
Article
Stress-induced TDP-43 nu
clear condensation
causes splicing loss of function and STMN2
depletion
Graphical abstract
Highlights
d Cellular stress induces RNA-depleted, non-liquid TDP-43

condensates in the nucleus

d ALS mutations affect nuclear TDP-43 condensation under

stress

d Stress-induced nuclear condensation inactivates TDP-43,

leading to splicing loss of function

d STMN2 splicing displays slow recovery post stress
Huang et al., 2024, Cell Reports 43, 114421
July 23, 2024 ª 2024 The Author(s). Published by Elsevier Inc.
https://doi.org/10.1016/j.celrep.2024.114421
Authors

Wan-Ping Huang, Brittany C.S. Ellis,

Rachel E. Hodgson, ..., Jessica Rayment,

Tobias Moll, Tatyana A. Shelkovnikova

Correspondence
t.shelkovnikova@sheffield.ac.uk

In brief

Cellular stress may contribute to

neurodegeneration. Huang et al.

demonstrate that stress-induced nuclear

condensation of the neurodegeneration-

linked TDP-43 protein causes its transient

inactivation and loss of function in

splicing. Although these changes are

reversible, some TDP-43 splicing targets,

e.g., STMN2, recover slowly, rendering

them prone to misregulation under

chronic stress.
ll

mailto:t.shelkovnikova@sheffield.ac.uk
https://doi.org/10.1016/j.celrep.2024.114421
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2024.114421&domain=pdf


OPEN ACCESS

ll
Article

Stress-induced TDP-43 nuclear condensation
causes splicing loss of function
and STMN2 depletion
Wan-Ping Huang,1,2 Brittany C.S. Ellis,1,2 Rachel E. Hodgson,1 Anna Sanchez Avila,1 Vedanth Kumar,1 Jessica Rayment,1

Tobias Moll,1 and Tatyana A. Shelkovnikova1,3,*
1Sheffield Institute for Translational Neuroscience and Neuroscience Institute, University of Sheffield, Sheffield, UK
2These authors contributed equally
3Lead contact
*Correspondence: t.shelkovnikova@sheffield.ac.uk

https://doi.org/10.1016/j.celrep.2024.114421
SUMMARY
TDP-43 protein is dysregulated in several neurodegenerative diseases, which often have a multifactorial na-
ture and may have extrinsic stressors as a ‘‘second hit.’’ TDP-43 undergoes reversible nuclear condensation
in stressed cells including neurons. Here, we demonstrate that stress-inducible nuclear TDP-43 condensates
are RNA-depleted, non-liquid assemblies distinct from the known nuclear bodies. Their formation requires
TDP-43 oligomerization and ATP and is inhibited by RNA. Using a confocal nanoscanning assay, we find
that amyotrophic lateral sclerosis (ALS)-linked mutations alter stress-induced TDP-43 condensation by
changing its affinity to liquid-like ribonucleoprotein assemblies. Stress-induced nuclear condensation tran-
siently inactivates TDP-43, leading to loss of interaction with its protein binding partners and loss of function
in splicing. Splicing changes are especially prominent and persisting for STMN2 RNA, and STMN2 protein
becomes rapidly depleted early during stress. Our results point to early pathological changes to TDP-43 in
the nucleus and support therapeutic modulation of stress response in ALS.
INTRODUCTION

TDP-43 is one of the most studied proteins linked to neurode-

generative diseases of aging, such as amyotrophic lateral scle-

rosis (ALS), frontotemporal dementia (FTD), and Alzheimer’s

disease.1 Wild-type (WT) TDP-43 presents with abnormal distri-

bution patterns in the central nervous system in these conditions,

including nuclear clearance and excessive cytoplasmic accumu-

lation, sometimes accompanied by the formation of aggregates/

inclusions.2,3 In addition, >50 ALS/FTD-linked variants have

been reported in the encoding gene, TARDBP.4–6 TDP-43 is an

abundant RNA/DNA-binding protein (RBP) splicing factor.7 Un-

surprisingly, splicing deficiencies downstream of TDP-43

dysfunction in neurons cause a spectrum of cellular pathologies,

with axonal defects due to STMN2 depletion being the most

characterized.8–10

TDP-43 can oligomerize and is capable of phase transitions,

including liquid-liquid phase separation (LLPS); it enters and/or

interacts with several biomolecular condensates, or mem-

braneless organelles (MLOs), in the nucleus and cytoplasm.11

TDP-43 self-association is required for its MLO partitioning.12,13

Cellular stress triggers a whole array of changes in the conden-

sate/MLO metabolism, augmenting the assembly of some

condensates while dispersing others, as well as inducing de

novo MLO formation.14 TDP-43 responds to stress by changing

its localization, e.g., undergoing a partial shift to the cytoplasm
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or recruitment into MLOs/condensates such as stress

granules, nuclear stress bodies, or promyelocytic leukemia

(PML) bodies.15–17 Neurodegenerative diseases have a multi-

step pathogenesis, whereby different factors, including cellular

stresses, may contribute to the molecular pathology develop-

ment.18 Today we have a fairly good knowledge of the end-

stage TDP-43 pathologies from postmortem tissue studies,

including proteinaceous inclusion formation. However, very lit-

tle is still known about the early changes to TDP-43 in the nu-

cleus, including under stress, which may lead to these disease

hallmarks.

Here we demonstrate, using chemically induced changes as a

stress paradigm, that TDP-43 transiently forms RNA-depleted

assemblies with low dynamic properties in the nucleus of

stressed cells including human neurons. We further establish

that ALS-linked mutations alter either nucleation of these con-

densates or their dynamic properties. These condensates inac-

tivate TDP-43, leading to loss of function in splicing, and

although these changes are reversible, splicing recovery rates

differ for different transcripts, with STMN2 RNA displaying slow

recovery. Our study describes a stress-responsive regulatory

mechanism for TDP-43 function in splicing executed via its

reversible sequestration into an RNA-depleted MLO in the nu-

cleus. These findings shed light on the stress-related changes

to the nuclear TDP-43 metabolism that can contribute to the

pathogenesis of ALS and related diseases.
uly 23, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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Figure 1. Mechanisms of nuclear TDP-43 condensation under stress in cultured cells including human neurons

(A) Dynamics of nuclear TDP-43 condensation in response to arsenite (NaAsO2) stress. TDP-43 condensates (TCs) formed by ectopically expressed GFP-tagged

TDP-43 were tracked by high-content confocal imaging (>150 cells per time point from three wells). Asterisk indicates a dying cell. Scale bar, 10 mm.

(B and C) TDP-43 condensation is concentration dependent and has a low nucleation threshold. TC assembly correlates with TDP-43 GFP fluorescence intensity

at the baseline (B). Fluorescence intensity was measured in individual cells immediately after NaAsO2 wash-off (0h00) and after 2 h of recovery. 524 TCs from 27

cells were analyzed. In (C), representative images for cells with the lowest (10th percentile), highest (99th percentile), and intermediate expression and the cor-

responding GFP fluorescence intensity are shown for the 2-h recovery time point. a.u., arbitrary units. Scale bar, 5 mm.

(D) Incomplete fluorescence recovery (early plateau) for TCs as measured by FRAP. TDP-43 GFP-expressing cells were analyzed 2 h into recovery from NaAsO2

stress. Experiment was repeated three times, with ten cells and three condensates in each nucleus analyzed in every repeat.

(E) Super-resolution microscopy (SRM) detects diffraction-limited TC ‘‘cores’’ and the substructure of the large (R1 mm) assemblies (mature TCs) formed by

ectopically expressed TDP-43. Arrows indicate individual cores within mature TCs. Scale bar, 5 mm.

(F) TCs require ATP for their growth/higher-order assembly. Cells were pre-treated with oligomycin A (OM) and 2-deoxyglucose (2-DG) for 1 h prior to NaAsO2

stress. Number of cells analyzed (20 fields of view) is indicated within bars; ****p < 0.0001 (large/mature TCs), one-way ANOVA with Holm-Sidak test. Scale bar,

10 mm.

(legend continued on next page)
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RESULTS

Determinants of stress-induced TDP-43 condensation
in the nucleus
Previous studies have reported visible TDP-43 granulation in

the nucleus during recovery from arsenite (NaAsO2)

stress.19–21 To better understand this process, we first em-

ployed time-lapse confocal imaging of TDP-43 GFP-express-

ing HeLa cells. This analysis demonstrated a dynamic

behavior of these de novo TDP-43 nuclear condensates

(TCs hereafter), with individual structures growing in size

(maximum assembly at �1 h 45 min of recovery) and subse-

quently fully dissolving (Figure 1A). Ectopically expressed

TDP-43 did not form condensates spontaneously, without

stress exposure, even in high-expressing cells (Figure S1A).

TC assembly was concentration dependent, where higher

fluorescence intensity at the baseline positively correlated

with formation of large (>1 mm) TCs (r = 0.72) (Figure 1B).

However, ‘‘fine’’ granulation was readily detectable in

cells with very low TDP-43 expression (below the 10th

percentile), indicating a low assembly threshold (Figure 1C).

Although mature/end-stage TCs demonstrated fluorescence

recovery after photobleaching (Figure 1D), it was relatively

slow (t1/2 = 9.28–15.04 s, mean = 11.70 s), and full recovery

was not achieved (plateau between 0.4887 and 0.5260,

mean = 0.5067), suggesting restricted mobility of TDP-43

within the structures. Super-resolution microscopy (SRM) re-

vealed that the smallest, diffraction-limited TCs (TC ‘‘cores’’)

represent uniformly sized (�100 nm) granules, whereas the

larger structures correspond to their higher-order assemblies

(Figure 1E), although remodeling during coalescence cannot

be ruled out.

We next asked whether stress-induced TDP-43 condensation

is an active process. TDP-43 GFP-expressing cells were pre-

treated with a combination of 2-deoxyglucose (2DG) and oligo-

mycin A (OM) to block glycolysis and oxidative phosphorylation,

respectively, leading to rapid ATP depletion,22 and analyzed dur-

ing the recovery from NaAsO2. Although TC nucleation was not

affected by ATP depletion (the majority of cells still showing

granulation), it prevented TC growth, with very few 2DG/OM-

treated cells forming large TCs (Figure 1F).
(G) Endogenous TDP-43 forms TCs (endoTCs) with the core size similar to the ect

More than 400 cells from three wells were analyzed per time point using automa

(H) Human embryonic stem cell (hESC)-derived motor neurons (hMNs) form TCs

were used. Percentage of cells positive for TCs at each time point (three fields o

(I and J) Nuclear TDP-43 condensation requires its N-terminal domain (NTD). ‘‘M

condensation ability (I), but has a higher granulation threshold as compared to W

graph in J). Mean thresholds for onset of granulation are indicated with black and

for WT and 2M, respectively. **p < 0.01, unpaired t test. Scale bar, 10 mm.

(K) EndoTCs are positive for A11-oligomer antibody that recognizes b-sheet stru

(L) EndoTCs are enriched in non-NTD oligomerized TDP-43. Scale bar, 10 mm.

(M) Stress induces a reversible decline in TDP-43 dimer. SH-SY5Y cells were a

crosslinked samples with a C-terminal TDP-43 antibody. Double and single aste

(N) High basal levels of non-NTD-oligomerized TDP-43 in hMNs. NPCs, astrocyte

also included as a neuron-like cell line. Note that insets represent overexposed i

(O) High levels of non-NTD-oligomerized TDP-43 in the nucleus of human spinal ne

HeLa cells were used unless indicated otherwise. In all panels, time points indic

images are from a representative experiment repeated three times (N = 3); numb

indicated for each panel.
Endogenous TDP-43 also readily formed TDP-43-positive

granules (‘‘endoTCs’’) in HeLa and SH-SY5Y cells, with a slower

assembly kinetic, peaking at 5–6 h into the recovery (Figures 1G

and S1B) and fully resolving 16 h into the recovery (Figure S1C).

EndoTC cores were similar in size to the cores formed by TDP-43

GFP (�100 nm) (Figures 1G and S1D). TDP-43 condensation

could also be induced by proteasomal inhibition, viral mimic

poly(I:C), or heat stress (Figures S1E and S1F). We also

confirmed the ATP requirement for endoTC growth (Figure S1G).

Finally, we found thatmotor neurons derived from human embry-

onic stem cells (hMNs)23 also form TCs during the recovery from

NaAsO2, although their assembly was delayed compared to

non-neuronal cells (peak assembly at �10 h of recovery)

(Figure 1H).

The C-terminal domain (CTD) of TDP-43 was previously found

to be required for its nuclear condensation.19 Since the N-termi-

nal domain (NTD) also contributes to TDP-43 self-associa-

tion,12,24 we examined TC-forming behavior of a mutant lacking

NTD (DNTD) and a ‘‘mild’’ NTD mutant (two point mutations

E14A/E17A: ‘‘2M’’) (Figures 1I and S1H). While the 2M mutant

was still able to form TCs, the DNTD mutant lost this ability,

even in cells with high expression (Figure 1I). Tracking TDP-43

condensation in individual cells by time-lapse imaging revealed

that the 2M mutant requires significantly higher levels for TC

nucleation than WT, on average 4.9-fold higher (as measured

by fluorescence intensity, mean 19,859 vs. 4051 a.u. for 2M

and WT TDP-43, respectively) (Figure 1J). Overall, only 48.7%

of 2M-expressing cells had visible granulation after 2 h of recov-

ery, compared to 91.8% of WT cells. Therefore, intact TDP-43

NTD is essential for TC nucleation whereas ATP is required for

their growth.

TDP-43 was previously shown to localize to nuclear stress

bodies (nSBs) under heat-stress conditions,16 and nSBs can

be induced by NaAsO2.
25 We found no overlap between nSBs

and endoTCs induced by either heat shock or NaAsO2

(Figures S2A andS2B). TDP-43 is enriched in several constitutive

nuclear bodies.17,24,26 TCs, however, showed no overlap with

splicing speckles, Cajal bodies, or PML bodies (Figures S2B

and S2C). Interestingly, the latter three nuclear bodies appeared

to physically interact with TCs (Figures S2B and S2C), likely due

to TDP-43 transfer from these structures into TCs. TDP-43 is a
opically expressed protein but with a slower kinetic. Arrows indicate TC cores.

ted imaging/quantification. Scale bar, 20 mm.

during the recovery from NaAsO2 with a slow assembly kinetic. Day-42 hMNs

f view) is indicated. Scale bar, 20 mm.

ild’’ TDP-43 NTD mutant (2M), but not the variant with NTD deleted, retains

T (J). Cells were analyzed at 2 h into recovery as the endpoint assembly (I, and

orange lines for WT and 2M, respectively. N = 49 and 39 cells (from three wells)

cture. Scale bar, 5 mm.

nalyzed during the recovery from NaAsO2 stress by western blotting of DSG-

risks indicate TDP-43 dimer and monomer, respectively.

s, and hMNs were differentiated from the same hESC line. SH-SY5Y cells were

mages. Scale bar, 10 mm.

urons. Representative images for the spinal cord for two individuals are shown.

ate the recovery from NaAsO2 stress. In all cases, quantification data and/or

er of technical replicates (fields of view, wells, or individual cells for FRAP) is

Cell Reports 43, 114421, July 23, 2024 3



(legend on next page)

4 Cell Reports 43, 114421, July 23, 2024

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
paraspeckle component,27,28 and NEAT1 long non-coding RNA,

the most reliable paraspeckle marker, was found to be enriched

in TCs.19 Our detailed analysis of the relationship between TCs

and paraspeckles revealed a clear distinction between the two

structures.29 Thus, TC is a condensate distinct from the known

nuclear bodies.

Given the lowmobility of TDP-43 within TCs according to fluo-

rescence recovery after photobleaching (FRAP), we asked

whether these structures are amyloid-like, similar to TDP-43

myogranules.30 Indeed, TCs formed by ectopically expressed

and endogenous TDP-43 were reactive with the A11-oligomer

antibody (Figures 1K and S1I) that recognizes b-sheet-rich

structures.31

Recently, it has been reported that TDP-43 not oligomerized

via its NTD can be detected with an antibody recognizing an

epitope on the dimer surface.32 Using this monoclonal antibody

(E2G6G), we studied the levels and distribution of non-NTD-oli-

gomerized TDP-43, by immunostaining, during the recovery

from NaAsO2. TDP-43 E2G6G positive species were almost un-

detectable in HeLa cells under basal conditions but accumulated

during the recovery from stress (Figure 1L). Using disuccinimidyl

glutarate (DSG) crosslinking,12,33 a corresponding decline in

TDP-43 dimer was observed (Figure 1M). Strikingly, we found

that E2G6G antibody readily detects endoTCs and TCs formed

by TDP-43 GFP (Figures 1L and S1J). Previously it was reported

that in vitro, TDP-43 can initially oligomerize via its NTD, bringing

the CTDs in proximity and allowing subsequent higher-order as-

sembly to proceed via CTD-CTD interactions.34 TC positivity for

E2G6G antibody is in line with this model and with the TDP-43

CTD requirement for its condensation.19

We next asked whether the relatively slow TC assembly in

hMNs (detectable from 6 h of recovery, Figure 1H) is due to the

difference in the basal level of non-NTD-oligomerized TDP-43.

Indeed, we observed high TDP-43 E2G6G immunoreactivity in

the nucleus of hMNs, in contrast to day-16 neural precursors

(NPCs), astrocytes differentiated from the same stem cell line,

or SH-SY5Y cells (Figure 1N), whereas the reactivity for ‘‘total’’

TDP-43 was similar across these cell types (Figure S1K). This
Figure 2. Stress-induced nuclear TDP-43 condensation is inhibited by

(A) Polyadenylated RNA is depleted from endoTCs. HeLa cells were used. Scale

(B and C) Pre-mRNA accumulation induced by splicing inhibition limits TC assem

(B), 77 and 128 cells (five and seven fields of view) were analyzed for DMSO and p

94 TDP-43 GFP-expressing cells (20 fields of view) were analyzed for DMSO and p

represent SD. Scale bars, 15 mm.

(D) RNA depletion prior to stress does not prevent nuclear condensation of end

NaAsO2 stress. More than 500 cells from three wells were analyzed per conditio

(E) Disrupted RNA binding promotes stress-induced nuclear TDP-43 condensatio

than WT TDP-43. R100 cells (R10 fields of view) were quantified per condition/

(F) Polyadenylated RNA undergoes segregation in the nucleoplasm during the rec

SY5Y cells were used in this experiment due to prominent speckle localization of p

analyzed for basal, 3 h, and 6 h recovery time points, respectively. ****p < 0.0001

(G) Analysis of in vitro TC-like TDP-43 assemblies. Time-dependent changes in th

or absence of (UG)x15 RNA oligonucleotide are shown. Data points are fields of v

(H) Experimental pipeline for TC purification from cells. SG buffer, buffer used fo

(I and J) Purified TCs are insensitive to RNase A, 1,6-hexanediol, and Triton X-100.

and TCs isolated by centrifugation are shown (see also Video S1). In (J), TCs enric

quantified at 320 magnification in five fields of view (FoV). *p < 0.05, **p < 0.01,

In all cases, quantitative data and/or images are from a representative experime

wells, or individual nuclei/cells) is indicated for each panel.
prompted us to perform TDP-43 E2G6G analysis in the human

spinal cord. In line with the cellular data, spinal neurons, but

not glial cells, displayed a significant TDP-43 E2G6G immunore-

activity in the nucleus (Figure 1O). Thus, high steady-state level

of non-NTD-oligomerized TDP-43, and hence lower levels of

pre-existing NTD-NTD interactions, may contribute to the de-

layed TC nucleation in hMNs.

To conclude, in stress conditions, TDP-43 forms nuclear con-

densates with an internal substructure and low dynamic proper-

ties that are distinct from known nuclear bodies. This is an active,

ATP-dependent process that is initiated by TDP-43 NTD-driven

self-association. High basal levels of non-NTD-oligomerized

TDP-43 in hMNs may delay the onset of its condensation during

stress.

Stress-induced nuclear TDP-43 condensates are
negatively regulated by RNA
Although themajority of nuclear condensates are RNA-rich gran-

ules,35 using oligo(dT) RNA-fluorescence in situ hybridization

(FISH), we unexpectedly found that TCs formed by endogenous

or ectopically expressed TDP-43 are depleted of polyadenylated

RNA (Figures 2A and S3A). Because TDP-43 preferentially binds

to intronic UG-rich sequences,36 we analyzed TC assembly in

cells pre-treated with a splicing inhibitor (pladienolide B) to

induce pre-mRNA accumulation. This pre-treatment led to

diminished TC assembly by endogenous and ectopically ex-

pressed TDP-43 during the recovery from NaAsO2 (Figures 2B

and 2C). GFP-expressing cells in TDP-43 pre-treated with pla-

dienolide B also had a dramatically reduced number of small

TDP-43 foci (14 ± 6 per cell vs. 143 ± 52 in DMSO-treated cul-

tures), with the protein remaining largely diffuse during the recov-

ery fromNaAsO2 (Figure 2C), suggesting that RNA inhibits the TC

nucleation step. Pre-treatment with actinomycin D for 3 h (which

causes only minor TDP-43 redistribution to the cytoplasm in this

cell line37) did not prevent TC assembly (Figure 2D). Finally, a

TDP-43 mutant with disrupted RNA binding, F147/149L,38 dis-

played accelerated TC assembly with an increased proportion

of large TCs early after NaAsO2 removal (Figure 2E). These
(UG-rich) RNA

bar, 10 mm.

bly. Cells were pre-treated with pladienolide B for 1 h prior to NaAsO2 stress. In

ladienolide B conditions, respectively; **p < 0.01, unpaired t test. In (C), 95 and

ladienolide B conditions, respectively; ****p < 0.0001, unpaired t test. Error bars

ogenous TDP-43. Cells were pre-treated with actinomycin D for 1 h prior to

n using automated imaging.

n. TDP-43 F147/149L mutant (FLAG-tagged) forms TCs earlier/more efficiently

time point, manually, in a blinded manner. Scale bars, 10 mm.

overy from NaAsO2 stress leading to its depletion from interspeckle space. SH-

olyA+ RNA. 36, 38, and 27 nuclei, three regions of interest (ROIs) in each, were

, Kruskal-Wallis test with Dunn’s post hoc test.

e size of recombinant TDP-43 assemblies and their abundance in the presence

iew; ***p < 0.001, ****p < 0.0001, one-way ANOVA with Holm-Sidak test.

r the isolation of stress granule cores (see STAR Methods for details).

In (I), examples of TC-containing nuclei prior to lysis, swollen semi-lysed nuclei,

hed by centrifugation were treated as indicated for 30 min, and TC number was

Kruskal-Wallis test with Dunn’s post hoc test.

nt repeated three times (N = 3); number of technical replicates (fields of view,
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Figure 3. ALS mutations impact stress-induced nuclear TDP-43 condensation by affecting RNP binding

(A) Differential effect of ALS mutations on TDP-43’s condensation propensity in the nucleus during the recovery from NaAsO2. Representative images and

automated quantification from high-content confocal imaging are shown. More than 150 cells were analyzed per condition/time point (2 wells); right graph shows

combined data for the two early time points. *p < 0.05, **p < 0.01, one-way ANOVA with Holm-Sidak post hoc test. Scale bar, 10 mm.

(B) FRAP analysis reveals deficiencies in TDP-43 mobility within TCs for M337V but not D169G variant. Cells were analyzed 2 h into the recovery from NaAsO2.

Ten cells (three condensates in each) were analyzed for each TDP-43 variant.

(C–E) CONA (confocal nanoscanning) assay reveals altered mutant TDP-43 affinity to UG-RNA-nucleated RNP complexes. Assay schematic and the effect of

RNA sequence (C), representative images (D), and quantification (E) of ring intensities for TDP-43 GFP and Cy5 (RNA) are shown. Western blot was used to

(legend continued on next page)

6 Cell Reports 43, 114421, July 23, 2024

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
phenotypes were fully recapitulated when a proteasomal inhibi-

tor, MG132, was used to induce TCs (Figures S3B–S3D).

Having shown that (UG-rich) RNA limits stress-induced TDP-

43 condensation in the nucleus, we investigated possible

changes to the nucleoplasmic RNA distribution during stress.

This analysis was performed in SH-SY5Y cells that have promi-

nent polyA+ RNA-positive speckles. In addition to speckles,

polyA+ RNA was detected in cytoplasmic stress granules at

the early recovery time points, consistent with a previous

report.39 Although the polyA+ RNA signal remained high in the

nucleus throughout the recovery from NaAsO2, it underwent

spatial segregation, with the signal density increasing in

speckles from 3 h of recovery onward (Figure 2F). As a result,

the interspeckle space, where TCs form (Figures S2B and

S2C, pinin [PNN] marker), became depleted of RNA (Figure 2F).

Therefore, stress-induced nucleoplasmic remodeling associ-

ated with spatial RNA segregation may create favorable condi-

tions for TC nucleation.

We next sought to use an in vitro approach to validate the ef-

fect of RNA on TDP-43 assemblies. Using an immunodetection

protocol we have recently developed,29 we found that untagged

recombinant TDP-43 spontaneously forms large (>1 mm) assem-

blies, and their number and size increase with time in a physio-

logical salt buffer (Figures 2G and S4A). These assemblies

were reminiscent of cellular TCs in their morphology and time-

dependent growth and hence were used as an in vitro TCmimic.

TDP-43 assemblies were analyzed at 0, 6, and 24 h post thawing

in the presence or absence of synthetic UG(x15) RNA oligonucle-

otide, which allows efficient multivalent binding.40 In line with the

cellular data, RNA addition almost prevented time-dependent

growth of in vitro TDP-43 assemblies (Figure 2G), and total

RNA from HeLa cells had a similar effect (data not shown). We

also analyzed the effect of RNA on the smaller clusters of recom-

binant TDP-43 that mimic TC ‘‘cores.’’ Consistently, (UG)x15
RNA, but not a non-target sequence (CA)x12, dissolved these

clusters after a 24-h incubation (Figure S4B).

To directly interrogate the role of RNA in the maintenance of

TCs, we prepared a TC-enriched fraction from stressed HeLa

cells expressing TDP-43 GFP (Figures 2H and 2I; Video S1) by

adapting a protocol developed for paraspeckle isolation.22,41

TCs released from the nuclei were found to be stable assemblies

that remained intact in the lysis buffer for several hours. Using a

panel of agents known to affect the stability of biomolecular con-

densates, we found that TCs are dissolved by urea or SDS but

withstand 1,6-hexanediol or Triton X-100 exposure (Figures 2I

and 2J), consistent with the data for recombinant TDP-43 as-

semblies (Figure S4A). In agreement with the cellular data, puri-

fied TCs were insensitive to RNase A (Figures 2I and 2J).
confirm equal protein loading to beads (E). In (D) and (E), (UG)x15 RNAwas used. A

way ANOVA with Dunnett’s post hoc test (n.s., not significant). See Figure S6 fo

(F and G) RNA depletion rescues the condensation defect of TDP-43 D169G m

Representative images for all variants (F) and quantification for D169G mutant (G

DMSO and actinomycin D, respectively. Scale bar, 10 mm.

(H) Deficient nuclear TDP-43 condensation correlates with its cytoplasmic redistri

per condition. *p < 0.05, **p < 0.01, ****p < 0.0001, one-way ANOVA with Dunne

In all cases, quantification data and/or images are from a representative experim

wells, or individual cells for FRAP) is indicated for each panel.
Thus, stress-induced nuclear TDP-43 condensates are RNA-

depleted assemblies whose nucleation is inhibited by (UG-rich)

RNA. Ex cellulo studies also confirmed the non-LLPS nature of

these assemblies.

TDP-43 ALS mutants display defects in stress-induced
nuclear condensation
To analyze the effect of ALS-linked TDP-43 mutations on its par-

titioning into TCs, we selected three ALS TDP-43 mutations

affecting different domains of the protein: D169G (RRM1),

M337V (low-complexity domain [LCD]), and a recently reported

truncating mutant, Y374X (LCD).42 The D169G mutant was pre-

viously found to compromise TDP-43 nuclear condensation,19

but the mechanism remained unclear. Time-lapse imaging

demonstrated that TDP-43 condensation during the recovery

from NaAsO2 is enhanced by M337V, attenuated by D169G,

and not affected by Y374X mutation (Figures 3A and 3B). Similar

results were obtained for proteasomal inhibition (Figure S5). By

FRAP, TDP-43 M337V was less mobile in TCs, whereas in those

D169G-expressing cells that did form TCs, the intra-TC mobility

of this variant was similar to that of WT (mean t1/2 = 5.51, 4.73,

and 10.75 s forWT, D169G, andM337V, respectively; Figure 3B).

This indicated that D169G affects TC nucleation whereas M337V

affects their dynamic properties.

Both D169G and M337V do not significantly affect RNA bind-

ing40,43; however, TDP-43 mutations were previously shown to

affect the liquid properties of RNA-TDP-43 assemblies even in

the absence of RNA-binding defects.40,44 To test whether these

mutations modulate TDP-43’s affinity to LLPS ribonucleoprotein

(RNP) complexes, we developed a quantitative microbead assay

using the CONA (on-bead confocal nanoscanning) technique.45

This approach employs confocal imaging of the cross-sections

of functionalized beads, producing a fluorescent ‘‘ring’’ image

whose intensity corresponds to the amount of the bound mole-

cule (Figure 3C). The use of whole-cell lysates in this assay

allows preservation of the complex cellular environment and nat-

ural protein interactions (i.e., semicellular conditions). A strepta-

vidin ‘‘bridge’’ was used to functionalize nickel microbeads with

biotinylated and fluorescently labeled synthetic RNA oligonucle-

otides. Incubation of beads coated with UG(x15)-Cy5 RNA with

the lysate of TDP-43 GFP-expressing cells yielded a bright

GFP ring, whereas no ring was observed when beads were

coated with CA(x12)-Cy5 RNA (Figures 3C and S6A–S6C). No

ring was visible for GFP alone or the RNA-binding-deficient

TDP-43 F147/149L variant (Figures 3D and S6D). We used the

fluorescence intensity of the GFP ring as readout for TDP-43

ability to enter RNA-nucleated RNP assemblies. An automated

pipeline for CONA quantification that allows rapid analysis of
t least ten fields of view were analyzed per condition; *p < 0.05, **p < 0.01, one-

r details of assay development.

utant. Cells pre-treated with actinomycin D for 2 h prior to NaAsO2 stress.

) are shown. Twenty-seven and 30 cells (ten fields of view) were analyzed for

bution early during stress. More than 100 cells (13 fields of view) were analyzed

tt’s post hoc test. Scale bar, 10 mm.

ent repeated three times (N = 3); number of technical replicates (fields of view,
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hundreds of beads was developed (Figure S6E). CONA analysis

revealed that D169G significantly increases, M337V significantly

decreases, and Y374X has no effect on TDP-43GFP ring fluores-

cence intensity as compared to WT protein (Figures 3D and 3E).

Thus,M337V reduces while D169G augments TDP-43’s ability to

incorporate into LLPS RNP complexes, which inversely corre-

lates with their competency in TC assembly. To further confirm

that the high affinity of the D169G mutant to RNPs prevents effi-

cient TC nucleation, we performed RNA depletion to disrupt

such complexes, prior to NaAsO2 stress. Indeed, actinomycin

D pre-treatment was sufficient to rescue TC nucleation defi-

ciency of the D169G variant (Figures 3F and 3G).

Recruitment into macromolecular complexes has been shown

to retain TDP-43 in the nucleus.46,47 In line with this, we found

that TC-deficient D169G, but not TC-forming M337V and

Y374X variants, displayed significant redistribution to the cyto-

plasm early during recovery from NaAsO2 (1 h) (Figure 3H and

data not shown).

Therefore, TDP-43 ALS mutants display altered stress-

induced condensation, which correlates with their impact on

TDP-43’s ability to enter RNA-nucleated complexes. Further-

more, nuclear TDP-43 condensation regulates its cytoplasmic

levels during stress.

Stress-induced nuclear TDP-43 condensation leads to
reversible loss of its solubility and functional
interactions
We next sought to characterize the functional consequences of

stress-induced nuclear TDP-43 condensation. In our experi-

ments with ectopic protein expression we noticed dramatic,

nearly complete TDP-43 depletion from the nucleoplasm upon

TC assembly (Figure 4A). Consistently, FRAP experiments with

bleaching of the entire TC revealed slow and inefficient fluores-

cence recovery, consistent with low levels of ‘‘free’’ TDP-43 in

the nucleoplasm (Figure 4B). Quantification of the diffuse nucle-

oplasmic pool of endogenous TDP-43 confirmed its nucleo-

plasmic depletion during the recovery from NaAsO2 (Figure 4C).

This analysis also revealed that cytoplasmic TDP-43 relocaliza-

tion was an early and very transient event during stress, whereas

TDP-43 nucleoplasmic depletion occurred later, correlated with

TC assembly, was uncoupled from the cytoplasmic redistribu-

tion, and persisted for longer (Figure 4C). Endogenous TDP-43

condensation correlated well with a reduction in its solubility in

fractionation experiments (shift from supernatant to pellet frac-

tion, Figure 4D). In line with this, heating-step omission for ‘‘total

protein’’ samples prepared by direct cell lysis in SDS-PAGE

buffer led to strikingly low TDP-43 monomer detection in the

‘‘stressed’’ samples (Figure S7A), indicating its severely reduced

solubility. Loss of TDP-43 solubility was evident prior to the as-

sembly of visible TCs (as early as 1 h of recovery) (Figures 4D

and S7A), raising the possibility that its ‘‘fine’’ condensation,

not detectable by the regular fixation-immunostaining protocol,

occurs at the earliest recovery stages. Indeed, removal of the

soluble nucleoplasmic protein by formamide ‘‘extraction’’ re-

vealed increased TDP-43 granulation in the nucleus at the 1-h

recovery time point (Figure 4E).

We next performed affinity purification of TCs formed by TDP-

43 GFP and enriched as described above (Figure 2H) using GFP-
8 Cell Reports 43, 114421, July 23, 2024
Trap agarose, followed by mass spectrometry analysis of their

composition (Figures S7B and S7C). In total, 168 proteins were

identified as relatively enriched compared to GFP-only samples

(Table S1). We next compared the TC proteome with two pub-

lished TDP-43 interactomes.48,49 Only eight proteins (4.8% of

the TC dataset) were found in common between the three data-

sets (Figure 4F). Biological process gene ontology (GO) term

analysis revealed that TCs are severely depleted of RNA meta-

bolism factors—the primary TDP-43 interactors (Figure 4G and

Table S1). On the other hand, some interactions were gained in

TCs compared to the TDP-43 interactome, e.g., those related

to stress response, ATP metabolism, and chromosome conden-

sation (Figures 4G and 4H), consistent with TC’s ATP depen-

dence and dramatic nuclear remodeling during stress. However,

the number of proteins in these categories was low (a maximum

of 13 in the top GO terms compared to >70 in the soluble TDP-43

interactome) (Table S1). We also performed pull-down of soluble

nuclear TDP-43 GFP in the same cell line, followed by mass

spectrometry. Only 8.2% of TDP-43 GFP interactors identified

in this analysis were also present in the TC proteome, confirming

loss of multiple binding partners by TDP-43 upon TC sequestra-

tion (Figures S7D and S7E; Table S1). Immunocytochemistry

for four TC proteins (NONO, YBX1, NPM1, and hnRNPC)

confirmed the enrichment for NONO and YBX1 and interaction

between NPM1-positive nucleoli and TCs (Figures 4H and 4I).

hnRNPC was evenly distributed between TCs and nucleoplasm

(Figure 4I).

Thus, TDP-43 sequestration into TCs leads to the loss of its

soluble/diffuse pool and dissociation from its normal protein in-

teractome. Given the low complexity of the TC proteome, func-

tional inactivation of TDP-43 by sequestrationmay be themain, if

not only, function of TCs.

Stress-induced nuclear TDP-43 condensation elicits
transient loss of function in splicing and prolonged
STMN2 downregulation
Having demonstrated the loss of normal TDP-43 interactions

due to its condensation during stress, we next examined the

functional consequences of this molecular event using splicing

as readout. SH-SY5Y cells were treated with NaAsO2 and left

to recover for up to 6 h, and small interfering RNA (siRNA)-medi-

ated TDP-43 knockdown was used in parallel as a positive con-

trol. This cell line was chosen due to high expression of STMN2,

a well-characterized and ALS-relevant TDP-43 target.8 Efficient

mounting of stress response was verified by measuring the

expression of stress-inducible genes and eIF2a phosphorylation

(Figures S8A and S8B). Exon 3 skipping in POLDIP3 and cryptic

exon (CE) inclusion in EPB41L4A mRNAs, two well-known TDP-

43 targets, were readily detectable as early as 1 h into the recov-

ery (Figure 5A). These alternative splicing events persisted and

became even more prominent at the later recovery time points

(Figure 5A). We next quantified splicing changes in a panel of

both well-established and recently reported50 TDP-43 targets

by RT-qPCR. We compared 1-h and 6-h recovery time points

to selectively measure the effect of nuclear TDP-43 condensa-

tion, independent of its cytoplasmic relocalization, which occurs

1 h into the recovery. Out of six targets, four were found to have

changed in the same direction as in TDP-43 siRNA-transfected



Figure 4. Stress-inducible TDP-43 condensation leads to its dissociation from the normal binding partners in the nucleus

(A) Nucleoplasmic depletion of TDP-43 GFP upon TC assembly. Fluorescence intensity was analyzed in the center of TCs and in the inter-TC regions (nucle-

oplasm) before stress (�1h00) and 2 h into the recovery (38 and 27 cells, respectively, from nine fields of view). Scale bar, 5 mm.

(B) FRAP analysis reveals inefficient fluorescence recovery after photobleaching of the entire TC. Ten cells (3 condensates in each nucleus) were analyzed.

(C) Nuclear and cytoplasmic levels of soluble endogenous TDP-43 during recovery from stress. Fluorescence intensity was analyzed in ROIs selected in the

cytoplasm and nucleus (outside TCs) of the same cell for R30 cells per time point from two independent experiments (N = 2). *p < 0.05, ***p < 0.001, one-way

ANOVA with Dunnett’s post hoc test (nuclear) and unpaired t test (cytoplasmic). Scale bar, 5 mm.

(D) Reduced TDP-43 solubility during stress. Fractions were obtained by centrifugation in a detergent-containing buffer.

(E) Early onset of TDP-43 condensation during the recovery from stress revealed by formamide extraction. Scale bar, 10 mm.

(F and G) Proteomic analysis of purified TCs indicates their depletion of normal TDP-43 interactors. TCs formed by TDP-43 GFP were affinity purified as in

Figure 2H. Analysis was done using two biological and two technical replicates. Two published TDP-43 interactomes were used for comparison (F), and

enrichment of proteins within ‘‘biological process’’ GO terms, as compared to the normal TDP-43 interactome, was visualized (G). In (G), padj cutoff = 0.05;

combined score is from Enrichr.

(H and I) TC proteins and their validation. Proteins common for the three datasets and TC proteins from stress response and ATPmetabolism pathways are shown

(H) alongside validation by immunocytochemistry (I). Scale bar, 10 mm.

In all panels, NaAsO2 was used. In all cases, quantification data and/or images are from a representative experiment repeated three times (N = 3) unless indicated

otherwise; number of technical replicates (fields of view, individual cells) is indicated for each panel.
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cells, including a decrease in STMN2 mRNA (Figure 5B).

HDGFL2 (exon 5-containing isoform)51 was not changed, and

NPHP4 had almost undetectable expression (data not shown).

TDP-43 mRNA was also found to be upregulated (Figure 5B),

consistent with the autoregulation mechanism.52 STMN2

mRNA downregulation was due to CE inclusion, as confirmed
using primers detecting exon 2a-containing transcripts (Fig-

ure 5A). These changes were verified in hMNs at the 6-h recovery

time point, at the onset of TC assembly (Figure 5C). Notably,

STMN2 mRNA was downregulated by �50%, accompanied by

high levels of the CE-containing transcript, as early as the 1-h re-

covery time point (Figures 5C and 5D). Thus, nuclear TDP-43
Cell Reports 43, 114421, July 23, 2024 9



Figure 5. Stress-induced nuclear TDP-43 condensation leads to its loss of function in splicing and STMN2 depletion

(A and B) Splicing alterations induced by stress in SH-SY5Y cells are consistent with TDP-43 loss of function. Alternative splicing events were analyzed by PCR

(A) or qPCR (B) during the recovery fromNaAsO2 stress. In (B), total mRNA levels were analyzed for STMN2 and TDP-43 and levels of alternative isoforms for other

targets. For STMN2 cryptic exon (CE) analysis, primers specific to exon 2a-containing transcript were used. TDP-43 knockdown samples (48 h post transfection)

were analyzed in parallel as a positive control. N = 3–5; *p < 0.05, **p < 0.01, Mann-Whitney U test.

(C) Splicing alterations induced by stress in hMNs are consistent with TDP-43 loss of function. hMNs were analyzed by qPCR during recovery from NaAsO2

stress. N = 3–6; *p < 0.05, **p < 0.01, one-way ANOVA with Holm-Sidak post hoc test.

(D) STMN2 CE inclusion during the recovery from NaAsO2 stress in hMNs, as analyzed by PCR and qPCR using CE-specific primers. N = 3; *p < 0.05, one-way

ANOVA with Holm-Sidak test.

(E and F) Slow recovery of STMN2 splicing in SH-SY5Y cells (E) and hMNs (F). Cells were analyzed by qPCR during recovery from NaAsO2 stress. N = 4–5;

*p < 0.05, ****p < 0.0001, one-way ANOVA with Holm-Sidak post hoc test. See also Figure S8C.

(G) STMN2 protein depletion during the recovery from NaAsO2 stress in SH-SY5Y cells and hMNs. Representative blots and quantification (mean values) are

shown. N = 5 for SH-SY5Y cells and N = 2 for hMNs. See also Figures S8D and S8E.

All RT-qPCR reactions included two technical replicates, and the number of biological replicates (N) is indicated for each panel.
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condensation is associated with splicing alterations of TDP-43

targets including STMN2.

TCs completely resolve by 16 h of recovery in SH-SY5Y

cells (Figure S1C); however, unlike other TDP-43 targets, the

STMN2 mRNA level did not recover by that time point

(Figures 5E and S8C). STMN2 downregulation, but not TDP-43

upregulation, was also still detectable at this time point in

hMNs (Figure 5F). At the protein level, we found prominent

STMN2 depletion between 3 h and 6 h of recovery in both SH-

SY5Y cells and hMNs, without changes in total TDP-43

(Figures 5G, S8D, and S8E). This effect was not due to cell

toxicity/death, since it was fully reversible, with STMN2 protein

level returning to the pre-stress/normal level by the 24-/30-h re-

covery time points (Figures 5G, S8D, and S8E). STMN2 is a

short-lived protein (half-life �2 h),53,54 and we indeed observed

its complete loss after 4 h of translational arrest with cyclohexi-

mide (Figure S8F). Interestingly, a change in STMN2 protein

mobility was also observed early during stress (Figure 5G),

potentially due to palmitoylation.54 Thus, neuronal stress

response is associated with long-lasting, but reversible, deple-

tion of STMN2 (full-length) mRNA and protein.

DISCUSSION

Physiological condensates of TDP-43 characterized to date

have been represented by RNA-rich assemblies: stress granules

formed around mRNA,15,55 paraspeckles nucleated by architec-

tural NEAT1 RNA,28 small nuclear RNA-rich Cajal bodies,56

neuronal RNA transport granules,57 myogranules containing sar-

comeric protein-encoding mRNAs,30 and submicroscopic

splicing condensates formed on UG-rich RNA.58 In contrast,

the two RNA-depleted TDP-43 assemblies described so far,

aggresomes24,59 and anisosomes,60 demonstrate reduced dy-

namic properties and increased persistence and p62/ubiquitin

accumulation and are often associated with cell death, suggest-

ing their pathological nature. Furthermore, TDP-43 ALS-linked

mutations61 and its acetylation21 can disrupt RNA binding.

RNA was also found to neutralize toxic aggregated TDP-43 spe-

cies in the cytoplasm.62 Collectively, this body of knowledge

suggested that TDP-43’s loss of RNA binding and its incorpora-

tion into RNA-depleted structures equates with a pathological

event. Here, we describe a TDP-43-rich RNA-depleted conden-

sate with a physiological function: rapid and reversible TDP-43

inactivation during stress. It is important to note that being

RNA depleted, TCs are not completely devoid of RNA and can

recruit/sequester certain RNAs, for example, NEAT1.19 Interest-

ingly, although NEAT1 is dispensable for TC formation, it has a

stabilizing effect on this assembly,29 likely because of its unique

properties as a long structured RNA densely coated with LCD-

containing proteins.28

Several types of non-liquid/non-dynamic functional conden-

sates have been described.63 TCs display limited recovery in

FRAPexperiments, are stable in solution, are resistant to 1,6-hex-

anediol and mild detergents, and are detected by a b-sheet-spe-

cific antibody, suggesting that they are also non-LLPS assem-

blies. This physical state underlies efficient TDP-43 retention

and, hence, functional inactivation during stress. Consistently,

decreased TDP-43 mobility and solubility during stress were pre-
viously detected using a different set of approaches.64,65 Con-

densates of TDP-43 and other RBPs can undergo transition

from liquid-like to more solid (fibrilized, amyloid-like) state

in vitro, and RNA serves as a chaperone increasing their liquid

properties and limiting fibrilization.40,66–68 TC formation is analo-

gous to this transition, whereby TDP-43 loses association with

dynamic, liquid-like RNP complexes and becomes embedded

into a more stable, non-liquid assembly. Notably, sequestration

of TDP-43 into reversible structures, nSBs, is also associated

with loss of binding to �80% of its RNA targets,16 implicating

similar assembly processes and condensate properties. TC

dependence on ATP and enrichment in ATP-related factors sug-

gest that TC assembly is an active and tightly regulated process

rather than uncontrollable protein aggregation. Of note, ATP has

been shown to modulate TDP-43 LLPS in vitro,69 and relatively

low ATP levels typical for neurons69 may contribute to the slow

TC assembly in this cell type. Several parallels can be drawn be-

tween TCs and stress granule cores, which are also relatively sta-

ble and involve ATP machinery.22 Both structures are transient

and fully resolve post stress, being physiological in their nature

and cytoprotective under stress.19,23,70

Using the CONA assay, we found that the M337V variant de-

creases and D169G increases TDP-43 concentration on UG-

RNA-coated beads. This result can be interpreted as reduced

and augmented capacity of M337V and D169G variants, respec-

tively, to generate/enter the LLPS RNP ‘‘shell’’ formed on the

bead. An antagonism between (RNA-nucleated) LLPS of TDP-

43 and its fibrilization have been reported.40,71 Indeed, M337V

affects an a-helical segment in the CTD and disrupts TDP-43

LLPS in vitro and in unstressed cells, promoting conversion

into a fibrilized state.40,44 On the other hand, the D169G variant

was found to be resistant to fibrilization in vitro.72 Of note,

D169G was previously found to disrupt ATP binding,73 which

may also contribute to its effect on TC assembly. Our version

of CONA is not a simple RNA-binding assay but rather an

‘‘RNP incorporation’’ assay, since it uses whole-cell lysates

rich in RNA and numerous RBPs that will modulate TDP-43 inter-

actions. The assay is useful for detecting subtle changes in TDP-

43’s capability to assemble/enter RNPs in a complex molecular

environment close to cellular. Overall, our finding that different

ALS-causative mutations can affect TDP-43 condensation in

opposite directions emphasizes the importance of optimal

TDP-43 condensation properties for neuronal homeostasis.

TDP-43 loss of function leads to widespread splicing alter-

ations in its target genes, of which hundreds are currently

known.36,74,75 We find that cellular stress induces a TDP-43

loss-of-function splicing signature due to its depletion via nu-

clear condensation. Consistently, in a recent report, a stress-

inducing drug led to splicing changes consistent with TDP-43

loss of function.76 Altered splicing of some TDP-43 target genes,

e.g., STMN2 and UNC13A, results in protein depletion, which

can lead to neuronal dysfunction such as axonal abnormal-

ities.8,9,50,77–79 In addition, novel protein isoforms can be pro-

duced from the differentially spliced transcripts,80 which may

exert unwanted and even toxic effects on neurons. Therefore,

a physiological benefit of TDP-43 (splicing) loss of function in

stressed neurons is not obvious at first sight. However, firstly,

the changes elicited by TCs are transient: even with the relatively
Cell Reports 43, 114421, July 23, 2024 11
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severe arsenite-induced stress, normal splicing patterns are

largely restored after 16 h of recovery. Secondly, most novel

mRNA isoforms generated through cryptic/skiptic events may

be short-lived and not give rise to substantial amounts of delete-

rious protein variants. Alternatively, novel protein or RNA iso-

forms may be neutral or may have a cytoprotective effect. In

addition, transient depletion of certain proteinsmay be beneficial

in stressed neurons. For example, STMN2 is a microtubule-de-

stabilizing protein, and its upregulation was found to mediate

neurotoxicity in an ALS-SOD1 mouse model.81 Thus, its acute

downregulation during stress may have a protective effect on

the cytoskeleton. However, repetitive or chronic stress or ALS

mutations perturbing TC homeostasis will lead to recurrent/per-

sisting changes in splicing, and the slowly recovering targets,

such as STMN2, will be disproportionately affected. Constitutive

loss of STMN2 causes motor neuropathy in mouse models.10,82

Determining short-term vs. long-term effects of STMN2 deple-

tion, including under stress, should help establish a safe window

for its therapeutic modulation in ALS. It would be also important

to identify other TDP-43 splicing targets with slow recovery rates

and, hence, high sensitivity to chronic stress. Interestingly, in our

recent study, we observed abnormal nuclear TDP-43 condensa-

tion in an optogenetic model of C9orf72-induced pathology.83

Supporting our cellular data, a recent study in postmortem tissue

has reported nuclear TDP-43 granulation correlating with

STMN2-CE transcript accumulation in ALS spinal motor neu-

rons.84 Therapies directed at the optimization of cellular stress

response may be of promise in ALS treatment.

Limitations of the study
A chemical stress was used throughout the study to induce TDP-

43 condensation.More physiological stressors should be used in

the future, including in in vivo models. A single type of TDP-43

target RNA sequence (pure UG repeats) and relatively short

RNA oligonucleotides were used in this work, whereas TDP-43

binds to a repertoire of UG-rich sequences.58 Themain limitation

of the CONA assay is that the subcellular protein compartmen-

talization is lost after cell lysis. Nevertheless, the assay bridges

the gap between oligo-component in vitro assays with purified

protein and cellular assays.
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ImPACT � DAB reagent Kit Vector Labs Cat#SK-4103
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Precast Gel, 15-well
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Clarity Max Western ECL Substrate Bio-Rad Cat#1705062

GelCodeTM Blue Safe Protein Stain ThermoFisher Cat#24594

EprediaTM Immu-MountTM ThermoFisher Cat#10622689

Deposited data

Raw and processed proteomics data for: 1)

TC proteome; 2) soluble nuclear

TDP-43 interactome

jPOST partner repository

(https://jpostdb.org)

JPST003167 (PXD052963)

Experimental models: Cell lines

Human: HeLa cells (ATCC) Sigma-Aldrich Cat#93021013

Human: SH-SY5Y neuroblastoma

cells (ATCC)

Sigma-Aldrich Cat#94030304

Human: neural precursors (Day 16),

motor neurons (Day 42) and astrocytes

derived from ES H9 line

Shelkovnikova

et al.23 and this paper

N/A

Oligonucleotides

Silencer Select�: TARDBP (s23829) ThermoFisher Cat#4392420

AllStars Negative Control siRNA Qiagen Cat#SI03650318

Oligo(dT)30-Cy5 DNA FISH probe Sigma N/A

Random hexamers ThermoFisher Cat#48190011

Primers for RT-qPCR and PCR, see Table S2 An et al.85; Cao et al.50;

this paper

N/A
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UG(x15) RNA oligonucleotide: [CY5]

(UGUGUGUGUGUGUGUGUGUGU

GUGUGUGUG) [BIOTEG]

This paper N/A

CA(x12) RNA oligonucleotide: [CY5]

(CACACACACACACACACACACACA)

[BIOTEG]

This paper N/A

Recombinant DNA

Plasmid: TDP-43 WT GFP-tagged on

N terminus (pEGFP-C1)

Kukharsky et al.86 N/A

Plasmid: TDP-43 D169G GFP-tagged

on N terminus (pEGFP-C1)

This paper N/A

Plasmid: TDP-43 M337V GFP-tagged

on N terminus (pEGFP-C1)

This paper N/A

Plasmid: TDP-43 Y374X GFP-tagged

on N terminus (pEGFP-C1)

This paper N/A

Plasmid: TDP-43 E14A/E17A (2M)

GFP-tagged on N terminus (pEGFP-C1)

This paper N/A

Plasmid: TDP-43 DNTD GFP-tagged

on N terminus (pEGFP-C1)

This paper N/A

Plasmid: TDP-43 F147/149L GFP-tagged

on N terminus (pEGFP-C1)

This paper N/A

Plasmid: pFlag-TDP-43 WT Budini et al.87 N/A

Plasmid: pFlag-TDP-43 F147/149L Budini et al.87 N/A

Software and algorithms

Harmony 4.9 High-Content Imaging

and Analysis Software

PerkinElmer https://www.revvity.com/gb-en/category/

cellular-imaging-software

Adobe Photoshop CS3 Adobe https://adobe-photoshop-cs3-

update.en.softonic.com/

ZEN blue software ZEISS https://www.zeiss.com/microscopy/

en/products/software/zeiss-zen.html

R studio Version 2023.09.1 + 494 R core team (2023) https://www.r-project.org/

GraphPad Prism 9 GraphPad Software, Inc https://www.graphpad.com/

updates/prism-900-release-notes

CellSens Dimension software Olympus https://www.olympus-lifescience.com/

en/software/cellsens/

Other

Olympus BX57 upright microscope equipped

with ORCA-Flash 4.0 camera (Hamamatsu)

Olympus (Evident) Custom

ZEISS LSM 800 confocal microscope

with Airyscan 2

Zeiss https://www.zeiss.com/microscopy/

en/products/light-microscopes/

confocal-microscopes.html

PerkinElmer Opera Phenix - HCS PerkinElmer https://www.revvity.com/gb-en/product/

opera-phenix-plus-system-hh14001000

CFX96 Touch Real-Time PCR Detection System Bio-Rad https://www.bio-rad.com/ru-ru/

product/cfx96-touch-real-time-

pcr-detection-system?ID=LJB1YU15

Hamamatsu NanoZoomer XR slide scanner Hamamatsu https://nanozoomer.hamamatsu.com/jp/en.html

MatTek 35-mm glass bottom dish MatTek Cat#P35G-1.5-14-C

mCLEAR 384 well plate Greiner Cat#781092

PhenoPlate-96, black, optically clear bottom PerkinElmer Cat# 6055302
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Data and code availability
d Data reported in the paper will be shared by the lead contact upon request. The mass spectrometry data have been deposited

with the ProteomeXchange Consortium via the jPOST partner repository (https://jpostdb.org) and are publicly available as of

the date of publication. The dataset identifier is listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
HeLa and SH-SY5Y cell lines (both ATCC) were obtained via Sigma. NPCs and motor neurons were differentiated from hES H9 cells

and cultured as described in detail previously.23,85 Astrocytes were derived from hES cells using STEMdiff Astrocyte Differentiation

Kit (StemCell technologies) according to the manufacturer’s instructions.

Human tissue
Human postmortem tissue (spinal cord) was provided by the London Neurodegenerative Diseases Brain Bank (request #1470). Con-

sent was obtained from all subjects for autopsy, histopathological assessment and research in accordance with local and national

Ethics Committee approved donation. Information on the sex and age of donors was not provided by the Bank as part of this tissue

request.

METHOD DETAILS

Plasmids
Plasmid for the expression of TDP-43 with GFP tag on its N terminus in pEGFP-C1 vector (Clontech) was generated in our previous

study.86 Mutations were introduced by standard cloning/PCR mutagenesis approaches. TDP-43 F147/149L and WT FLAG tag plas-

mids87 were a gift from E. Buratti.

Cell transfection and treatment
Cell transfection with siRNA or plasmids was performed using either Lipofectamine2000 (ThermoFisher) or jetPRIME (PolyPlus). For

high-content imaging, cells were plated on PhenoPlate-96 (black, optically clear bottom, PerkinElmer). Cells were treated with

500 mM NaAsO2 (250 mM for hMNs), 10 mM MG132, 5 mg/mL of actinomycin D, 5 mM oligomycin A, 10 mg/mL cycloheximide (all

Sigma), 25 mM 2-deoxy-glucose (ApexBio) and 50 nM pladienolide B (Cayman chemicals), as indicated in the figure legend/text.

Cells were transfected with 250 ng poly(I:C) (Sigma) per well (24-well plate). For recovery, NaAsO2-containing media was replaced

with fresh media after 1 h. Heat stress was induced by placing cells at 42�C for 45 min.

Immunofluorescence
Immunostaining with commercial antibodies (see key resources table, all at 1:1000 dilution) and RNA-FISH using a Cy5-labeled poly-

dT(x30) DNA oligonucleotide probe (Sigma) were performed as described earlier.23 For formamide extraction of soluble protein, PFA-

fixed cells permeabilized with methanol cells were incubated in 50% formamide/2xSSC buffer ON at 37�C, washed with 1xPBS and

immunostained.

Cell microscopy and quantification
Images were taken using Olympus BX57 upright microscope equipped with ORCA-Flash 4.0 camera (Hamamatsu) and cellSens

Dimension software (Olympus). Time-lapse microscopy was done on Opera Phenix HCS or Operetta CLS followed by analysis on

Harmony 4.9 software (all PerkinElmer). Super-resolution imaging was done on ZEISS LSM 800 confocal microscope with Airyscan

2. Condensate quantification was performed either using custom automated pipelines on Harmony 4.9, or using ImageJ

(Analyze particles tool), or manually in a blinded manner (indicated in figure legend in each case). Fluorescence intensity in the
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nucleus/cytoplasm of cells was measured in Harmony 4.9 using the in-built intensity measurement tool or in a defined ROI using the

respective ImageJ tool. Profiles were drawn using ImageJ.

FRAP analysis
Cells were grown and transfected on glass-bottomed 35-mm dishes (Mattek). 24 h post-transfection cells were treated and imaging

was done in a CO2/temperature control equipped chamber of a ZEISS LSM 800 confocal microscope, with a 633 oil immersion

objective. Typically, three condensates were analyzed per cell for at least 10 cells per condition in a single experiment. A circular

ROI (�0.15 mm in diameter) within the condensate or full condensate was bleached using a 488 nm laser. Images were acquired

pre-bleaching, immediately after bleaching and then at �200 ms intervals during recovery. The mean fluorescence intensity within

the ROI was determined for each image using ZEN blue software (Zeiss). Intensity values were corrected for loss of fluorescence

during imaging and normalized to pre-bleach fluorescence intensity. Average values were plotted and FRAP curves were fitted using

a one-phase association equation in GraphPad Prism 9 software.

RNA expression analysis
For gene expression analysis studies, total RNA was extracted from cells grown in a 12-well format using Genelute total mammalian

RNA kit (Sigma) or Qiazol (Qiagen). First-strand cDNA synthesis was performed using 500 ng of RNA with random primers

(ThermoFisher) andMMLV reverse transcriptase (Promega) as per manufacturer’s protocol. PCRwas performed using GoTaq Green

Master Mix (Promega). RT-qPCR was performed using qPCRBIO SyGreen Lo-ROX (PCRbio), and GAPDH was used for normaliza-

tion. Primer sequences are given in Table S2.

TDP-43 solubility analysis and western blotting
Total cell lysates were prepared for western blot by adding 23 SDS-PAGE loading buffer directly to the wells in a 24-well plate fol-

lowed by denaturation at 100�C for 10 min. SDS-PAGE and detection of proteins were carried out as described elsewhere,85 except

Licor imager was used for detection. Briefly, samples were run on 10% Mini-PROTEAN TGX precast gels and transferred to PVDF

membrane (Hybond P, Amersham) by semi-dry transfer. All washes were done in TBST. Blocking and antibody incubation were per-

formed in 4% non-fat milk/TBST. Signal was visualized by Clarity Max Western ECL Substrate (Bio-Rad). For TDP-43 solubility anal-

ysis, cells were lysed in 1% Triton X-100/PBS buffer for 30 min at RT with periodic vortexing and then centrifuged at 17,000g for

20 min to obtain supernatant and pellet. 23 loading buffer was added to the supernatant and pellet, and pellet was vortexed prior

to heating, to ensure full solubilization. For TDP-43 dimer detection, snap-frozen cell pellets were resuspended in 1xPBS with cOm-

plete mini proteasome inhibitor cocktail (Roche) supplemented with 400 mMdisuccinimidyl glutarate (DSG) (Sigma) and incubated for

30 min at RT with rotation. After quenching with 20mMTris base (pH 7.4) for 15 min, samples were mixed with an equal volume of 23

SDS-PAGE loading buffer. Commercial antibodies used are given in key resources table. Uncropped western blots are provided in

Figure S9.

TDP-43 condensate isolation and stability analysis
HeLa cells were transfected to express TDP-43 GFP for 24 h, treated for 1 h with NaAsO2 and left to recover for 2 h. Protocol for TC

isolation was adapted from the paraspeckle purification protocol.41 Cells were scraped in SG lysis buffer (50 mM Tris HCl, pH 7.4,

100 mM KOAc, 2 mMMgOAc, 0.5 mM DTT, 50 mg/mL heparin, and 0.5% NP-40, cOmplete Mini - EDTA-free, RiboLock). Cells were

lysed by passing through a 25G needle seven times on ice and nuclei were pelleted at 1000 g for 5 min at 4�C. Nuclei were washed,

resuspended in the lysis buffer supplemented with 400mMNaCl and left to lyse on ice for 30min with periodic vortexing; efficiency of

nuclear lysis was monitored under fluorescent microscope. Nuclear lysates were centrifuged at 1000 g for 5 min at 4�C to remove

debris, and the supernatant containing TCs was centrifuged at 17000 g for 15 min at 4�C to obtain TC-enriched fraction. TC prep-

arations were subjected 2M urea, 2% SDS, 2.5% 1,6-hexanediol, 1% Triton X-100 (all Sigma) or 10 mg/mL RNase A (New England

Biolabs) for 30 min in 1xPBS, and TC integrity was analyzed under the microscope (droplet covered with a coverslip; 320 magnifi-

cation) with subsequent quantification using ‘Analyze particles’ function of ImageJ.

TDP-43 condensate proteomic analysis
TDP-43 condensates were isolated as described above from stressed HeLa cells and affinity purified using GFP-Trap agarose (Chro-

motek), by incubating beads for 3 h with TC suspension in SG lysis buffer. After several washes in the lysis buffer, the beads were

snap-frozen in a minimal buffer volume. The samples were run on a 10% SDS-PAGE gel and each gel lane was excised for in-gel

tryptic digestion using a DigestPro automated digestion unit (Intavis Ltd.). The resulting peptides in 1% (v/v) formic acid were frac-

tionated using an Ultimate 3000 nano-LC system (Acclaim PepMap C18 LC column, Thermo Scientific) in line with an Orbitrap Fusion

Tribrid mass spectrometer (Thermo Scientific). A 150min gradient segments were performed using solvent A containing 0.1% formic

acid and solvent B containing 80% acetonitrile in 0.1% formic acid with a flow rate of 300 nL/min. Peptides were ionized by nano-

electrospray ionization at 2.2 kV using a stainless-steel emitter with an internal diameter of 30 mm (Thermo Scientific) and a capillary

temperature of 275�C. All spectra were acquired by Xcalibur 2.1 software (Thermo Scientific) and operated in data-dependent acqui-

sition mode. FTMS1 spectra were collected at a resolution of 120,000 over a scan range (m/z) of 350–1550, with an automatic gain

control (AGC) target of 400,000 and a max injection time of 100ms. Precursors were filtered according to charge state (to include
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charge states 2–7), with monoisotopic peak determination set to peptide and using an intensity range from 5E3 to 1E20. Previously

interrogated precursors were excluded using a dynamic window (40s +/�10ppm). The MS2 precursors were isolated with a quad-

rupole mass filter set to a width of 1.6m/z. ITMS2 spectra were collected with an AGC target of 5000, max injection time of 50ms and

HCD collision energy of 35%. The raw data files were processed and quantified using Proteome Discoverer software v2.1 (Thermo

Scientific) and searched against the UniProt Human database (downloaded January 2023; 81579 sequences) using the SEQUESTHT

algorithm. Peptide precursor mass tolerance was set at 10ppm, and MS/MS tolerance was set at 0.6Da. Search criteria included

oxidation of methionine (+15.995Da), acetylation of the protein N terminus (+42.011Da) and Methionine loss plus acetylation of

the protein N terminus (�89.03Da) as variable modifications and carbamidomethylation of cysteine (+57.021Da) as a fixed modifica-

tion. Searches were performed with full tryptic digestion and a maximum of 2 missed cleavages were allowed. The reverse database

search option was enabled and all data was filtered to satisfy false discovery rate (FDR) of 5%. GFP-only samples were used as a

background control. Pulldown experiment was performed twice in duplicates, and the results from two independent experiments

were combined. Mass spectrometry analysis and data processing was done as described above.

Soluble TDP-43 interactome analysis
To obtain the TDP-43GFP interactome in unstressed cells, the nuclear fractionwas isolated fromHeLa cells expressing TDP-43GFP,

according to a previously published ‘‘REAP’’ protocol.88 Briefly, cells grown on 6-cm dishes were scraped in 500 mL of ice-cold

1xPBS and centrifuged at 2000 rpm for 2 min. Pelleted cells were resuspended in 200 mL of ice-cold 0.1% NP40/PBS and triturated

5 times with a P1000 pipette tip. Nuclei were pelleted at,000 rpm for 2 min, lysed in 1% Triton X-100/PBS using needle shearing and

vortexing and subjected to GFP-Trap pulldown. GFP-only samples were used as a background control. Pulldown experiment was

performed twice in duplicates, and the results from two independent experiments were combined. Mass spectrometry analysis and

data processing was done as described above.

Confocal nanoscanning (CONA)
Prior to the assay, transfected cells in a 35-mmdishwere lysed in 500 mL of 1%Triton X-100/PBS and 40U/mLRiboLock for 15min on

ice with periodic vortexing, and lysates were cleared by centrifuging at 13000 rpm for 15 min, snap-frozen and kept in �80�C. RNA
oligonucleotides (50 end labeled with Cy5 and 30 labeled with biotin-TEG) were custom-made and HPLC-purified by Eurofins. Ni-NTA

Superflow beads (Qiagen, 30410) were washed with binding buffer (0.3 M NaCl, 20 mM HEPES pH 7.5, 0.01% Triton X-100, 5 mM

MgCl2) and resuspended to 50% slurry. 40 pmol of His-streptavidin (NKMAX) was mixed with 25 mL of beads (50% slurry) for 30 min

with shaking/rotating at RT. Beadswerewashed in binding buffer 3 times and resuspended in binding buffer. RNA oligonucleotide (50

pmol) was added to 25 mL of the streptavidin beads and incubated for 30 min with shaking/rotating at RT. Beads were washed in

binding buffer with MgCl2 3 times and resuspended in 25 mL of the same buffer. 5 mL beads was added to thawed cell lysates

(100 mL) containing an equal amount of GFP-tagged proteins (normalized by western blot) and incubated with shaking/rotating at

RT for 2 h. Lysates were used within 15 min of thawing. Beads were washed in binding buffer three times and 30 mL beads was trans-

ferred to mCLEAR 384 well plate (Greiner, 781092). Imaging was done on Opera Phenix with the following parameters: brightfield:

20 ms, 50%, 2.0 mm; Cy5: 100 ms, 50%, 2.0 mm, GFP: 100 ms 20%, 2.0 mm. Stack parameters: first plane at 16.0 mm; number of

planes 3; distance 0.5 mm; last plane at 17.0 mm; overall height 1 mm. Beads both in the center and on the periphery of the well

were included in the analysis. Mean ring intensity for Cy5 and EGFP channels were quantified using a custom pipeline for ring seg-

mentation on Harmony 4.9 (details available upon request).

In vitro analysis of recombinant TDP-43 assemblies
Recombinant TDP-43 (R&D Biosystems, AP-190-100) (kept in �80�C) was thawed on ice and resuspended in the assay buffer

(20 mM Tris-HCl pH7.5, 20 mM KCl, 2 mM MgCl2 and 1mM DTT) at a final concentration of 1.25 mM. Sample was depleted of large

preformed assemblies where indicated by centrifuging at 1000 g for 5 min. Samples were incubated for the indicated amount of time

at RT in a low-binding microcentrifuge tube with or without RNA oligonucleotide (equimolar concentration) or HeLa total RNA (25 ng/

mL). Sampleswere then placed on a coverslip in a 5-mLmicrodroplet and left for 15min. TDP-43 assemblies sedimented on the cover-

slip were fixed with 4% glutaraldehyde (1:1 ratio) for 30 min. Coverslips were washed with 1xPBS twice, blocked with 1xPBS con-

taining 1% BSA for 1 h at RT and incubated with anti-TDP-43 antibody (rabbit polyclonal, Sigma-Aldrich, T1580, 1:5000) diluted in

blocking buffer for 2 h at RT. Secondary Alexa 488 Fluor antibody (ThermoFiher) was used for detection (1:1000, 1 h at RT). Coverslips

were mounted on a glass slide using Immu-Mount (ThermoFisher). Images were taken using Olympus BX57 upright microscope and

ORCA-Flash 4.0 camera and processed using cellSens Dimension software (Olympus). Quantification of assemblies was done using

‘Analyze particles’ tool of ImageJ.

Immunohistochemistry
Deparaffinized and rehydrated tissue sections (7-mm thick) were incubated in 3% hydrogen peroxide in methanol for 20 min and sub-

jected to antigen retrieval in 10 mM sodium citrate (pH 6.0) in a pressure cooker. Blocking and all washes were done using TBST as

the base buffer. Sections were incubated in 10% goat serum/TBST for 1 h and then in the primary antibody (TDP-43 E2G6G, 1:500)

diluted in blocking solution at 4�C overnight. After several washes in TBST, slides were incubated with biotinylated goat anti-rabbit

IgG (VectorLab) in TBST (1:1000) for 1 h at RT. Vectastain Elite ABC HRP kit and ImPACT DAB kit (both VectorLabs) were used for
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detection according to manufacturer’s instructions. Slides were then washed in distilled water, sections were dehydrated, cleared in

xylene and coverslips mounted using DPX resin. Hamamatsu NanoZoomer XR slide scanner was used for imaging.

QUANTIFICATION AND STATISTICAL ANALYSIS

Mass spectrometry data processing
Datasets were processed using R packages readr, dplyr, and ggplot2 packages. After removing common contaminants, the dataset

replicates (technical and biological) were merged for each condition. A cut-off of R2 total peptide count was utilized, and only the

proteins enriched relative the GFP-only ‘‘background’’ dataset were taken into further analysis. Peptide IDs were then converted into

gene names using Uniprot (https://www.uniprot.org/id-mapping). Dataset overlaps were visualized using BioVenn online tool.89

Enrichment analysis was done using Enrichr online tool,90 and visualization was done in Excel.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 9 software. N indicates the number of biological replicates. All statistical

tests are indicated in the figure legends. Graphs represent mean ± SEM unless stated otherwise.
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