24 h after plating. For CRISPR-Cas9 editing,
preformed RNP complexes composed of sequence-specific CRISPR
RNA(s) (crRNAC(s)), trans-activating crRNA (tracrRNA) (labelled with
5" ATTO 550) and Cas9 enzyme (all IDT) were formed following the
standard IDT protocol for Neon electroporator. The electroporation
of iPS cells was performed in suspension, with a single 20-ms pulse at
1,600 V. After 48 h of recovery, cells were lifted using ReLeSR, passed
through 40-pum cell strainers to generate single cell suspension and
sorted using a BD Biosciences FACSMelody Cell sorter (561-nm laser).
ATTO 550-positive cells were plated with less than or equal to one cell
per well in 96-well plates. Visible colonies were expanded in 24-well
plates. For the Arep4iPS cell generation, the same gRNAs and screening
primers as for HeLa cells were used. For the paraspeckle ablationiniPS
cells, previously validated gRNAs were used®’. Human motor neurons
were differentiated from iPS cells as described for human ES cells®>.On
day 23, motor neurons were lifted with Accutase (Stemcell Technolo-
gies), replated and matured for at least 7 days, before being plated in
the final format (coverslips or optical plates). Lentiviral particle pro-
duction and neuronal transduction were performed as described®”.
The viability analysis was performed on Incucyte S3 Live-Cell Analysis
System using the Caspase 3/7 Green Dye (Sartorius).

RNAISH

RNA-FISH was performed using Stellaris probes (Biosearch Tech-
nologies): Quasar570-labelled NEAT1 5’-segment (catalogued
probe, SMF-2036-1), Quasar670-labelled NEAT1 middle seg-
ment (custom-made) and Quasar570-labelled NEAT1 3’-segment
(custom-made) (Supplementary Table 1) as described'®". For
the NEAT1_2 repeat 4 detection, three oligonucleotide probes
were designed to recognize the repeat-flanking sequences
and custom-made by Merck (Cy3-labelled on the 5’-end):
5’-GAATGTGTTGGGCCAACTGC-3’,5-TCAGACCTCTCAAAGGGGTG-3’
and 5’-GAATCTGAGCAGAATCAGCC-3’. For super-resolutionimaging,
ProLong Gold Antifade mountant was used, and the slides were ‘cured’
for 24 hbeforeimaging. RNAscope-ISHwas performed as described®,
using catalogued probes from ACDbio: NEAT1_2-specific (411541) and
NEAT1 total (411531).

Immunostaining and PLA

Immunostaining was performed as described earlier*, using the follow-
ing commercial antibodies (1:1,000 dilution): FUS (rabbit polyclonal,
no. 11570-1-AP, Proteintech; mouse monoclonal, no. sc-47711, Santa
Cruz); TDP-43 (rabbit polyclonal, no.10782-2-AP, Proteintech; mouse
monoclonal, no. MAB7778-SP, R&D Biosystems; rabbit polyclonal
C-terminal, Sigma; rabbit monoclonal E2G6G, no. 89718, Cell Signal-
ing); Tuj (Alexa 488-conjugated, no. ab237350, Abcam). The TDP-43
SNAP-tag detection was performed by a2-hincubation with SNAP-Cell
TMR-Star dye (New England Biolabs) in full media, followed by media
washes. The PLA was performed using Duolink In Situ Orange Starter
Kit Mouse/Rabbit (no. DU092102, Sigma) according to the manufac-
turer’sinstructions, with the mouse monoclonal anti-FUS antibody and
either Sigma or Proteintech rabbit anti-TDP-43 antibody (incubated
overnightat4 °C).

FRAP

Cells were grown and transfected on glass-bottomed 35-mm dishes
(Mattek or Ibidi). Cells were treated if required 24 h post transfection,
and imaging was done in a CO,/temperature equipped chamber of a
ZEISS LSM 800 confocal microscope, with a 63x oilimmersion objec-
tive. Typically, three condensates were analysed per cellin at least ten
cells per conditionin asingle experiment. For paraspeckle clusters, the
entire cluster was bleached. For TDP-43 stress-induced nuclear conden-
sates, acircular region of interest (-0.15 um) within the condensate was
bleached using a 488-nm laser. Images were acquired prebleaching,

Nature Cell Biology


http://www.nature.com/naturecellbiology
https://chopchop.cbu.uib.no/

Article

https://doi.org/10.1038/s41556-026-01895-y

immediately after bleaching and then at ~200 ms intervals during
recovery. The mean fluorescence intensity within the region of interest
was determined for eachimage using ZEN blue software. The intensity
values were corrected for bleaching during imaging and normalized
to the prebleachintensity. FRAP curves were fitted using a one-phase
association equation using GraphPad Prism.

Microscopy

Images were taken using the following systems (see text/figure
legends for details): (1) conventional fluorescent imaging, Olympus
BX57 microscope (100x objective) equipped with ORCA-Flash 4.0
camera (Hamamatsu) and cellSens Dimension software (Olympus); (2)
SRM of paraspeckles, DeltaVision OMX SR (SIM) or ZEISS LSM 980 with
Airyscan2detector and ZEN blue software; (3) time-lapse fluorescence
imaging, Opera Phenix (40x objective) with Harmony 4.9 software; and
(4) brightfield imaging for RNAscope-ISH, Nikon Eclipse Ni microscope
with Nikon DS-Ril camera and NIS Elements v2.20.02 software. Image
postprocessing was done using ZEN blue or ImageJ.

RNA expression analysis

Total RNA was purified using GenElute Mammalian Total RNA Miniprep
Kit (Merck), with on-column DNase digest (RNase-Free DNase Set,
Qiagen). Samples in lysis buffer were heated at 55 °C for 10 min as a
standard, unless for the semi-extractability analysis (see below). The
first-strand complementary DNA (cDNA) synthesis was performed
using 500 ng of RNA with random primers (Thermo Fisher) and MMLV
reverse transcriptase (Promega) as per manufacturer’s protocol. The
RT-qPCR was performed using qPCRBIO SyGreen Lo-ROX. Primers for
NEATI1, GAPDH, FUS and TDP-43 were from a previous study'’; other
primers are givenin Supplementary Table 1.

RNA semi-extractability analysis

For the analysis of RNA semi-extractable properties, one set of samples
(in QlAzol, Qiagen or RNA kit-specific buffer) was heated at 55 °C for
10 min, and the second set was left at room temperature (RT) for 10 min.
RNAwas extracted frombothsets as per standard QIAzol/kit protocols,
followed by RT-qPCR analysis as above. The semi-extractability was
determined by calculating the ratio between heated versus non-heated
samples. A panel of commercial kits for total mammalian RNA isola-
tion was tested for RNA semi-extractability analysis: E.Z.N.A. (Omega
Bio-tek), PureLink (Thermo Fisher), ReliaPrep (Promega), GenElute
(Merck) and RNeasy (Qiagen), alongside the standard method—a
Trizol-type reagent®. Cells were grown in12-well plates to ~90% conflu-
ency andlysedineither QlAzol or akit-specificlysis buffer for 10 min at
RT. For the DNase sensitivity analysis, samples were treated withintact
or heat-inactivated DNase I (Qiagen) on columns for 30 min, with all
subsequent steps according to the kit-specific protocol.

Protein co-IP, oligomer crosslinking and western blotting

Cells expressing FUS deletion mutants (FUS-KO SH-SY5Y) or TDP-43
variants (HeLa) were lysed in 1% TritonX-100-PBS for 30 min on ice,
an input sample was taken, followed by centrifuging for 20 min at
17,000g. Supernatant wasincubated with GFP-Trap beads (Chromotek)
for 3 h on anutator at 4 °C. Beads were washed with lysis buffer three
times, and the protein was eluted by heating the beads for 10 min at
95 °Cin2x Laemmlibuffer. The 1% input and 25% eluate were analysed
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and western
blot. For DSG crosslinking, frozen cells on plates were resuspended in
1x PBS with protease inhibitors, and 400 pM DSG (Thermo Fisher) was
added for10 minat RT with gentlerotating. The reaction was quenched
with 20 mM of Tris—-HCL pH 7.5 for 15 min, and samples were processed
for western blot. Samples prepared in parallel without crosslinking
were used as controls. SDS-PAGE and detection were carried out as
described elsewhere®. The following commercial primary antibodies
were used (1:1,000 dilution): FUS (rabbit polyclonal, no. 11570-1-AP,

Proteintech); GFP (rabbit polyclonal, no. 50430-2-AP, Proteintech);
TDP-43 (rabbit polyclonal, C-terminal, Sigma); mCherry (rabbit poly-
clonal, no.26765-1-AP, Proteintech); secondary horesradish peroxidase
(HRP)-conjugated antibodies (Amersham). Equal protein loading was
determined by GelCode staining, and blots were quantified on Image
Studio software (Licor).

FUS and TDP-43 NTD protein production and purification

FUS protein was expressed from pET24b (+) in Rosetta (DE3) Escheri-
chiacoli.The cell pellet was lysed in the buffer containing 8 M ureaand
0.5% TritonX-100 and sonicated, and the soluble fraction was loaded
onto TALON/Cobalt resin (Clontech). Eluate fractions were dialysed,
and proteins were separated by gel filtration chromatography using
AKTA Pure purification system and HiLoad Superdex 200 pg 16/600
column (GE Healthcare). TDP-43 NTD was expressed from pOPINF in
BL21(DE3)E. coli,and the protein was purified with nickel-nitroloacetic
acidimmobilized metalion affinity chromatography followed by size
exclusion chromatography. Protein samples were concentrated and
stored at-80 °C.

Invitro analysis of condensates using immunostaining
(ImmuCon)

Coverslips (10-mm) were coated with 0.02% poly-L-lysine (Sigma)
for 30 min and washed with water. Coverslips were incubated in 2%
glutaraldehyde solution (EMS Diasum) for 40 min, washed with water
onceand leftto dry. Recombinant untagged TDP-43 (R&D Biosystems,
AP-190-100) or His-tagged FUS was diluted in the assay buffer (20 mM
Tris-HCI pH7.5, 20 mM KCI, 2 mM MgCl,, 1 mM dithiothreitol (DTT))
to the specified concentrations. Timings of condensate/aggregate
formation and protein:RNA ratios are described in the text and legends.
Samples were incubated with1,6-HD (Sigma, 4% final concentration),
TMAO (Sigma, 100 mM) or bis-ANS (Cayman Chemicals, at molar ratios
to TDP-43 4:1, 2:1, 1:1) for 10 min at RT. RNA oligonucleotides were
custom-synthesized and high-performance liquid chromatography
(HPLC)-purified by Eurofins. Samples were added onto the coverslip
as a 5-ul droplet, mixed by pipetting and left to sediment for 15 min.
Glutaraldehyde (4% in water) was added to samples (5 pl, 1:1ratio) for
30 min. Coverslips were washed with 1x PBS twice. Forimmunodetec-
tion, coverslips were first blocked with 1% bovine serum albumin (BSA)
in TritonX-100-PBS at RT for 1 hand thenincubated with primary anti-
bodies (1:5,000) diluted in blocking buffer for 1 h at RT. Commercial
antibodies against TDP-43 (mouse monoclonal, no. MAB7778, R&D
Biosystems) and FUS (rabbit polyclonal, no. 11570-1-AP, Proteintech)
were used, after confirming lack of cross-reactivity. Signal was detected
using secondary antibodies (Invitrogen, Alexa Fluor 488/546/633
mouse/rabbit), and coverslips were mounted on a glass slide using
ImmuMount (Thermo Fisher). Images were taken using Olympus BX57
upright microscope (100x objective) and ORCA-Flash 4.0 camera. A
detailed version of this protocol is available at ref. 67.

TDIPS

The assay was performed in a PC capillary (Fidabio) of 1 mlength and
an inner diameter of 75 um, using a Fida 1 equipped with a280 nm
fluorescence detector, witha cutoff filter of 300 nm. The capillary was
filled with either storage buffer or assay (LLPS) buffer, and the proteins
were loaded into the capillary with a pressure driven flow. The method
settings were as follows: 3,500 mbar and 45 s for washes; 50 mbar and
20 sforanalyte; 50 mbar and15 s forindicator; 500 mbar and 180 s for
measurement. The assay was performed at 25 °C with the autosampler
cooledto4°C.

Phase separation assay with ybbR-cyanine tagged proteins

TDP-43 and FUS were purified from BL21 Gold . coli harbouring the
pET-TDP-43/FUS ybbR mutant-TEV-MBP-6xHis plasmids generated
in-house. Target proteins were labelled as previously described®® by
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incubating with Sfp and CoA-Cy5 or CoA-Cy3, at a 1:1:4 molar ratio.
Labelled and unlabelled proteins were combined at a 1:25 ratio and
incubated with an equimolar amount of uTEV3 for 2 h at RT at high
enough KCl concentrations to prevent phase separation. To initiate
phase separation, the final concentrations were adjusted to 150 mM
KCIl,2 mMDTT, 4.8 uM unlabelled proteinand 0.2 pM labelled protein,
the samples were transferred to 96-well non-binding pClear plates
(Greiner Bio-One) and incubated for 30 min. Confocal images were
captured and analyzed as described previously®.

Molecular dynamics simulations of TDP-43 and FUS LCD
interactions

The version ofthe1-bead-per-amino-acid molecular dynamics model
used is described in detail previously”. All simulations were carried out
atatemperature of 300 Kusing atimestep of 20 fs. For the equilibration
ofthe droplet, the energy minimization on theinitial configuration was
used (energy tolerance of 1 k] mol nm™), before 50 ns NVT Langevin
dynamics simulations (Nosé-Hoover thermostat with 7, =100 ps), fol-
lowed by 500 ns NPT Langevin dynamics (Nosé-Hoover thermostat with
7.=100 psand aBerendsenbarostat with 7, =10 ps,1bar reference pres-
sure and acompressibility of 4.5 x 10~ bar™). The end state of the NPT
equilibration step was inserted into a new periodic box with avolume
chosentogive atotal particle density of 80,000 puM, after recentring on
the centre of mass and after the molecules had been unwrapped across
the previous periodicboundary conditions. A second energy minimiza-
tionstep was applied inthe new simulation box to relax the molecules
after the box expansion (energy tolerance of 1 k] mol™nm™). A final
3 us NVT production run (Nosé-Hoover thermostat with 7,=100 ps)
was used for data collection. The trajectory was sampled every 5 ns
to determine whether convergence was reached. The contact maps
were computed and analysed using the protocols detailed in ref. 70.

AlphaFold predictions

FUS-TDP-43 multimer structures were predicted by AlphaFold 3. Pro-
tein sequences were input to the server with theindicated copy number
and automatic seed setting. The top-ranked results were output and
visualized in Pymol v.2.55.5.

NEATI_2 TG repeat analysis in the Project MinE cohort

Project MinE was approved by the Trent Research Ethics Committee 08/
H0405/60.Informed consent for genetic research was obtained fromall
participants. The 6,739 individuals, including 4,996 patients with ALS and
1,743 controls, subject to WGS and included in this study were recruited
at specialized neuromuscular centres in the UK, Belgium, Germany,
Ireland, Italy, Spain, Turkey, the USA and the Netherlands’. Patients
were diagnosed with possible, probable or definite ALS according to
the 1994 El-Escorial criteria. All controls were free of neuromuscular
diseases and matched for age, sex and geographical location. Expan-
sionHunter (Illumina) software was used to determine repeat lengths
ofthe NEATI TG-repeats located on chromosome 11 between positions:
‘repeat1’,65429481-65429519; ‘repeat 2’, 65432669 and 65432684; ‘repeat
3, 65433717-65433735; ‘repeat 4', 65444263 and 6544432 (Genome
build 38) in the Project MinE dataset datafreeze 2 (DF2). One outlier
probably originating from a sequencing error was excluded.

Statistics and reproducibility

Datasets were tested for normality using appropriate testsin GraphPad
Prism (version10.6.1). Pvalues were calculated in GraphPad Prism using
an appropriate parametric or non-parametric test, depending on the
nature of the data and the recommended post hoc test for correction
for multiple comparisons, where applicable. No statistical methods
were used to predetermine sample size, but our sample sizes are similar
to those reported in our previous publications”*'>?**5, No data were
excluded fromthe analyses, except asingle outlier in the human genetic
dataset. The experiments were not randomized. The investigators were

blinded to the experimental condition where possible. Experiments
wererepeated at least three times, with similar results. Nindicates the
number of biological replicates (obtained inindependent experiments
performed on different days).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Alldatathatare necessary tointerpret, verify and extend the research
inthe article are provided in the Article and its Supplementary Infor-
mation. Expression plasmids generated in the study are available
via Addgene at https://www.addgene.org/Tatyana_Shelkovnikova/
(ref. 60). All other unique study materials are available from the cor-
responding author; a signed material transfer agreement (MTA) may
be required for transfer. All other data supporting the findings of this
study are available from the corresponding author on reasonable
request. Source data are provided with this paper.

Code availability

No original code was generated in this study.
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Extended DataFig. 1| See next page for caption.
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Extended Data Fig. 1| Ectopically overexpressed nuclear TDP-43, but not
other PSPs, disperses paraspeckles, in a concentration-dependent manner.
a) Nuclear but not cytoplasmic TDP-43 OE disrupts paraspeckles. WT and

ANLS TDP-43 were expressed in SH-SYS5Y cells, and paraspeckles were analysed
by NEAT1_2 RNA-FISH. Arrow indicates a transfected cell with dispersed
paraspeckles. Scale bar, 5 pm.b) The OE of shell-localized PSPs does not affect
paraspeckle clusters. Quantification from a representative experiment is shown.
Scale bar, 10 pm. ¢) The OE of GFP alone or core-localized PSPs does not affect
paraspeckle clusters. Scale bar, 5 pm. d) Paraspeckle dispersal by untagged
TDP-43 OE. NT, non-transfected. Scale bar, 20 pm. e) TDP-43 OE validation.
Representative blot is shown; empty pEGFP-C1 vector was used as a control.
Endogenous TDP-43 band is indicated with an asterisk. f) Paraspeckle dispersal
in cells with ectopic expression of TDP-43 GFP, TDP-43 SNAP-Tag and untagged
TDP-43. 66,54 and 98 cells (n =10, 11and 19 FoV) were quantified for GFP, SNAP-
tag and untagged TDP-43, respectively, from a representative experiment. Graph
shows mean +s.d. g,h) Concentration threshold for paraspeckle disruption by
TDP-43. Representative image (g) and quantification (h) of triple-labelled cells
with TDP-43 OE are shown. Ing, fold OE isindicated for low- and high-expressing

cells.Inh, NT cellis circled. Grey and red lines indicate the endogenous level and
mean disruptive concentration, respectively. Fluorescence intensity of TDP-43
antibody signal (OE+endogenous protein) was analysed in n = 54 transfected
and 19 NT cells, from a representative experiment. Graph: box, 25th to 75th
percentiles; center line, median; whiskers, mean to max. Scalebars,15 pming
and 10 umin h. i) Disordered NEAT1RNP aggregates in cells with high TDP-43
OE areenriched in TDP-43. Aggregates were analysed by dual NEAT1 RNA-FISH
and SRM. Scale bar in overlay, 3 um. j) Paraspeckle dispersal analysis using
RNAscope-ISH for NEAT1_2. Representative images and quantification, froma
representative experiment, are shown. Scale bar, 30 pm. k) Lentiviral expression
of untagged TDP-43 leads to paraspeckle dispersal in human NPCs. Day 16 NPCs
were used. Cells were analysed 72 h post-transduction using a NEAT1_2 probe.
Representative images and quantification, fromarepresentative experiment,
are shown. Scale bar, 20 pm. HeLa cells were used, exceptina and k. Cells

were analysed 24 h post-transfection. Representative images are shownin

a-d, i.Number of cells (n) analysed isindicated within barsinb,jand k. Source
numerical dataand unprocessed blots are available in the Source data.
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Extended DataFig. 2| Paraspeckle spheroid formation is not affected by
TDP-43 depletion. a) Normal paraspeckle core-shell structure upon siRNA-
mediated TDP-43 depletion. Dual NEAT1 RNA-FISH and SRM was used in HeLa
cells. Arrows indicate incomplete spheroids. 263 and 231large (>300 nm)
granules were analysed for scrambled and TDP-43 siRNA, respectively (from
n=10FoV), fromarepresentative experiment. Box, 25th to 75th percentiles;
center line, median; whiskers, mean to max. Scale bar, 1 um.b) Normal
paraspeckle core-shell structure upon CRISPR/Cas9-mediated TDP-43
depletion. Two gRNAs were used in HeLa cells, and quantification was performed
for gRNAL, 72 h post-transfection. Cells with visible TDP-43 loss (asterisks)

were categorised as ‘depleted’. Cells with normal TDP-43 levels were quantified
from the same field of view. ‘Low’, ‘intact’ or ‘high’ - arbitrary scoring of NEAT1-
positive cluster abundance. Number of cells analysed (n) (from a representative
experiment) is indicated within bars. Scale bar, 10 um. ¢) Smaller NEAT1-positive
particlesin SH-SY5Y cells represent a mix of single NEAT1 RNPs (paraspeckle
precursors, p) and their higher-order assemblies (bundles, b). Representative
images are shown. Note thatin SH-SY5Y cells, NEAT1RNPs in bundles are joined
both at their middle and termini, in contrast to disordered NEAT1 RNP multiplets
in TDP-43 OE cells (Fig. 1g). Source numerical data are available in the Source
data.
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Extended Data Fig. 3| TDP-43 oligomerization is NEAT1 and paraspeckle
regulation. a) Western blot analysis of TDP-43 variant expression. Variants
notinvestigated in this study are greyed. # indicates a C-terminal TDP-43
cleavage product and asterisk indicates a non-specific band. Note that ACTD

(red asterisk) is not recognised by the anti-TDP-43 C-terminal antibody used.

b) TDP-43 oligomerization-deficient variants are efficiently retained in the
nucleus in Hel a cells. GFP-tagged variants were used. Imaging with long exposure
reveals some cytoplasmic accumulation of TDP-43?" (top), however nuclear/
cytoplasmicratio (N/C) is not significantly different between the variants
(bottom). Fluorescence intensity was measured in ROIs in the nucleus (N) and
cytoplasm (C), with background (b) fluorescence subtracted. n =10 cells for each
condition, from a representative experiment. Scale bars, 20 pm. ¢) Confirmation
of reduced oligomerization ability for TDP-43*" and TDP-43*® variants using DSG
crosslinking.*,***,*** and*, indicate TDP-43 GFP monomer, trimer, tetramer
and higher-order multimer, respectively (based on molecular weight; monomer,
~70 kDa). d) ALS-linked TDP-43 mutations do not significantly affect paraspeckle

dispersal by TDP-43 OE. Asterisks indicate TDP-43 GFP expressing cells. Number
of cellsanalysed (n) (from arepresentative experiment) is indicated within bars.
Scale bar, 20 pm. e) Monomeric TDP-43 mutants decrease NEAT1_2 production.
NEAT1was analysed by qRT-PCRin cells expressing natural or engineered TDP-43
variants, 24 h post-transfection. Graph shows mean + s.e.m.N = 4-8.*p < 0.05,

**p < 0.01, one-tailed Mann-Whitney U'test (pairwise comparisons): WT, ACR,
2M/3 M, D169G and Y374X vs. GFP:p =0.0084, p=0.003, p=0.05, p=0.003 and
p=0.003, respectively; n.s., non-significant. Green and red asterisks - increased
and decreased expression compared to GFP control, respectively. Note that
oligomerisation-deficient TDP-43? and TDP-43® decrease NEAT1_2 production,
whereas TDP-43""and two out of three familial mutantsincrease it. f) TDP-43 OF
or knockdown does not cause NEAT1_2 splicing. The NEAT1_2 splicing isoform
reported previously (Ref. 22) was analysed by PCR with two primer pairs flanking
the splice sites. The spliced isoform was undetectable in all cases. Source
numerical dataand unprocessed blots/gels are available in the Source data.
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numerical data and unprocessed blots are available in the Source data.
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Extended DataFig. 6 | The interplay between TDP-43 and core PSPs in
paraspeckle assembly. a) TDP-43 and FUS rarely interact in the nucleoplasm,
asrevealed by proximity ligation assay (PLA). Representative image and
quantification are shown. abl,2 - two different TDP-43 antibodies were used.
Specificity of interaction was also confirmed using TDP-43 and FUS knockdown
(bottom). Representative images and quantification are shown.n=16 and 26
cells were analysed for ‘no ab’ and ‘FUS ab’, respectively, from a representative
experiment. Graph shows meants.e.m. ***p = 0.001, one-tailed Student’s ¢
test. Scale bars, 20 pm. b,¢) Oligomerisation-deficient TDP-43 mutants retain
the ability to interact with FUS. Interactions were analysed by co-IP (b) or PLA
(c)in cells ectopically expressing TDP-43 GFP. Representative western blots
are shown. Asterisks indicate TDP-43 OE cells. Scale bar, 20 pm. d) Increased
NONO dosage restores paraspeckle clustersin TDP-43 OE cells. Representative

images are shown. Asterisks indicate cells with dispersed paraspeckles. Scale
bar, 10 pm. e) FUS knockout (KO) cells and TDP-43 OE cells have a converging
phenotype with disrupted paraspeckle condensation, despite NEAT1RNP
accumulation. Paraspecklesin WT SH-SY5Y cells with and without TDP-43 GFP
OE and in FUS KO SH-SYS5Y cells were analysed. Representative images are shown.
f) Proteins used in paraspeckle spheroid rescue experiments (as N-terminally
GFP-tagged fusions).g-i) Paraspeckle cluster (g,h) and spheroid (i) rescue by
ectopic expression of proteins from e in FUS KO SH-SY5Y cells. Representative
images (conventional, g and SRM, i) and quantification for clusters (h) (froma
representative experiment) are shown. Number of cells quantified (n) is shown
within bars. Arrows indicate restored paraspeckle clusters. Inf, proteins are not
strictly to scale. Scale bar, 10 pm. HeLa cells were used in a-d. Source numerical
dataand unprocessed blots are available in the Source data.
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Extended Data Fig. 7| ImmuCon assay development and the effect of TDP-43
on FUS condensation in orthogonal assays. a) FUS (His-tag) protein fractions
during purification (40-51 were collected for experiments) and FUS protein
solubility in the ImmuCon assay buffer. FUS protein was incubated in the

assay buffer, and assemblies were pelleted by 17,000xg centrifugation at the
indicated time-points. ‘Final’ corresponds to the sample collected by adding
Laemmlibuffer directly to the tube at the 24-h time-point. Note that FUS
condensates are progressively lost from the sample through adsorption on the
tube walls (ending in the ‘final’ pellet fraction). Assay window of 10-30 min was
established based on these experiments, to avoid FUS (condensate) loss from
the assay. b) Recombinant TDP-43 NTD used in the study. ¢) FUS condensation is
concentration-dependent. Note that FUS shows signs of aggregation (assembly
intoirregularly shaped structures) at aconcentration >7.5 pM. Condensates
were analysed after 10 min of incubation. Representative images are shown. Blue
square indicates an optimal concentration used in most experiments. d) FUS
condensates are sensitive to 1,6-hexanediol (1,6-HD). Preformed condensates
were incubated with 4.0%1,6-HD for 10 min. Condensate number and area were
quantified from n =5-6 FoV per condition ( - 600 condensates in the control
sample), from arepresentative experiment. Graphs show meanzs.d. **p < 0.01
(p=0.0022), one-tailed Mann-Whitney U'test. e) Re-entrant phase separation
of FUS. FUS condensates are dissolved by increasing salt concentration

(2100 mM) but reformin a very high salt (=2400 mM). Condensates were

analysed after 30 min of incubation. Condensate area was quantified fromn =35
FoV per condition, from a representative experiment. Graph shows meanz+s.d.
**p < 0.01(p=0.004), one-tailed Mann-Whitney Utest.f) Recombinant TDP-43
clusters do not respond to known modulators of TDP-43 phase separation,
bis-AMS and TMAO. Post-centrifuge TDP-43 samples were incubated with the
compounds for 10 min. Cluster number and area were quantified fromn=3

FoV per condition, from a representative experiment. Graphs show mean#s.d.
n.s., non-significant, one-tailed Mann-Whitney U'test.g) Validation of TDP-43
effect on FUS condensation using Taylor dispersion-induced phase separation
(TDIPS). FUS and TDP-43 were injected at 17.5 pM and 9 puM, respectively. Note
that the curves are additive in the storage buffer (indicative of no condensation),
that FUS is almost entirely in the condensate state in the assay buffer,and a
dramaticincrease in the monomeric protein upon co-injection with TDP-43.
Datais from arepresentative experiment. h) TDP-43 effect on FUS condensation
studied using full-length recombinant proteins site-specifically labelled with
small fluorophores (Cy3/Cy5) via the ybbR peptide tag. Labelled proteins were
spiked into unlabelled protein samples at 1:25 ratio, before MBP tag cleavage and
phase separation analysis. Analysis was done on n =15 FoV per condition, from
arepresentative experiment. Graph shows meants.d. ***p < 0.0001, one-way
ANOVA with Holm-Sidak post-hoc test (comparison of FUS-only and FUS-TDP-43
samples - FUS-Cy3 channel). Image in panel g created using BioRender. Source
numerical dataand unprocessed blots are available in the Source data.
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Extended Data Fig. 8| PSP interaction in the microphase arrangement of the
paraspeckle condensate. a) GFP-tagged SFPQ and FUS demonstrate localisation
to the core orintermediate layer within the paraspeckle spheroid, respectively.
b) Analysis of PSP microphases in the paraspeckle spheroid shell. RBM14 forms
clustersin the paraspeckle shell, orderly positioned and not overlapping with
NEAT15’ end probe signal (inset). In contrast, hnRNP F forms smaller clusters,

or patches, within the paraspeckle, without an obvious localisation pattern.

¢) RBM14 and hnRNPF clusters within the spheroid do not overlap with TDP-43
clusters. GFP-tagged versions of these shell proteins and TDP-43 SNAP-Tag were
used. d) Paraspeckles are not enriched in RBPs previously reported in other TDP-43
nuclear condensates. e) FUS and TDP-43 are immiscible within condensates

reconstituted in the phase separation assay using ybbR-Cy3/5-labelled proteins.
f) Optimised conditions for FUS deletion mutant complementation in FUSKO
cells. GFP-tagged FUS variants were used. Note that the bands for endogenous
FUS and ectopically expressed FUS NTD overlap on the blot (same MW, *).
Soluble protein extracts were used for these experiments due to FUS NTD being
prone to aggregation. Representative western blots are shown. g) More efficient
interaction of full-length FUS with TDP-43, as compared to FUS NTD and FUS
CTDinisolation. Representative western blots are shown. Asterisks indicate non-
specific bands. Representative images are shown in a-e. Source numerical data
and unprocessed blots are available in the Source data.
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Extended Data Fig. 9 | Paraspeckle properties upon TDP-43 depletion.

a) TDP-43-depleted paraspeckles are more dynamic. Paraspeckle clusters
(SFPQ-GFP labelled) display faster fluorescence recovery in TDP-43-depleted
cellsin FRAP analysis. Cells were analysed 48 h post-transfection with scrambled
or TDP-43 siRNA (co-transfected with SFPQ-GFP). Knockdown efficiency was
confirmed by immunostaining. Analysis is for n =15 cells per condition, froma
representative experiment. Graph shows meants.e.m.; *p = 0.0362, one-tailed
Mann-Whitney Utest. b) TDP-43 knockdown decreases NEAT1_2 sensitivity to
DNase digest. TDP-43 was downregulated using siRNA, total RNA was purified
from cells 48 h post-transfection, and NEAT1_2 levels were analysed by qRT-PCR.

High sample/buffer ratio was used in this experiment (see Supplementary Fig.3).
Note that DNase significantly increases NEAT1_2 extraction in TDP-43-sufficient
but not TDP-43-deficient cells, where this effect is eliminated by sample heating.
Graphs show meanzs.e.m. N =3, *p = 0.05, one-tailed Mann-Whitney U test.

c) Remodelling of the paraspeckles distal to the NEAT1 locus. Schematic of MS2
labeling of the NEATI locus, representative image of a cell with groups of distal
and proximal paraspeckles labelled and quantification of GFP-positivity of
proximal and distal paraspeckles (from a representative experiment) are shown.
Number of cells quantified (n) is indicated within bars. Source numerical data are
available in the Source data.
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Extended Data Fig. 10 | Generation of cell lines with NEAT1_2 UG-repeat 4
deletion and NEAT1_2 knockout. a) gRNAs used for repeat 4 deletion by CRISPR/
Cas9.b) PCR confirmation of repeat 4 deletion in HeLa cells. Screening primer
pair was designed to flank the deleted region (top panel); ‘in-deletion’ primer pair
has both primers located within the deleted region; ‘outside deletion’ primer pair
maps to an unaffected region of NEAT1_2. Homozygous (ho, clones 2 and 3) and
heterozygous (het, clone 1) Arep4 clones were obtained. ¢) Lack of signal from
the repeat 4-specific probe in Arep4 HelLa cells. For probe positions, see Fig. 7d.
d) NEAT1 2 is upregulated in cells with repeat 4 deleted, as analysed by qRT-PCR.
Graph shows meanzts.e.m. N =4-5, *p < 0.05 (p = 0.0254), Kruskal-Wallis with
Dunn’s post-hoc test. e) NEAT1_2 UG-repeat 4 sizes in KOLF2.1J iPSC line. f) PCR
screening of single-cell derived iPSC clones for repeat 4 deletion after CRISPR/
Cas9 editing. g) Confirmation of repeat 4 deletion in iPSCs at the RNA level after
NPC differentiation. cDNA was prepared on the RNA purified from Day 16 NPCs.
h) NEATIlocus editing for NEAT1_2 KO. Top: double targeting (two gRNAs per cut
site) was used - in the middle (Md) and downstream (Dw) of NEAT1_2 genomic

sequence. Dark-blue - region corresponding to NEAT1_1. Bottom: desired editing
was confirmed by sequencing of the edited junction in all clones. Positions of
screening PCR primers are also shown. i) PCR screening of single-cell derived
NEAT1_2KOiPSCclones. ‘Pool’, nucleofected cell pool used for single-cell

plating (analysed 72 h post-nucleofection).j) Confirmation of abolished NEAT1_2
expression and retained NEAT1_1 expression in NEAT1_2 KO iPSC clones. Day

16 NPCs were analysed under basal conditions and after 6 h of recovery from
arsenite stress. Data for 3 clones were combined. Graph shows meants.e.m.
N=3o0r9(N=3foreachKO clone, combined); *p < 0.05: p = 0.05 for unstressed
and p = 0.0118 for stressed WT cells, one-tailed Mann-Whitney U test. k) Loss

of paraspeckles in NEAT1_2 KO NPCs confirmed by RNAscope-ISH. Day 16 NPCs
were analysed using the total NEAT1 probe. Note distinct foci corresponding

to paraspecklesin WT cells and dispersed NEAT1_1signal in NEAT1_2 KO cells.
Representative images are shown. Scale bar, 50 pm. Source numerical data and
unprocessed gels are available in the Source data.
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Population characteristics The 6,739 individuals including 4,996 ALS patients and 1,743 controls subject to WGS and included in this study were
recruited at specialised neuromuscular centres in the UK, Belgium, Germany, Ireland, Italy, Spain, Turkey, the United States
and the Netherlands.

Recruitment Patients were diagnosed with possible, probable or definite ALS according to the 1994 El-Escorial criteria. All controls were
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Sample size RNA expression analysis (qQRT-PCR): a minimum 3 biological replicates were analysed in the experiments with statistical significance analysis.
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analysed (e.g. paraspeckles) was typically >100.

In vitro imaging experiments: experiments were repeated at least 3 times, and at least 4 fields of view were analysed from a representative
experiment.

Biochemical analysis (e.g. western blot) experiments were repeated at least 3 times (N=3).

FRAP experiments: experiments were repeated at least 3 times, with 10 or more cells analysed in each experiment (2 or more particles in
each cell).

The numbers and biological and technical repeats were determined for each type of experiment based on prior extensive experience in this
type of studies.

Data exclusions  No data exclusions have been made, except a single outlier in the human genetic dataset analysis.
Replication Only data where replication was achieved in at least 3 experiments were used for conclusions and included in the manuscript.
Randomization  Not relevant - the experiments did not involve randomisation.

Blinding Investigators were blinded to the condition in experiments requiring manual quantification, where possible.
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Antibodies used Antibody, Company, Catalogue number, and Lot number:
FUS (rabbit polyclonal) Proteintech Cat#11570-1-AP, 00107882
FUS (mouse monoclonal) Santa Cruz Cat#sc-47711, K1915
TDP-43 (rabbit polyclonal) C-terminal Sigma Cat# T1580, 0000193756
TDP-43 (mouse monoclonal) R&D Biosystems Cat# MAB7778, CHGW0123021
TDP-43 E2G6G (rabbit monoclonal) Cell Signaling Cat# #89718, Lot 1
mCherry (rabbit polyclonal) Proteintech Cat# 26765-1-AP, 00062779
GFP (rabbit polyclonal) Proteintech Cat# 50430-2-AP, 00150738
Tuj (Alexa®488-conjugated), Abcam, Cat# ab237350
Secondary fluorescently labelled antibodies: Alexa488/546/633 Fluor anti-mouse/rabbit IgG, ThermoFisher: Rabbit 488 #A-11008,
2897813; Mouse 488 #A-11001, 2551357; Mouse 546 #A-11030, 2465085; Rabbit 546, #A11010, 2902337; Mouse 633 #A21050,
2920646.
Mouse 1gG HRP Linked Whole Ab Amersham Cat# NA931, 18095933
Rabbit IgG HRP Linked Whole Ab Amersham Cat# NA934, 18225602

Primary antibodies were used at 1:1000 dilution for immunocytochemistry and western blot and at 1:5000 in ImmuCon. Secondary
antibodies were used at 1:1000 dilution.

Validation Primary antibodies were validated in the required application prior to use: by western blot (single dominant band of predicted
molecular weight) and ICC (expected/known subcellular distribution); select antibodies - by siRNA knockdown (and subsequent WB
and ICC).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Human: Hela cells (ATCC), female, Merck, Cat# 93021013
Human: SH-SYSY cells (ATCC), female, Merck, Cat# 94030304
Human: MCF7 cells (ECACC), female, Merck, Cat# 86012803
Human: FUS knockout SH-SYSY cell line - the above parental line was used
Human: NEAT1 knockout Hela cell line - the above parental line was used
Human: NEAT1_2 Arep4 Hela cell line - the above parental line was used
Human: 1xMS2-NEAT1_2 Hela cell lines - the above parental line was used
Human: KOLF2.1J iPSC line, male, JAX, Cat#JIPSC001000
Human: NEAT1_2 Arep4 iPCS line - the above parental line was used
Human: NEAT1_2 KO iPCS line - the above parental line was used

Authentication The cell lines were procured directly from the approved repository vendor, with all the authentication documentation (e.g.
STR profiling) available.

Mycoplasma contamination Mycoplasma testing of all cell lines was performed routinely (every 2 weeks) using a sensitive luminescence kit; all cell lines
stayed mycoplasma-free throughout the study.

Commonly misidentified lines  such lines were not used in the study.
(See ICLAC register)




Plants

Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A
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	Paraspeckle condensation is controlled via TDP-43 polymerization and linked to neuroprotection

	Results

	TDP-43 is a negative regulator of paraspeckle condensation

	TDP-43 oligomerization and RNA binding are both required for suppression of paraspeckle condensation

	TDP-43 antagonizes core PSPs in paraspeckle condensation

	TDP-43 limits FUS condensation in vitro

	TDP-43 and FUS form demixed microphases within condensates including paraspeckles

	TDP-43 sequestration into stress-induced de novo condensates alleviates paraspeckle suppression

	Position-dependent contribution of NEAT1_2 UG repeats in paraspeckle regulation via TDP-43

	NEAT1_2 3′-end UG repeat links paraspeckle stability to neuroprotection under stress and neurodegeneration
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