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Abstract

Aggregation of the RNA-binding protein TAR DNA-binding protein
43 (TDP-43) is the key neuropathological feature of neurodegener-
ative diseases, including amyotrophic lateral sclerosis (ALS) and
frontotemporal lobar degeneration (FTLD). In physiological condi-
tions, TDP-43 is predominantly nuclear, forms oligomers, and is
contained in biomolecular condensates assembled by liquid–liquid
phase separation (LLPS). In disease, TDP-43 forms cytoplasmic or
intranuclear inclusions. How TDP-43 transitions from physiological
to pathological states remains poorly understood. Using a variety
of cellular systems to express structure-based TDP-43 variants,
including human neurons and cell lines with near-physiological
expression levels, we show that oligomerization and RNA binding
govern TDP-43 stability, splicing functionality, LLPS, and subcellu-
lar localization. Importantly, our data reveal that TDP-43 oligomer-
ization is modulated by RNA binding. By mimicking the impaired
proteasomal activity observed in ALS/FTLD patients, we found that
monomeric TDP-43 forms inclusions in the cytoplasm, whereas its
RNA binding-deficient counterpart aggregated in the nucleus.
These differentially localized aggregates emerged via distinct path-
ways: LLPS-driven aggregation in the nucleus and aggresome-
dependent inclusion formation in the cytoplasm. Therefore, our
work unravels the origins of heterogeneous pathological species
reminiscent of those occurring in TDP-43 proteinopathy patients.
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Introduction

Amyotrophic lateral sclerosis (ALS) and frontotemporal lobar

degeneration (FTLD) are two seemingly different, devastating

adult-onset neurodegenerative diseases that exhibit a significant

genetic, clinical, and pathological overlap (Ling et al, 2013). The

vast majority of ALS patients and up to half of FTLD cases are

characterized by the accumulation of aggregated TAR DNA-

binding protein 43 (TDP-43) in affected neurons (Arai et al, 2006;

Neumann et al, 2006; Ling et al, 2013). Importantly, TDP-43

pathology is not an exclusive hallmark of ALS and FTLD, but is

also the main pathological feature in limbic-predominant age-

related TDP-43 encephalopathy (LATE; Nelson et al, 2019) and a

concomitant pathology in a subset of patients with other neurode-

generative diseases including Alzheimer’s, Parkinson’s, and

Huntington’s disease (Chen-Plotkin et al, 2010). However, TDP-43

aggregates associated with different clinical subtypes present dis-

tinct subcellular localization, namely cytoplasmic, intranuclear, or

axonal (Lee et al, 2017; De Rossi et al, 2021), as well as morpho-

logical and biochemical properties (Tsuji et al, 2012; Laferriere

et al, 2019; Neumann et al, 2020), indicating a distinct molecular

origin of these diverse pathological species.

TDP-43 is a ubiquitously expressed (Ou et al, 1995) nucleic

acid-binding protein (Ou et al, 1995; Buratti & Baralle, 2001) com-

posed of an N-terminal domain (NTD, amino acids 1–80) involved

in self-oligomerization (Chang et al, 2012; Afroz et al, 2017), two

tandem RNA-recognition motifs (RRMs, amino acids 106-259)

(Buratti & Baralle, 2001; Lukavsky et al, 2013), and an unstruc-

tured low complexity region (LCR, amino acids 260–414). The lat-

ter contains a transient α-helix (amino acids 321–340; Conicella

et al, 2016) that associates with interaction partners (D’Ambrogio

et al, 2009) and was recently shown to coincide with the
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aggregation core of pathological cytoplasmic TDP-43 in FTLD

brains (Arseni et al, 2022). Under physiological conditions TDP-43

predominantly localizes to the nucleus (Winton et al, 2008), where

it mainly binds UG-rich intronic sites on pre-mRNA to regulate

alternative splicing (Polymenidou et al, 2011; Tollervey

et al, 2011) and undergoes liquid–liquid phase separation (LLPS;

Zbinden et al, 2020) to form dynamic nuclear condensates (Wang

et al, 2012, 2020; Gasset-Rosa et al, 2019; Hallegger et al, 2021),

which were suggested to localize to specific subnuclear membra-

neless compartments (Tsuiji et al, 2013; Wang et al, 2020).

Despite its predominantly nuclear localization (Winton et al,

2008), TDP-43 shuttles between the nucleus and the cytoplasm

(Ayala et al, 2008), where it plays roles in mRNA stability, trans-

port and translation, miRNA processing, mitochondrial and synap-

tic function and stress responses (Ling et al, 2013). In particular,

TDP-43 was shown to incorporate into and modulate the dynamics

of stress granules (SGs) upon exposure to different temperature,

osmotic, oxidative, and chemical stressors (Aulas et al, 2012;

Dewey et al, 2012).

RNA binding is essential for TDP-43 to perform its physiological

functions in RNA metabolism (Afroz et al, 2019). In addition, RNA

binding precludes TDP-43 passive leakage out of the nucleus

(Ayala et al, 2008; Ederle et al, 2018) and modulates its LLPS

behavior (Mann et al, 2019; Yu et al, 2021). In contrast, little is

known about the importance of TDP-43 NTD-driven self-

oligomerization in physiology. Previous data have shown that

nuclear TDP-43 oligomerization is required for alternative splicing

of at least a subset of its known RNA targets (Zhang et al, 2013;

Afroz et al, 2017; Jiang et al, 2017; Mompean et al, 2017; Wang

et al, 2018). However, the role of self-oligomerization in the physi-

ological properties of TDP-43, including its subcellular localization,

stability, LLPS behavior, and cytoplasmic functions, remains

poorly understood. Also, whether—and if so, how—TDP-43 RNA

binding and oligomerization impact each other in cells is

unknown.

The overexpression of TDP-43 in cellular and animal models

results in its aggregation, a phenomenon that has been exten-

sively explored in recent years to recapitulate the main neuro-

pathological hallmark of ALS/FTLD (Hergesheimer et al, 2019).

However, TDP-43 is a tightly autoregulated protein (Ayala

et al, 2011; Polymenidou et al, 2011) and overexpression can dis-

tort its subcellular (Ederle et al, 2018) and subnuclear (Tsuiji

et al, 2013; Gasset-Rosa et al, 2019) localization, and potentially

its functions. We therefore aimed to study the physiological role

of TDP-43 oligomerization and its interplay with RNA binding at

near-physiological protein levels, and to subsequently compare

the pathways triggered by their respective impairment. Using

human neural cultures and single-copy expression systems in

human cell lines, we show that NTD-driven TDP-43 oligomeriza-

tion and RNA binding are intertwined and required to maintain

the half-life, functionality, and localization of TDP-43. Upon fail-

ure of the ubiquitin-proteasome system (UPS), monomerization

and impaired RNA binding triggered TDP-43 aggregation via dis-

tinct pathways in the cytoplasm and nucleus. Our results under-

score the relevance of loss of oligomerization and RNA binding

in the initiation of diverse TDP-43 pathologies and unravel the

origins of heterogeneous pathological species occurring in human

disease.

Results

Oligomerization and RNA-binding cooperatively stabilize the
half-life of TDP-43

To systematically compare the properties of oligomeric, monomeric,

and RNA binding-deficient TDP-43, we introduced a single copy of

an N-terminally green fluorescent protein (GFP)-tagged TDP-43 cod-

ing sequence under the control of a doxycycline-inducible promoter

into HEK293 cells using the Flp-In T-REx technology (Fig EV1A)

(Ling et al, 2010). This construct harbored either six previously

described point mutations that disrupt TDP-43 oligomerization

(termed 6M) (Afroz et al, 2017), five point mutations within its

RRMs disrupting RNA binding through the RRMs (all F > A, referred

to as RRMm) (Buratti & Baralle, 2001; Lukavsky et al, 2013) or both

6M&RRMm (Fig 1A). The resulting four isogenic cell lines (WT, 6M,

RRMm, and 6M&RRMm) expressed equal levels of the exogenous

GFP-TDP-43 RNA (Fig EV1B) and both transgenic RNA and protein

were detectable only upon addition of doxycycline (Figs 1B and

EV1C and D). Wild type (WT) GFP-TDP-43 protein levels displayed a

mere fivefold increase compared to endogenous TDP-43, as deter-

mined by immunoblot analysis (Fig EV1D and E). However, despite

equal RNA levels (Fig EV1B), protein levels of the GFP-TDP-43

mutants were noticeably lower than their WT counterpart (Figs 1B

and C, and EV1E–G), and displayed only 1.5-, 1-, and 0.5-fold levels

compared to endogenous TDP-43 in the case of 6M, RRMm, and

6M&RRMm, respectively (Fig EV1E–G). Protein turnover analysis

using the translation inhibitor cycloheximide (CHX) showed that the

half-life of the RNA-binding TDP-43 mutant (RRMm) was reduced by

> 8 h compared to WT GFP-TDP-43 (Fig 1D and E), consistent with

previous findings (Flores et al, 2019). Interestingly, oligomerization

deficiency (6M) had a similar effect on the half-life of TDP-43 as loss

of RNA binding (RRMm). Furthermore, the combined GFP-TDP-43

variant (6M&RRMm) presented a cumulative effect (Fig 1D and E).

Since point mutations can affect protein folding and thereby selec-

tively target proteins for degradation (Jayaraj et al, 2020), we con-

firmed that the introduced mutations do not interfere with the

folding of TDP-43 using far-UV circular dichroism (CD) (Figs 1F and

EV1H) and two-dimensional nuclear magnetic resonance (2D-NMR)

spectroscopy (Fig EV1I and J) (Afroz et al, 2017; Wang et al, 2019),

which revealed that the mutated domains are properly folded. There-

fore, our results indicate that loss of oligomerization or RNA-binding

ability similarly reduces the half-life of TDP-43. Since incorporation

of proteins into functional multimeric complexes has been reported

to correlate with longer half-lives in yeast (Mallik & Kundu, 2018)

and mouse brain cells (Dörrbaum et al, 2018), these observations

strengthen the link between TDP-43 functionality and its half-life.

TDP-43 oligomerization and RNA-binding preserve its nuclear
localization

Due to an active nuclear import and its ability to passively diffuse

out of the nucleus, TDP-43 is a nucleocytoplasmic shuttling protein

(Ederle et al, 2018; Pinarbasi et al, 2018). RNA binding retains TDP-

43 in the nucleus by forming bigger macromolecular complexes that

slow down its diffusion into the cytoplasm (Ayala et al, 2008; Ederle

et al, 2018; Duan et al, 2022). We therefore wondered whether olig-

omerization also affects the physiological localization of TDP-43. To
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address this question, we first measured the mean fluorescence

intensity of GFP-TDP-43 in the nucleus and the cytoplasm for all

four GFP-TDP-43 variants. Using DAPI and G3BP as nuclear and

cytoplasmic markers, respectively (Fig EV2A), we observed that

monomeric GFP-TDP-43 (6M) showed a significantly increased cyto-

plasmic localization compared to WT and RRMm (Figs 1C and 2A).

This cytoplasmic mislocalization due to lack of self-oligomerization

was further exacerbated in combination with a loss of RNA binding

(6M&RRMm), suggesting an independent, additive contribution of

both protein–protein and protein–RNA interactions to the nuclear

localization of TDP-43. Similar observations were obtained in

human neurons transduced with HA-tagged versions of the four

TDP-43 variants (Fig 2B and C).

We subsequently sought to confirm these results by nucleocyto-

plasmic fractionation. In line with the immunocytochemistry results

(Figs 1C and 2A–C), upon mild lysis and nuclei enrichment by cen-

trifugation, WT GFP-TDP-43 was mostly retained in the nuclear frac-

tion (Fig 2D and E), with a small cytoplasmic pool corresponding to

the subset of TDP-43 performing functions in this compartment

(Ling et al, 2013). In contrast, oligomerization-deficient mutations

(6M and 6M&RRMm) consistently shifted the majority of GFP-TDP-

43 to the cytoplasmic fraction (Fig 2D and E), to a larger extent than

observed by immunocytochemistry (Fig 2A and C). Importantly, the

endogenous protein in the same samples remained predominantly

nuclear (Figs 2D and EV2B). This contrast was even more pro-

nounced in the case of GFP-TDP-43 lacking RNA-binding ability

(RRMm), which fully shifted its localization to the cytoplasm upon

fractionation and subsequent immunoblotting (Fig 2D and E) as

opposed to its nuclear localization by immunocytochemistry (Fig 2A

and C). We therefore wondered whether monomeric (6M) and RNA

binding-deficient (RRMm) GFP-TDP-43 exhibit an increased passive

diffusion rate and diffuse out of the nucleus during the fractionation

procedure, when active nuclear import is absent. Indeed, stabiliza-

tion of TDP-43 oligomers by protein–protein cross-linking with

disuccinimidyl glutarate (DSG) (Afroz et al, 2017) before nucleocy-

toplasmic fractionation increased the retention of endogenous TDP-
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Figure 1. Oligomerization and RNA-binding cooperatively stabilize the half-life of TDP-43.

A Schematic representation depicting the mutations disrupting the oligomerization and/or RNA binding property of the GFP-TDP-43 variants used to develop the induc-
ible, isogenic HEK293 cell lines. GFP: green fluorescent protein, NTD: N-terminal domain, RRM: RNA-recognition motif, LCR: low complexity region.

B Western blot analysis of the generated isogenic cell lines described in (A) after inducing GFP-TDP-43 expression for 48 h showing the tightness of the doxycycline
(DOX)-modulated expression system. Note also the different protein levels of the expressed variants. endTDP-43: endogenous TDP-43.

C Representative images of widefield fluorescence microscopy of the isogenic cell lines depicted in (B). GFP brightness is adjusted in each condition for optimal
visualization of GFP-TDP-43 localization. Original intensity values are represented in the right column using grayscale. Cell nuclei are stained with DAPI. Scale bar:
20 μm.

D GFP-TDP-43 expression was induced with DOX for 24 h before cycloheximide (CHX) treatment for the indicated times and western blot analysis.
E Quantification of the GFP signal from (D). N = 3 independent experiments. Two-way ANOVA with Tukey’s multiple comparisons post hoc test.
F Average far-UV CD spectra of purified maltose-binding protein (MBP) and TDP-43-MBP variants from N = 3 independent experiments. ****P < 0.0001. Graph bars

represent mean � SD.

Source data are available online for this figure.
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Figure 2. TDP-43 oligomerization and RNA-binding preserve its nuclear localization.

A Quantification of nucleocytoplasmic levels of GFP-TDP-43 from the immunocytochemistry images shown in Fig 1C. N = 3 independent experiments. One-way ANOVA
with Tukey’s multiple comparisons post hoc test.

B Representative maximum intensity Z-projections from confocal fluorescence imaging of human neurons transduced with TDP-43-HA variants and immunolabeled for
the HA tag and the neuron-specific marker MAP2. Scale bar: 10 μm.

C Quantification of nucleocytoplasmic levels of TDP-43-HA from the immunocytochemistry images shown in (B). N = 14–20 cells. Kruskal–Wallis test with Dunn’s mul-
tiple comparisons post hoc test.

D GFP-TDP-43 expression was induced with doxycycline (DOX) for 4 h before nucleocytoplasmic fractionation and subsequent analysis of GFP-TDP-43 and endogenous
TDP-43 (endTDP-43) levels by western blot. T: total lysate, C: cytoplasmic fraction, N: nuclear fraction.

E Quantification of the GFP signal from (D). Repeated measures one-way ANOVA with Greenhouse–Geisser correction and Tukey’s multiple comparisons post hoc test.
Cyt: cytoplasm, Nuc: nucleus.

F HEK293 cells were treated with ActD to inhibit transcription or subjected to protein–protein cross-linking with DSG followed by nucleocytoplasmic fractionation and
western blot analysis. T: total lysate, C: cytoplasmic fraction, N: nuclear fraction, H3: histone H3.

G Quantification of endTDP-43 signal from (F). N = 3 independent experiments. Repeated measures one-way ANOVA with Greenhouse–Geisser correction and Dunnett’s
multiple comparisons post hoc test.

H Representative images of widefield fluorescence microscopy of HEK293 cells treated with ActD for 4 h and immunolabeled for TDP-43. Scale bar: 20 μm.
I Quantification of nucleocytoplasmic levels of endTDP-43 in the immunocytochemistry images shown in (H). N = 3 independent experiments. Unpaired two-tailed t-test.
J Representative images of confocal fluorescence microscopy of human neural cultures treated with ActD and ivermectin (IVM) and immunolabeled for TDP-43 and the

neuron-specific marker MAP2. Scale bar: 20 μm.
K Quantification of nucleocytoplasmic levels of endTDP-43 in the immunocytochemistry images shown in (J). Kruskal–Wallis test with Dunn’s multiple comparisons post

hoc test. N = 23–48 fields corresponding to a total of 351–569 neurons per condition. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Graph bars represent
mean � SD. Violin plots show mean and quartiles. Cell nuclei are stained with DAPI in (B, H, J).

Source data are available online for this figure.
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43 in the nucleus (Fig 2F and G). Conversely, when we pretreated

the cells with actinomycin D (ActD) to block transcription and

decrease the levels of newly synthesized pre-mRNAs—the main

RNA targets bound by TDP-43 in the nucleus (Polymenidou

et al, 2011; Tollervey et al, 2011)—(Appendix Fig S2C; Duan

et al, 2022), the localization of endogenous TDP-43 shifted to the

cytoplasm (Figs 2F and G, and EV2D and E), as previously reported

(Ayala et al, 2008; Ederle et al, 2018). Importantly, this ActD-

induced translocation of TDP-43 to the cytoplasm was not due to

altered levels (Fig EV2F and G) or distribution (Fig EV2H and I) of

the importins involved in active nuclear TDP-43 import. Moreover,

ActD treatment did not affect the localization of c-myc, which is also

transported to the nucleus by the same importin complex as TDP-43

but does not bind RNA (Fig EV2J and K). Notably and similarly to

what we observed for GFP-TDP-43 RRMm (Figs 1C, 2A and 2D and

E), this efflux of TDP-43 upon ActD treatment and subsequent sam-

ple fractionation (Fig 2F and G) was more pronounced than

observed by immunocytochemistry (Figs 2H and I, and EV2J and

K). Together, these observations suggest that active nuclear import

compensates for the abundant passive TDP-43 egress from the

nucleus in the absence of oligomerization or RNA binding. Indeed,

similar results were observed in human neurons, where the com-

bined treatment of ActD and ivermectin, an importin α/β-mediated

nuclear import inhibitor (Wagstaff et al, 2012), increased the cyto-

plasmic shift of endogenous TDP-43 as compared to treatment with

ActD alone (Fig 2J and K). Collectively, these observations show

that RNA binding and protein–protein interactions, especially its

self-oligomerization, involve TDP-43 in larger macromolecular com-

plexes that are retained in the nucleus.

Oligomerization is required for physiological phase separation of
TDP-43 in the nucleus

TDP-43 has been shown to undergo LLPS (Zbinden et al, 2020), a

phenomenon visible in the nucleus as small condensates that fuse

and split at endogenous protein concentrations (Wang et al, 2012,

2020; Gasset-Rosa et al, 2019; Hallegger et al, 2021). Also in our

model, endogenous TDP-43 presented this characteristic punctate

pattern in the nucleus of HEK293 cells (Fig 3A). Both the number

and size of these endogenous TDP-43 punctate decreased upon

treatment with 1,6-hexanediol (1,6-HD; Figs 3A and B, and EV3A

and B), an alcohol commonly used for its properties to suppress

LLPS compartments formed by hydrophobic interactions (Krosch-

wald et al, 2017; preprint: Perdikari et al, 2022) despite its reported

additional effects on nuclear transport (Patel et al, 2007) and

kinase and phosphatase activity (Düster et al, 2021). In line with

previous data (Gasset-Rosa et al, 2019; Yu et al, 2021), this indi-

cates that the observed nuclear TDP-43 punctate are LLPS-driven

condensates.

Although high concentrations of the LCR of TDP-43 are sufficient

for phase separation in vitro (Conicella et al, 2016, 2020), additional

interactions must take place for full-length TDP-43 to undergo physi-

ological LLPS at far lower concentrations (Wang et al, 2018; Gasset-

Rosa et al, 2019). Recent evidence points towards self-interaction

through the NTD as another driver of TDP-43 LLPS in vitro (Jiang

et al, 2017; Wang et al, 2018) and in a human cell line (Yu

et al, 2021). Indeed, at a reported physiological concentration of

10 μM (Maharana et al, 2018; Hallegger et al, 2021), purified full-

length TDP-43 phase separated into condensates, which also

dissolved in the presence of 1,6-HD (Figs 3C and D, and EV3C). In

contrast, oligomerization-deficient TDP-43 (6M) did not form con-

densates under the same conditions, suggesting that NTD interac-

tions are essential for TDP-43 LLPS (Fig 3C and D).

These findings were reproduced in our isogenic cell lines.

Whereas WT GFP-TDP-43 formed many nuclear condensates, at

comparable protein levels, disruption of oligomerization (6M) virtu-

ally suppressed all GFP-TDP-43 condensate formation (Fig 3E

and F), pointing to an essential role for oligomerization in physio-

logical TDP-43 LLPS in cells. Interestingly, like the WT protein, RNA

binding-deficient GFP-TDP-43 (RRMm) formed nuclear condensates

(Figs 3E and F, and EV3D and E), which were smaller in size

(Fig 3G). This observation suggests that nuclear TDP-43 conden-

sates arise independently of specific RNA binding, but does not dis-

card the involvement of RNA in their formation. Quantification of

the number of GFP-TDP-43 condensates for both WT and RRMm

revealed that condensate formation was proportional to their

nuclear protein levels (Figs 3F and EV3E). Since local protein con-

centration modulates (Zbinden et al, 2020) this observation, it fur-

ther strengthens that indeed the observed condensates in our model

are liquid compartments. Disruption of both oligomerization and

RNA binding in the combined GFP-TDP-43 variant (6M&RRMm)

drastically reduced the number of nuclear condensates compared to

GFP-TDP-43 RRMm (Figs 3E and F, and EV3D and E), indicating

that TDP-43 condensate formation in the absence of RNA binding

(RRMm) is also mediated through NTD interactions. This was

supported by a biochemical analysis with DSG protein–protein
crosslinking, which showed protein complexes at the expected size

of GFP-TDP-43 dimers for both WT and RRMm, but not for the

monomeric variants (6M and 6M&RRMm) at comparable protein

levels (Figs 3H and I, and EV3F and G). Similar to its WT counter-

part, stabilization of these protein complexes via crosslinking

retained GFP-TDP-43 RRMm predominantly in the nucleus in our

isogenic cell lines despite the lack of specific RNA binding

(Fig EV2D and E). Overall, our results indicate that NTD-driven olig-

omerization—and not only LCR interactions—are essential for TDP-

43 LLPS in cells, both in the presence and absence of RNA binding.

Loss of RNA binding leads to TDP-43 oligomers with distinct
orientation

The amount of GFP-TDP-43 dimers formed by the RNA binding-

deficient variant (RRMm) was significantly reduced compared to the

WT protein (Fig 3H and I), suggesting that TDP-43 oligomerization

is modulated by RNA binding. Indeed, treatment with ActD

decreased the level of endogenous TDP-43 dimers detected by

protein–protein cross-linking (Fig 4A and B). Concomitant with this

reduction in oligomerization, ActD-treated cells also displayed a

reduced number of TDP-43 nuclear condensates (Fig 4C and D). To

determine whether TDP-43 oligomerization is exclusively confined

to nuclear condensates, we first assessed the exact subnuclear loca-

tion of the oligomers. For this purpose, we employed proximity liga-

tion assay (PLA) to visualize TDP-43 dimers with a single

monoclonal antibody (mAb) conjugated to two different oligonucle-

otides. With this approach, only TDP-43 molecules that come to

close proximity (maximum 20 nm apart) allow oligonucleotide

hybridization and fluorescent signal amplification. Surprisingly,
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while abundant PLA signal was detected in the nucleus, only a frac-

tion overlapped with its nuclear condensates, suggesting that TDP-

43 dimerization is not restricted to nuclear condensates (Fig 4E), a

result that was confirmed for WT GFP-TDP-43 using a mAb against

GFP (Figs 4F and EV4A and B).

In contrast, the oligomerization-deficient variants (6M and

6M&RRMm) showed a markedly decreased PLA signal, even in cells

with comparable protein levels (Fig 4F and G), confirming that the

observed PLA signal depends on oligomerization. In line with our

DSG cross-linking results (Fig 3H and I), the RNA-binding GFP-TDP-
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Figure 3. Oligomerization is required for physiological LLPS of TDP-43 in the nucleus.

A Representative maximum intensity Z-projections from confocal fluorescence imaging (thickness of ∼ 10 μm, in steps of 0.21 μm) of HEK293 cells after mock or 1,6-
hexanediol (1,6-HD) treatment for 15 min stained for endogenous TDP-43 (endTDP-43). Scale bar: 5 μm.

B Quantification of three-dimensional (3D) reconstructions from the images of the conditions shown in (A) depicting the number of nuclear condensates per cell.
N = 14–23 cells. Unpaired two-tailed t-test.

C Fluorescence microscopy images of 10 μM purified full-length TDP-43 and its oligomerization-deficient counterpart showing different abilities to undergo LLPS and
its disruption by 1,6-HD treatment for 10 min. Scale bar: 10 μm.

D Quantification of the number of condensates in the conditions shown in (C) per 4,000 μm2 field. N = 10 independent experiments. Kruskal–Wallis test with Dunn’s
multiple comparisons post hoc test.

E Representative maximum intensity Z-projections (thickness of ∼ 10 μm, in steps of 0.21 μm) from confocal fluorescence microscopy of the isogenic cell lines expres-
sing GFP-TDP-43 for 48 h with doxycycline (DOX). Scale bar: 5 μm.

F 3D quantification of the number of nuclear condensates per cell after GFP-TDP-43 expression for 48 h. N = 16–22 cells.
G 3D quantification of the volume of the nuclear condensates per cell in the conditions described in (E). N = 51–4,401 condensates. Kruskal–Wallis test with Dunn’s

multiple comparisons post hoc test.
H GFP-TDP-43 expression was induced with DOX for 4 h before crosslinking protein–protein interactions with DSG and subsequent analysis by western blot. *, **, and

*** indicate GFP-TDP-43 monomers, dimers, and trimers, respectively. °, °°, °°°, and °°°° indicate endTDP-43 monomers, dimers, trimers, and tetramers.
I Quantification of GFP-TDP-43 dimer/monomer ratio based on the GFP signal from (H). N = 3 independent experiments. Repeated measures one-way ANOVA with

Greenhouse–Geisser correction and Tukey’s multiple comparisons post hoc test. *P < 0.05, **P < 0.01, ****P < 0.0001. Graph bars represent mean � SD. Violin plots
show mean and quartiles.

Source data are available online for this figure.
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43 mutant (RRMm) displayed a positive PLA signal (Fig 4F). Inter-

estingly, the mean intensity of PLA-positive foci was consistently

higher than that of its WT counterpart at comparable protein levels

(Fig 4F and G). These results were confirmed with the same tech-

nique using an alternative mAb against a different tag in the GFP-

TDP-43 protein (Fig EV4A and C). We sought to further validate the
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Figure 4. Loss of RNA binding leads to TDP-43 oligomers with distinct orientation.

A HEK293 cells were treated with actinomycin D (ActD) for 4 h to inhibit transcription before treatment with the protein–protein cross-linker DSG and western blot
analysis. °, °°, and °°°° indicate endogenous TDP-43 (endTDP-43) monomers, dimers and trimers, respectively.

B Quantification of the endTDP-43 signal from (A). N = 3 independent experiments. Paired two-tailed t-test.
C Representative image of confocal fluorescence microscopy of HEK293 cells and neurons treated with 5 μg/ml ActD for 4 h. Scale bar: 5 μm.
D Single-plane quantification of the number of nuclear condensates per neuron in the conditions described in (C). N = 25–26 cells. Mann–Whitney U-test.
E Proximity ligation assay (PLA) using a monoclonal anti-TDP-43 antibody reveals nuclear and cytoplasmic localization of endTDP-43 dimers in physiological conditions.

Big white arrowheads indicate overlapping GFP-TDP-43 condensates and PLA signal. Small yellow arrowheads indicate cytoplasmic PLA signal. Scale bar: 5 μm.
F PLA using a monoclonal anti-GFP antibody reveals the localization of GFP-TDP-43 dimers in the isogenic cell lines upon protein expression with doxycycline (DOX) for

48 h. Note the absence of dimers in the oligomerization-deficient variants (6M and 6M&RRMm). Scale bar: 5 μm.
G Quantification of the nuclear PLA signal shown in (F) correlated to the protein expression levels of the different TDP-43 variants, measured as the mean GFP fluores-
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H Tripartite GFP complementation assay using a pair of N-terminally T10- and T11-tagged TDP-43 constructs co-transfected with GFP1–9 in motoneuron-like NSC-34

cells. Note the cytoplasmic abundance of the monomeric (6M and 6M&RRMm) variants. triFC: trimolecular fluorescence complementation. Scale bar: 5 μm.
I Quantification of the GFP fluorescence levels relative to the T10/T11-TDP-43 expression levels as shown in (H). N = 3 biological replicates, with N = 6–35 cells per replicate.

Two-way ANOVA with Tukey’s multiple comparisons post hoc test. *P < 0.05, ***P < 0.001. Graph bars represent mean � SD. Violin plots show mean and quartiles.

Source data are available online for this figure.
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different orientation of the RRMm dimers with an alternative

approach using a GFP tripartite fluorescence complementation

(triFC) assay that measures physiological nuclear TDP-43 dimeriza-

tion (Fig EV4D), as we previously showed (Foglieni et al, 2017;

Afroz et al, 2019). We co-transfected T10- and T11-tagged TDP-43

variants in mouse motor neuron-like NSC-34 cells, which yielded

the same difference in nucleocytoplasmic localization (Figs 4H and

EV4E) as we previously observed in the isogenic cell lines and in

human neurons (Figs 2A–C). As expected, triple transfection of the

T10- and T11-tagged TDP-43 variants with a nuclear-targeted GFP1-9
produced positive GFP complementation signal for the WT protein

(Fig 4H and I), indicative of dimerization. Interestingly, neither the

monomeric TDP-43 variants (6M and 6M&RRMm) nor RNA

binding-deficient TDP-43 (RRMm) generated such GFP complemen-

tation signal (Fig 4H and I), a finding that did not depend on TDP-

43 variant expression levels (Fig EV4F and G). This suggests that

despite our biochemical (Fig 3H and I) and imaging (Figs 4F and G,

and EV4C) observations indicating that RNA binding-deficient TDP-

43 (RRMm) dimerizes, these dimers do not follow the correct orien-

tation to reconstitute GFP fluorescence. This contrast between

RRMm and the WT TDP-43 supports the notion of a distinct orienta-

tion of TDP-43 dimers in the absence of RNA (RRMm). Overall,

detection and quantification of dimeric TDP-43 species by a combi-

nation of different imaging and biochemical methodologies supports

the view that RNA binding is required for the proper orientation of

TDP-43 dimers.

TDP-43 partitions in heterogenous nuclear bodies via
oligomerization and RNA binding

We next sought to determine whether all nuclear TDP-43 conden-

sates were of similar structure and composition. For this purpose,

we determined the colocalization of endogenous TDP-43 in HEK293

cells with a broad panel of nuclear membraneless organelles

(Fig 5A). This approach revealed that a fraction of TDP-43 conden-

sates, in particular the largest in size, were labeled with markers of

Cajal bodies (Figs 5A and B, and EV5A), the maturation compart-

ments of spliceosomal small nuclear ribonucleoprotein particles.

Interestingly, TDP-43 was present in all Cajal bodies in HEK293 cells

and neurons (Figs 5C and D, and EV5A), but Cajal bodies only com-

prised a small fraction of all TDP-43 condensates (Fig 5B). Another

portion of TDP-43 was localized within paraspeckles, but, unlike

Cajal bodies, not every paraspeckle contained TDP-43 (Figs 5A–C
and EV5B). TDP-43 was absent from other RNA-nucleated compart-

ments such as nuclear speckles (Shevtsov & Dundr, 2011) and from

protein-exclusive compartments like promyelocytic leukemia (PML)

bodies (Fig 5A and B) (Boisvert et al, 2000). In contrast to WT TDP-

43, albeit RNA binding-deficient GFP-TDP-43 (RRMm) localized to

small nuclear condensates (Figs 3E and EV3D), these overlapped

with neither Cajal bodies nor paraspeckles (Figs 5E and F, and

EV5C and D), in line with previous reports (Tsuiji et al, 2013).

Monomeric GFP-TDP-43 (6M and 6M&RRMm), which barely forms

nuclear condensates (Figs 3E and EV3D), was largely absent from

these nuclear compartments (Figs 5E and F, and EV5C and D),

highlighting the requirement of TDP-43 oligomerization for its incor-

poration within functional nuclear bodies. Again, these results did

not stem from differential variant expression levels as similar results

were obtained 4 h after GFP-TDP-43 expression induction (Fig EV5E

and F), when GFP-TDP-43 protein levels are comparable (Fig EV1F

and G). Collectively, these observations suggest that at least a frac-

tion of TDP-43 LLPS arises from scaffolding around RNA, as

described (Shevtsov & Dundr, 2011; Chujo et al, 2016) an explana-

tion supported by the fact that TDP-43 is reported to bind small

Cajal body-specific RNAs (Izumikawa et al, 2019) and NEAT1, the

architectural RNA of paraspeckles (Polymenidou et al, 2011;

Tollervey et al, 2011; Chujo et al, 2016). The remaining, unidenti-

fied nuclear TDP-43 condensates, present in both the WT and RNA

binding-deficient variant (RRMm; Figs 5E and F, and EV5C and D)

as well as in endogenous TDP-43 (Fig 5A–D), might represent a pre-

cursor pool for Cajal bodies and paraspeckles, an inert condensate

population or even be linked to yet undefined bodies and functions.

Whether any of these potentially “RNAless” TDP-43 nuclear com-

partments formed by the RNA binding-deficient variant are identical

to the unidentified condensates occurring in physiological condi-

tions and/or have functional roles remains unclear. Overall, the het-

erogeneous nature of nuclear TDP-43 condensates suggests that

LLPS is required for a wide array of TDP-43 functions within the

nucleus.

TDP-43 oligomerization is required for the transcriptome-wide
splicing regulation of its RNA targets

NTD-mediated oligomerization is required for splicing of at least a

subset of the RNA targets of TDP-43 (Zhang et al, 2013; Afroz

et al, 2017; Jiang et al, 2017; Mompean et al, 2017; Wang et al,

2018), but given the broad role of TDP-43 in regulating splicing

events (Polymenidou et al, 2011; Tollervey et al, 2011; Ling

et al, 2015; Rot et al, 2017), the question remained whether oligo-

merization is essential for regulating all or a subset of its splicing

targets. RNA-sequencing (RNA-seq) of our isogenic cell lines

revealed that expression of the WT protein resulted in alternative

splicing of > 700 genes when compared to the expression of RNA

binding-deficient GFP-TDP-43 (RRMm), which is an established

splicing-deficient TDP-43 version (D’Ambrogio et al, 2009;

Lukavsky et al, 2013). Identified changes included previously

reported events of exon inclusion/exclusion, intron retention and

alternative polyadenylation site usage depending on TDP-43 binding

(Polymenidou et al, 2011; Tollervey et al, 2011; Rot et al, 2017)

(Fig 6A; Appendix Fig S1A). When the same comparison was made

between the oligomerization-deficient (6M) and the RRMm GFP-

TDP-43 variants, no significant alternatively spliced events were

detected (Fig 6A; Appendix Fig S1A). This suggests a lack of splicing

functionality of monomeric GFP-TDP-43 (6M). In line with this, dif-

ferentially expressed RNAs or proteins levels were observed in cells

expressing monomeric (6M) compared to the RRMm GFP-TDP-43

variant (Appendix Fig S1B).

A particularly interesting event modulated by TDP-43 binding is

the splicing of an alternative intron (intron 7) in its own 30 UTR,
which results in autoregulation of the TDP-43 mRNA and protein

levels (Ayala et al, 2011; Polymenidou et al, 2011; Avenda~no-V-

�azquez et al, 2012) (Appendix Fig S1C). Analysis of the 30 UTR of

TDP-43 by RNA-seq and qPCR showed that, similar to other alterna-

tive splicing events, monomeric GFP-TDP-43 (6M) cannot promote

the exclusion of intron 7 in the endogenous TARDBP mRNA

(Fig 6B–D), resulting in lack of autoregulation at the protein level

(Figs 1B and 6E and F). This lack of splicing activity by monomeric
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Figure 5. Cajal bodies and paraspeckles are the main TDP-43-containing nuclear bodies.

A Representative confocal microscopy images of HEK293 cells probed for endogenous TDP-43 (endTDP-43) and different subnuclear compartment markers. Lower panel
shows the three-dimensional (3D) reconstruction of the endTDP-43 condensates and the indicated nuclear body obtained from confocal Z-stacks. Scale bar: 5 μm.

B Quantification of the 3D reconstructions shown in (A) depicting the percentage of nuclear TDP-43 condensates colocalizing with markers of subnuclear compart-
ments. N = 14–38 cells.

C Quantification of the 3D reconstructions shown in (A) depicting the percentage of each of the analyzed subnuclear compartments that colocalize with endTDP-43.
N = 14–38 cells.

D Representative confocal microscopy images of human neurons showing the presence of endTDP-43 in Cajal bodies. The neuron-specific marker MAP2 is shown in
cyan. Scale bar: 20 μm (inset: 5 μm).

E Representative confocal microscopy images of the isogenic HEK293 lines expressing the different GFP-TDP-43 variants for 24 h and stained for the Cajal body marker
coilin. Scale bar: 5 μm.

F Representative confocal microscopy images of the isogenic HEK293 lines expressing the different GFP-TDP-43 variants for 24 h and hybridized with a fluorescent
NEAT1 probe to mark the paraspeckles. Scale bar: 5 μm. ns: not significant. Violin plots show mean and quartiles.

Source data are available online for this figure.
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TDP-43 (6M) was not due to its reduced protein concentration, since

WT GFP-TDP-43 also autoregulated endogenous TDP-43 at expres-

sion levels comparable to that of the 6M variant (Appendix Fig S1D

and E). Overall, our data support the requirement of TDP-43 oligo-

merization for its broad role in splicing regulation.

Cytoplasmic TDP-43 oligomerization is required for its
incorporation into stress granules

To understand whether oligomerization is also required for TDP-43

functions outside of the nucleus, we studied TDP-43 incorporation

into stress granules (SGs) in the cytoplasm (Dewey et al, 2012). We

used to the GFP triFC assay (Fig EV4D) to investigate TDP-43 oligo-

merization in the well-established oxidative stress model in HeLa

cells (Aulas et al, 2012; Dewey et al, 2012). Expression of T10- and

T11-tagged TDP-43 variants and incubation with recombinant GFP1–

9 after fixation revealed that, unlike the WT protein—but similarly

to the RNA binding-deficient mutant (RRMm)—monomeric TDP-43

(6M) did not incorporate into SGs (Fig 6G and H), suggesting that

TDP-43 oligomerization also takes place in the cytoplasm and is

key to TDP-43 inclusion in SGs. The presence of reconstituted GFP

fluorescence in the SGs further indicates that TDP-43 oligomeriza-

tion is not only required for its incorporation but also that TDP-43

exists as a dimer in SGs. To confirm the presence of cytoplasmic

TDP-43 oligomers at near-endogenous expression levels, we devel-

oped isogenic HEK293 Flp-In T-REx lines harboring one copy of

each of the GFP-TDP-43 variants in combination with previously

published mutations in the nuclear localization signal that abolish
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active nuclear import (GFP-TDP-43 mutNLS; Elden et al, 2010). Dif-

ferences between the protein levels of the GFP-TDP-43 mutNLS var-

iants were similar to that of their nuclear counterparts (Appendix

Fig S1F and H; Fig 1B). Interestingly, the localization of the GFP-

TDP-43 mutNLS variants differed between the four cell lines. WT

and RNA binding-deficient (RRMm) GFP-TDP-43 mutNLS were pre-

dominantly present in the cytoplasm, whereas their monomeric

counterparts (6M mutNLS and 6M&RRMm mutNLS) significantly

shifted their localization to the nucleus (Appendix Fig S1G and H).

This suggests that WT and RRMm GFP-TDP-43 mutNLS oligomerize

in the cytoplasm, which hinders their passive diffusion back into

the nucleus. To confirm this, we performed DSG cross-linking of

protein–protein interactions in the GFP-TDP-43 mutNLS lines and

found that both WT and RRMm GFP-TDP-43 mutNLS formed oligo-

mers, albeit their presence was reduced in the RRMm variant

(Fig 6I and J). Moreover, DSG cross-linking followed by nucleocyto-

plasmic fractionation confirmed the presence of WT and RRM GFP-

TDP-43 oligomers in the cytoplasmic fraction (Fig 6K). Additionally,

exposure of these isogenic lines to oxidative stress further con-

firmed the requirement of cytoplasmic oligomerization (6M and

6M&RRMm mutNLS) and RNA binding (RRMm mutNLS) for TDP-

43 incorporation into stress granules (Appendix Fig S1I and J).

Importantly, albeit less abundant than nuclear oligomerization,

cytoplasmic dimerization was also observed at endogenous TDP-43

levels by PLA (Fig 4E). Altogether, our observations suggest that

oligomerization is essential in both the nucleus and the cytoplasm

for TDP-43 to perform its functions in RNA metabolism.

Loss of RNA binding or oligomerization differentially modulate
the subcellular localization of TDP-43 inclusions

Decline of the cellular proteostasis capacity with age contributes to

protein misfolding in neurodegenerative diseases (Jayaraj

et al, 2020), often resulting in the accumulation of ubiquitinated

inclusions in affected tissues, including TDP-43 proteinopathies

(Arai et al, 2006; Neumann et al, 2006). Since monomeric (6M) and

RNA binding-deficient (RRMm) TDP-43 showed shorter half-lives at

physiological levels (Fig 1D and E), we sought to determine how

failure of the UPS machinery affects the accumulation of these spe-

cies. By blocking the proteasome with the inhibitor MG132, we

observed that both monomeric (6M) and RNA binding-deficient

(RRMm) GFP-TDP-43 formed protein inclusions in the isogenic cell

lines, in contrast to the WT counterpart, which remained largely dif-

fuse (Fig 7A and B; Appendix Fig S2A). The vast majority of aggre-

gates formed by monomeric GFP-TDP-43 (6M and 6M&RRMm)

localized to the cytoplasm, in line with previous results showing

that high overexpression of oligomerization-deficient GFP-TDP-43

(6M) by transient transfection triggers increased cytoplasmic TDP-

43 aggregation as compared to the WT protein (Afroz et al, 2017).

Interestingly, in addition to cytoplasmic inclusions, MG132 treat-

ment resulted in nuclear aggregation of RNA binding-deficient GFP-

TDP-43 (RRMm) in > 70% of the cells. The combined loss of oligo-

merization and RNA binding (6M&RRMm) shifted the aggregation

to the cytoplasm, suggesting that the nuclear GFP-TDP-43 RRMm

aggregation depended on NTD interactions. The observed TDP-43

aggregation patterns were specific to the inhibition of the UPS degra-

dation pathway, as several classes of proteasome inhibitors, but not

disruption of autophagy with bafilomycin A1, yielded similar out-

comes in the isogenic cell lines (Appendix Fig S2B and C).

In human neurons treated with the proteasome inhibitor MG132,

monomeric TDP-43-HA variants (6M and 6M&RRMm) also predomi-

nantly aggregated in the cytoplasm, whereas RNA binding-deficient

TDP-43-HA (RRMm) additionally presented nuclear inclusions in

> 50% of transduced neurons (Fig 7C and D), thus reproducing the

distinct TDP-43 aggregation patterns observed in our isogenic cell

lines. Upon MG132 treatment, WT TDP-43-HA also formed inclu-

sions in neurons, both in the nucleus and cytoplasm, likely due to

higher transgene protein levels in transduced neurons compared to

the isogenic GFP-TDP-43 lines. Interestingly, and in line with higher

protein levels, RRMm TDP-43-HA already formed nuclear inclusions

in the absence of proteasome inhibition in a subset of transduced

human neurons (Appendix Fig S7D). Taken together, our data show

that loss of oligomerization shifts TDP-43 aggregate formation from

the nucleus to the cytoplasm.

◀ Figure 6. TDP-43 oligomerization is required for splicing regulation in the nucleus and stress granule incorporation in the cytoplasm.

A Volcano plots showing alternative splicing (AS) events upon expression of GFP-TDP-43 variants for 48 h.
B RNA sequencing (RNA-seq) coverage across the intron 7 of the TARDBP gene, showing a strong decrease in the WT, but not the mutant, GFP-TDP-43-expressing cells.
C Quantification of RNA-seq reads spanning the intron 7 junction. One-way ANOVA with Tukey’s multiple comparisons post hoc test.
D Endogenous TDP-43 (endTDP-43) intron 7 exclusion levels after expression of the GFP-TDP-43 variants for 48 h in the isogenic cell lines measured by qPCR with

primers specifically targeted to the transcripts excluding this region. N = 3 independent experiments. Two-way ANOVA with Tukey’s multiple comparisons post hoc
test.

E Western blot analysis of the isogenic HEK293 after GFP-TDP-43 expression for 48 h showing that only the WT variant regulates endTDP-43 levels.
F Quantification of the endTDP-43 signal from (E). N = 4 independent experiments. Two-way ANOVA with Tukey’s multiple comparisons post hoc test.
G Tripartite GFP complementation assay involving the co-transfection of a pair of N-terminally T10- and T11-tagged TDP-43 constructs in HeLa cells subjected to arse-

nite stress for 30 min and incubated with recombinant GFP1–9 after fixation to label T10- and T11-TDP-43 dimers. TriFC: trimolecular fluorescence complementation.
Scale bar: 10 μm.

H Quantification of the trimolecular fluorescence complementation (triFC) signal of GFP in the TIA-1-marked SGs from the images shown in (G). N = 3 independent
experiments. Repeated measures one-way ANOVA with Greenhouse–Geisser correction and Tukey’s multiple comparisons post hoc test.

I Expression of GFP-TDP-43 mutNLS variants was induced with doxycycline (DOX) for 4 h before crosslinking protein–protein interactions with DSG and subsequent
analysis by western blot. * and ** indicate GFP-TDP-43 monomers and dimers, respectively.

J Quantification of the GFP signal from (I). N = 3 independent experiments. Repeated measures one-way ANOVA with Greenhouse–Geisser correction and Tukey’s mul-
tiple comparisons post hoc test.

K After expression of GFP-TDP-43 mutNLS variants for 48 h, the isogenic lines were treated with DSG to cross-link protein–protein interactions before performing
nucleocytoplasmic fractionation and western blot analysis. * and ** indicate GFP-TDP-43 monomers and dimers, respectively. **P < 0.01, ***P < 0.001,
****P < 0.001. Graph bars represent mean � SD.

Source data are available online for this figure.
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Subsequently, we probed the different TDP-43 inclusions formed

upon proteasomal inhibition in the isogenic cell lines and human

neurons with markers that identify nuclear and cytoplasmic TDP-43

aggregates in the CNS of ALS/FTLD patients, namely ubiquitin (Arai

et al, 2006; Neumann et al, 2006) and TDP-43 C-terminally phos-

phorylated at serines (S) 403/404 or 409/410 (Hasegawa

et al, 2008). Both in the isogenic HEK293 lines (Appendix Fig S8A)

and in human neurons (Appendix Fig S3B), MG132-induced cyto-

plasmic inclusions were starkly immunopositive for ubiquitin. Neu-

ronal nuclear inclusions (NIIs) containing TDP-43 (WT and RRMm)

were also ubiquitin-positive (Appendix Fig S3B), similar to a subset

of the nuclear aggregates arising upon MG132 treatment in HEK293

(Appendix Fig S3A). Likewise, cytoplasmic TDP-43 inclusions in

both the cell lines (Fig 7E) and human neurons (Fig 7F) were overtly

phosphorylated at the S403/404 TDP-43 epitope. Immunopositivity

for phospho-S403/404 was also observed for some NIIs (Fig 7F) and

a subset of the smaller nuclear inclusion in the isogenic lines

(Fig 7E). Phosphorylation at the more C-terminal S409/410 TDP-43

epitope was observed in a fraction of both cytoplasmic and nuclear

inclusions in neurons (Fig 7G) and cytoplasmic inclusions formed

by GFP-TDP-43 mutNLS in the isogenic HEK293 cell line (Appendix

Fig S3C). More specifically, the larger and denser inclusions were

found immunopositive for phospho-S409/410. In contrast, none of

the inclusions found in the GFP-TDP-43 HEK293 lines (WT, 6M,

RRMm, and 6M&RRMm) were labeled by the phospho-S409/410

antibody, despite their immunopositivity for phospho-S403/404

(Fig 7E; Appendix Fig S3C). This is in line with the previously

reported sequential N- to C-terminal phosphorylation pattern in the

LCR of TDP-43 (De Rossi et al, 2021) and indicates a process of

TDP-43 aggregate maturation in our human neurons and isogenic

HEK293 cell lines. Taken together, the distinctly localized TDP-43

inclusions formed in our cellular models harbor the pathological fea-

tures that characterize TDP-43 aggregates in the CNS of ALS/FTLD

patients.

TDP-43 aggregates in an LLPS- or an aggresome-dependent
manner in the nucleus and cytoplasm, respectively

To understand the origin of cytoplasmic and nuclear TDP-43 inclu-

sions, we performed live cell imaging of the GFP-TDP-43 isogenic

lines during treatment with the proteasome inhibitor. While WT

GFP-TDP-43 condensates merely changed position, fused and split

within the nucleus upon MG132 addition, monomeric GFP-TDP-43

(6M and 6M&RRMm) formed a single cytoplasmic inclusion whose

size increased over time, accompanied by gradual decrease in the

diffuse nuclear TDP-43 signal (Fig 8A; Appendix Fig S4A) resem-

bling the nuclear clearance that has been widely reported in neurons

with TDP-43 pathology in ALS and FTLD patients (Arai et al, 2006;

Neumann et al, 2006; Ling et al, 2013). Fluorescence recovery after

photobleaching (FRAP) experiments revealed that whereas WT

◀ Figure 7. Loss of RNA binding or oligomerization differentially modulate the subcellular localization of TDP-43 inclusions with pathological signatures.

A Representative confocal microscopy images of the isogenic GFP-TDP-43 lines after 48 h of expression, treated with the proteasome inhibitor MG132 for the last
24 h and stained for lamin B to mark the nuclear envelope. Note the different localization of TDP-43 inclusions in the oligomerization- (6M and 6M&RRMm) versus
RNA binding-deficient (RRMm) variants. Scale bar: 20 μm (5 μm for inset).

B Quantification of the localization of GFP-TDP-43 inclusions after MG132 treatment for the different variants in the isogenic HEK293 lines as shown in (A). Repre-
sented values are averages from N = 3 independent experiments, with N = 189–497 cells quantified per condition and replicate.

C Representative maximum intensity Z-projections from confocal fluorescence imaging (thickness of 4 μm, in steps of 1 μm) of human neurons transduced with
TDP-43-HA variants and treated overnight with the proteasome inhibitor MG132. Scale bar: 10 μm.

D Quantification of the differentially localized TDP-43-HA inclusions in human neurons as described in (C). Represented values correspond to the quantification of
N = 85–97 neurons from two independent experiments.

E Representative maximum intensity Z-projections from confocal fluorescence imaging (thickness of 4 μm, in steps of 1 μm) of the same experimental conditions as
shown in (A), with the addition of a DMSO control for MG132 treatment. GFP-TDP-43-expressing cells were double immunolabeled for TDP-43 phosphorylated at
the S403/404 and S409/410 epitope. Note the absence of phospho-S409/410 immunopositivity in all conditions and positivity for phospho-S403/404 in cytoplasmic
inclusions and a subset of nuclear GFP-TDP-43 RRMm inclusions (appointed by arrowheads). Scale bar: 10 μm.

F, G Representative maximum intensity Z-projections from confocal fluorescence imaging (thickness of 4 μm, in steps of 1 μm) of the same experimental conditions as
shown in (C), with the addition of a DMSO control. TDP-43-HA expressing human neurons were stained for either phospho-S403/404 (F) or phospho-S409/410 (G).
Scale bar: 10 μm. Note the re-localization of the phospho-S403/404 signal from neuronal nuclei to inclusions (F) and the presence of phospho-S409/410 signal in
only a subset of aggregate-bearing neurons (G). Nuclei are stained with DAPI in (C, E–G). The neuron-specific marker MAP2 is shown in magenta or cyan in (C, F, G).

Source data are available online for this figure.

▸Figure 8. TDP-43 aggregates in an LLPS- or an aggresome-dependent manner in the nucleus and cytoplasm, respectively.

A Representative images of live widefield fluorescence microscopy over the course of the MG132 treatment of the isogenic GFP-TDP-43 lines in the conditions described
in Fig 7A (24 h of MG132 treatment). Numbers in images indicate the experimental time point in hours (h) of MG132 treatment. Scale bar: 5 μm.

B Representative fluorescent confocal microscopy images of FRAP experiments of the GFP-TDP-43 aggregates formed upon MG132 treatment as described in Fig 7A.
FRAP was performed in the areas highlighted in magenta. Numbers in images indicate the experimental time point in seconds (") of MG132 treatment. Scale bar:
5 μm. Bottom panel: Measured GFP intensity values are expressed as a fraction of the average pre-bleach fluorescence levels.

C Live widefield fluorescence microscopy depicting a fusion event and aberrant phase transition of RRMm GFP-TDP-43 condensates upon MG132 treatment in the con-
ditions described in Fig 7A. Numbers in images indicate the experimental time point in seconds (") of MG132 treatment. Scale bar: 3 μm.

D Representative confocal microscopy images of the isogenic GFP-TDP-43 lines at the endpoint (24 h) of MG132 treatment of the experimental conditions described in
Fig 7A and stained for vimentin. Scale bar: 5 μm.

E Representative confocal microscopy images of the isogenic GFP-TDP-43 lines at the endpoint (24 h) of MG132 treatment of the experimental conditions described in
Fig 7A and stained for p62. Cell nuclei are visualized with DAPI in (D and E). Scale bar: 5 μm.

Source data are available online for this figure.
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GFP-TDP-43 remained diffuse throughout the treatment, cytoplas-

mic inclusions comprising monomeric TDP-43 (6M and 6M&RRMm)

were immobile structures (Fig 8B; Appendix Fig S4B). A similar

aggregation pathway—a single focus expanding in size yielding one

solid cytoplasmic inclusion—was also observed for the RNA

binding-deficient GFP-TDP-43 (RRMm) in the cytoplasm (Appendix

Fig S4C and D), suggesting that the formation of cytoplasmic aggre-

gates upon proteasomal failure requires neither oligomerization nor

RNA binding. In contrast, in the nucleus, the elevated protein levels

of GFP-TDP-43 RRMm caused by proteasome inhibition induced the

formation of many, initially dynamic condensates, which eventually

fused to form a single solid inclusion (Fig 8B and C), reminiscent of

the single intranuclear inclusions found in patients with specific

FTLD subtypes (Hiji et al, 2008; Lee et al, 2017). FRAP analysis

showed that GFP-TDP-43 RRMm in the final inclusion had lost its

liquid behavior (Fig 8B). In a subset of cells, GFP-TDP-43 RRMm

deposited in the nucleoli (Appendix Fig S4E), in line with the pro-

tein quality control properties of this phase-separated compartment

(Frottin et al, 2019). Importantly, the formation of nuclear aggre-

gates occurs also in human neurons, in a subset of transduced cells

transduced with RRMm TDP-43-HA, even in the absence of protea-

some inhibition (Appendix Fig S2D). This was accompanied by an

increased in nuclear condensates in transduced cells without inclu-

sion (Appendix Fig S4F). Together, these data suggest that TDP-43

aggregates via LLPS in the nucleus.

The MG132-induced cytoplasmic TDP-43 inclusions in the

human neurons and isogenic lines were consistently found adjacent

to the nucleus, in a location occupied by the aggresome (Appendix

Fig S9G). The latter is a juxtanuclear accumulation of misfolded pro-

teins resulting from saturation of the chaperone refolding system

and/or the UPS degradation pathway (Appendix Fig S4G) which has

been linked to the origin of protein aggregates in neurodegenerative

diseases (Johnston et al, 1998). Indeed, cytoplasmic inclusions,

formed by monomeric and/or RNA binding-deficient GFP-TDP-43

(6M, RRMm, and 6M&RRMm) in the stable lines, were surrounded

by a vimentin cage, a characteristic feature of aggresomes (Fig 8D;

Appendix Fig S4H) (Johnston et al, 1998). Additionally, cytoplas-

mic, but not nuclear, TDP-43 aggregates were positive for p62

(Fig 8E), a critical component of aggresomes (Matsumoto et al,

2018) and a pathological aggregate marker in certain FTLD subtypes

(Hiji et al, 2008; Lee et al, 2017). These observations suggest that

distinct pathways towards TDP-43 aggregation are at play in the

nucleus and cytoplasm and that monomerization increases TDP-43

incorporation in cytoplasmic aggresomes upon proteasomal failure,

thereby potentially triggering cytoplasmic TDP-43 aggregation in

disease.

Discussion

In this study, we describe the interconnection between NTD-driven

TDP-43 oligomerization and RNA binding, and show that they coop-

eratively retain TDP-43 in the nucleus, instruct its functionality and

therefore slow down its turnover. We demonstrate that oligomeriza-

tion is essential for the broad function of TDP-43 in splicing regula-

tion and allows its LLPS-mediated incorporation into nuclear

membraneless compartments, including Cajal bodies and para-

speckles. Our work describes for the first time that, under physiolog-

ical conditions, TDP-43 oligomers exist in the cytoplasm, where

they are required for LLPS-dependent incorporation into SGs. More-

over, we show that in the absence of RNA binding, TDP-43 oligo-

merization is reduced, but the dimers that do form adopt a spatial

orientation that is different from the RNA-bound oligomeric state.

Importantly, our results shed light on the molecular mechanisms of

two distinct and independent pathways triggering TDP-43 aggrega-

tion, which highlight the importance of TDP-43 monomerization

and/or loss of RNA binding as key early events in the development

of TDP-43 proteinopathies (Fig 9).

TDP-43 oligomerization is a dynamic event that controls the rela-

tive amounts of TDP-43 monomers, dimers, and oligomers in the

cell. However, the specialized roles of the individual TDP-43 species

in health and disease remained unknown. Expression of different

TDP-43 variants at near-physiological levels in human cell lines and

in our human neural system revealed that, in comparison to its olig-

omeric counterpart, monomeric TDP-43 lacks functionality,

becomes more prone to escape the nucleus—likely by passive diffu-

sion (Ederle et al, 2018; Pinarbasi et al, 2018)—and is rapidly

degraded. In the event of proteasomal failure, these otherwise short-

lived TDP-43 monomers are deposited into aggresomes, whose

expansion is accompanied by a progressive decrease in nuclear

▸Figure 9. Oligomerization and RNA-binding enable TDP-43 physiological functions and their disruption drives nuclear and cytoplasmic aggregate

formation via distinct pathways.

Schematic representation of the role of NTD-driven oligomerization and RNA binding in TDP-43 physiology and pathology. Upper panel: In healthy cells, TDP-43 mono-
mers and oligomers are in a dynamic equilibrium. TDP-43 is actively imported into the nucleus (Winton et al, 2008), where oligomerization and RNA binding retain it in
large macromolecular complexes, limiting passive outflow. In the nucleus, oligomerization and RNA binding are key for the essential roles of TDP-43 in RNA processing,
including alternative splicing. Furthermore, oligomerization enables LLPS of TDP-43 and in conjunction with binding to specific RNAs—such as small Cajal body-specific
RNAs (scaRNAs) (Izumikawa et al, 2019) and NEAT1 (Polymenidou et al, 2011; Tollervey et al, 2011)—allows its localization to distinct subnuclear compartments, primar-
ily Cajal bodies and paraspeckles. TDP-43 oligomers are also detected in the cytoplasm, where its LLPS-mediated incorporation into SGs under stress conditions depends
on both oligomerization and RNA binding. Lower panel: In disease, loss of oligomerization or RNA binding disrupts its inclusion into nuclear bodies, increases nuclear
efflux, leads to transcriptome-wide splicing alterations (including TDP-43 autoregulation) and drives TDP-43 aggregation via two independent pathways. Upon failure of
the ubiquitin-proteasome degradation machinery observed with aging and in ALS/FTLD patients (Arai et al, 2006; Neumann et al, 2006; Jayaraj et al, 2020), monomeric
TDP-43 aggregates in an aggresome-dependent manner in the cytoplasm. Notably, the known decline in active nuclear import in disease (Coyne et al, 2021) would fur-
ther exacerbate TDP-43 cytoplasmic accumulation. In the nucleus, loss of TDP-43 RNA-binding results in enhanced formation of both monomers that escape to the cyto-
plasm and nuclear TDP-43 oligomers with distinct orientation. When the concentration of TDP-43 rises (e.g., due to the aforementioned proteasomal failure), RNA-
binding deficiency modulates TDP-43 LLPS, culminating in the formation of nuclear aggregates via an LLPS-mediated pathway. Taken together, RNA binding and oligo-
merization allow TDP-43 to maintain its localization and functionality in physiology and their disruption drives LLPS-dependent and aggresome-dependent aggregation
pathways in the nucleus and cytoplasm, respectively. LCD: low complexity domain, LLPS: liquid–liquid phase separation, NTD: N-terminal domain, RRMs: RNA recognition
motifs.
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TDP-43. This cytoplasmic aggregation observed in our human cellu-

lar models recapitulates the key pathological TDP-43 features

observed in affected neurons of patients with TDP-43 proteinopa-

thies, namely its nuclear clearance, loss of function, cytoplasmic

aggregation ubiquitination and pathological C-terminal phosphory-

lation (Arai et al, 2006; Neumann et al, 2006). Interestingly, the

aggresome pathway was previously linked to sporadic ALS/FTLD

(Lee et al, 2019) through the disturbance of p62 (Lee et al, 2019;

Foster et al, 2021), a key player in aggresome formation (Matsu-

moto et al, 2018). Furthermore, the aggresome markers HDAC6 and

p62 have been reported to colocalize with a subset of cytoplasmic

TDP-43 aggregates in ALS/FTLD patients (Hiji et al, 2008; Lee

et al, 2017; Watanabe et al, 2020). When the conditions that favor

the monomeric state of TDP-43 and hamper its proteasomal degra-

dation persist, TDP-43 monomers contained in the aggresomes may

resist clearance by aggrephagy and further mature into compact
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aggregates due to the high concentration of unfolded LCRs, which in

the absence of NTD-driven organization are not spatially separated

(Afroz et al, 2017). Since monomeric TDP-43 is unable to autoregu-

late its own levels, the continued production of more TDP-43 to

compensate for its loss of function will only exacerbate this patho-

logical transition. Our data signify that loss of TDP-43 oligomeriza-

tion ignites a pathological cascade that culminates in the formation

of cytoplasmic TDP-43 inclusions via the aggresome pathway.

In addition to loss of oligomerization, our data also indicate that

the disturbance of the spatial organization of TDP-43 oligomers due

to loss of RNA binding triggers a distinct pathological cascade lead-

ing to aggregation in the nucleus. While previous studies have

addressed the role of RNA in TDP-43 pathogenesis (Mann et al,

2019; Wang et al, 2020; Yu et al, 2021), our work provides insights

into the molecular mechanism underlying the aberrant phase transi-

tion of NTD-driven RNAless TDP-43 oligomers into nuclear immo-

bile inclusions. Using a combination of imaging and biochemical

assays, we observed that TDP-43 oligomers present a different ori-

entation in an RNA-bound or -unbound state. RNA-bound TDP-43

oligomers enact its physiological functions, maintain its localization

and antagonize the formation of pathological aggregates (Afroz

et al, 2017 and this study), while RNAless TDP-43 oligomers, that

may or may not have functional roles, undergo aberrant phase sepa-

ration leading to nuclear aggregation (Yu et al, 2021 and this study).

These observations clarify the apparently controversial role of the

NTD in aggregate formation, which has been found both synergistic

(Zhang et al, 2013; Romano et al, 2015; Sasaguri et al, 2016; French

et al, 2019) and antagonistic (Afroz et al, 2017). Based on our obser-

vations, we propose that NTD-mediated TDP-43 self-interaction is a

double-edged sword: in the presence of RNA, it is essential for TDP-

43 to perform its functions and undergo physiological LLPS, while

in the absence of RNA binding it promotes aberrant LLPS that leads

to aggregation.

In addition to the cytoplasmic aggregation of TDP-43, neuronal

intranuclear inclusions have been reported in two of the five recog-

nized FTLD-TDP subtypes (Arai et al, 2006; Neumann et al, 2006,

2007; Cairns et al, 2007; Josephs et al, 2009; Lee et al, 2017) and are

particularly abundant in FTLD cases linked to mutations in valosin-

containing protein (VCP) (Cairns et al, 2007; Neumann et al, 2007),

which is involved in nuclear protein quality control degradation

(Gallagher et al, 2014). In our human cellular models, we observed

LLPS-driven intranuclear aggregation of RNA binding-deficient TDP-

43 oligomers upon inhibition of proteasomal degradation. Similarly,

nuclear inclusions have also been reported in previous studies

employing strong overexpression of TDP-43 RNA-binding mutants

in cells and neurons (Elden et al, 2010; Wang et al, 2012; Mompean

et al, 2017; Flores et al, 2019; Mann et al, 2019). In addition to its

LLPS-mediated nuclear aggregation, RNA binding-deficient TDP-43

formed cytoplasmic inclusions via the aggresome pathway. This

route is likely favored by the increase of the monomeric TDP-43

state in the absence of RNA binding, accompanied by nuclear efflux,

as previously shown upon proteasome inhibition in cultured neu-

rons (van Eersel et al, 2011). Altogether, our data show that when a

cell encounters proteostatic stress, TDP-43 takes different routes

towards inclusion formation, and the selection of the pathway

depends on both the protein state (monomeric vs. RNAless) and the

subcellular environment (cytoplasm vs. nucleus). While our study

provides evidence for the importance of two such routes (nuclear

LLPS-dependent and cytoplasmic aggresome-mediated), additional

aggregation pathways—for example, cytoplasmic LLPS-mediated

(Gasset-Rosa et al, 2019; Mann et al, 2019; Watanabe et al, 2020)—
likely exist and may be triggered under different circumstances and

involve other TDP-43 states. Collectively these distinct pathways

may account for the spectrum of cytoplasmic aggregates observed in

patients with TDP-43 proteinopathies.

Why would the majority of TDP-43 aggregates reside in the cyto-

plasm in ALS/FTLD patients? Our data indicate that TDP-43 mono-

merization and its subsequent nuclear efflux is a more frequent or

potent event than decreased RNA binding affinity. Additionally, the

high nuclear RNA concentrations that have been shown to prevent

LLPS of RNA-binding proteins (Maharana et al, 2018) may counter-

act aberrant LLPS and aggregation, even in the absence of specific

RRM-RNA interactions for TDP-43. This balancing mechanism may

be reinforced by the upregulation of some architectural TDP-43 RNA

targets in the nucleus, including NEAT1 (Maharana et al, 2018;

Wang et al, 2020). This RNA binding could instruct the proper,

RNA-loaded orientation of TDP-43 oligomers with a concomitant

increase in physiological LLPS in the form of nuclear bodies. In fact,

elevated NEAT1 levels and paraspeckle formation have been amply

reported in TDP-43 proteinopathies (Tollervey et al, 2011; Nishi-

moto et al, 2013; Shelkovnikova et al, 2018; Wang et al, 2020).

The cellular machinery that regulates TDP-43 oligomerization

remains unknown. While protein concentration is a determinant of

TDP-43 oligomerization (Chang et al, 2012; Afroz et al, 2017), the

conditions that keep the balance between monomeric and oligo-

meric TDP-43 species in healthy cells and, most importantly,

increase TDP-43 monomerization in disease require further investi-

gation. Post-translational modifications (PTMs) are excellent candi-

dates for such physiological regulation of TDP-43 oligomerization

and a recent study identified a single serine phosphorylation event

within the NTD interface that decreases oligomerization in vitro

(Wang et al, 2018), albeit its effects within cells or occurrence in dis-

ease have not yet been tested. Similarly, specific acetylation events

within the RRMs that lower the affinity of TDP-43 for RNA have

been detected in ALS patients (Cohen et al, 2015) and were subse-

quently reported to trigger nuclear TDP-43 aggregation via aberrant

LLPS (Yu et al, 2021). Supporting the link between reduced RNA

affinity and disease, ALS/FTLD-associated mutations within the

RRMs have been shown to disrupt RNA binding and enhance TDP-

43 proteinopathy (Chen et al, 2019). Moreover, since ATP was

recently shown to directly bind the NTD of TDP-43, thereby enhanc-

ing its oligomerization (Wang et al, 2019), the decrease in cellular

ATP levels with age (Boveris & Navarro, 2008) could also act as a

monomerization-inducing trigger. It is also conceivable that addi-

tional, yet unknown, protein interactors of TDP-43 may act as modi-

fiers of oligomerization. Future work should focus on determining

the molecular switches within TDP-43 and/or protein partners that

regulate its oligomerization and RNA binding and on validating the

occurrence of diminished TDP-43 oligomerization and RNA affinity

in patient tissues. Such insights will be valuable to inform drug

design targeting TDP-43 oligomerization and RNA binding, includ-

ing dimer stabilization or recovery of RRM-RNA interactions, among

others.

In conclusion, oligomerization and RNA binding allow TDP-43 to

maintain its localization and function in physiology and their dis-

ruption drives distinct aggregation pathways in the nucleus and
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cytoplasm, indicating that distinct molecular origins may account

for the plethora of TDP-43 aggregation types observed in ALS and

FTLD subtypes.

Materials and Methods

Plasmids

The pcDNA5 plasmid containing the GFP-tagged human TDP-43

cDNA sequence was a kind gift of Dr. Shuo-Chien Ling (Ling

et al, 2010). The mutations to introduce siRNA resistance in the

TDP-43 coding region without altering the amino acid sequence and

the oligomerization-disrupting mutations in the N-terminal domain

were previously described (Afroz et al, 2017). RNA-binding disrup-

tion mutations were introduced by site-directed mutagenesis PCR as

described before (Afroz et al, 2017), using high-fidelity Phusion

DNA Polymerase (New England Biolabs, M0530) with primers

detailed in Appendix Table S1 followed by DpnI (New England

Biolabs, R0176) digestion before bacterial transformation and col-

ony selection.

Plasmids encoding T10- and T11-tagged TDP-43 and TDP-43 6M

have already been reported (Afroz et al, 2017; Foglieni et al, 2017).

The sequence encoding TDP-43 RRMm was amplified by PCR from

the pcDNA5 plasmids described above by adding BamHI/XhoI

restriction sites using the primers detailed in Appendix Table S1.

Amplified products were cloned into the T10 and T11pcDNA3 paren-

tal plasmids (Foglieni et al, 2017) between BamHI and XhoI in order

to obtain plasmids encoding T10-HA-TDP43 RRMm and T11-β1-TDP-
43 RRMm. The same amplified sequence was cloned into the plas-

mids encoding T10- and T11-tagged TDP-43 6M (Foglieni et al, 2017)

between EcoRI and XhoI in order to obtain plasmids encoding for

T10-HA-TDP43 6M&RRMm and T11-β1-TDP-43 6M&RRMm.

TDP-43 with a C-terminal HA tag was directly amplified from the

GFP-TDP-43 construct described above and inserted into an autore-

gulatory all-in-one TetON cassette previously inserted into pLVX

backbone (preprint: Hruska-Plochan et al, 2021) by Gibson cloning

using the NEBuilder HiFi DNA Assembly Cloning Kit (New England

Biolabs, E5520S) according to the manufacturer’s instructions.

The plasmid encoding the His6-tagged RRMs of TDP-43 for bacte-

rial protein expression was previously published (Lukavsky

et al, 2013) and mutations disrupting RNA binding were introduced

as described above. The plasmid encoding TDP-43-MBP-His6 for

bacterial protein expression was a gift from Nicolas Fawzi (Addgene

plasmid #104480; http://n2t.net/addgene:104480; RRID:

Addgene_104480) (Wang et al, 2018). Point mutations for 6M, S2C,

C39S, and C50S were introduced with site-directed mutagenesis PCR

with high fidelity Phusion DNA Polymerase (New England Biolabs,

M0530) using primers described in Appendix Table S1. The plasmid

encoding the MBP-His6 was generated using deletion cloning by

PCR with high fidelity Phusion DNA Polymerase (New England

Biolabs, M0530) using designed primers described in Appendix

Table S1.

Recombinant protein expression and purification

Production of TDP-43 RRMs for NMR studies was performed as pre-

viously described (Lukavsky et al, 2013). Production of full-length

TDP-43 was performed as previously reported (De Rossi

et al, 2021). In brief, recombinant protein was expressed in Escheri-

chia coli One Shot BL21 Star (DE3) cells (Thermo Fisher, C601003)

in lysogeny broth (Invitrogen, 12780052). When the culture reached

OD600 = 0.8 at 37°C, temperature was decreased to 4°C for 45 min

and protein expression was subsequently induced with 1 mM iso-

propyl β-D-thiogalactoside (IPTG; Biosolve, 162423) at 16°C for

16 h. Cells were harvested by centrifugation and resuspended in

30 ml of lysis buffer (20 mM Tris pH 8.0 (Biosolve, 0020092391BS),

1 M sodium chloride (NaCl; Sigma Aldrich, 71380), 10 mM imidaz-

ole (Sigma Aldrich, 792527), 10 % (v/v) glycerol (Sigma Aldrich,

G7757), 1 mM tris(2-carboxyethyl)phosphine (TCEP; Sigma Aldrich,

C4706), 5 protease inhibitor tablets (Roche, 11836170001)) per liter

culture. Resuspended pellets were lysed by rod sonication (W-385

LSL SECFROID Sonicator, Heat System Ultrasonic, 11 cycles, 10 s

on, 20 s off) and subsequently centrifuged. The supernatant

containing the soluble TDP-43-MBP-His6 was filtered through

0.22 μm syringe filters and applied to a Ni Sepharose® Excel mate-

rial (Sigma, GE17371201) in a gravity column (Econo glass column

Biorad, 7372532). Subsequent washes were performed with lysis

buffer and wash buffer (30 mM Tris, pH 8.0, 3 M NaCl, 10% (v/v)

glycerol, 1 mM 1,4-dithiothreitol (DTT; Thermo Fisher, P0861)), the

protein was eluted in 30 ml 20 mM Tris pH 8.0, 1 M NaCl, 10 %

(v/v) glycerol, 500 mM imidazole, 1 mM TCEP. The eluate was con-

centrated using Amicon Ultra-15 concentrators MWCO 10 kDa

(Merck Millipore, UFC901024) to a volume of 10 ml and subse-

quently injected onto a HiLoad 26/60 Superdex 200 pg size-

exclusion column (SEC; GE Healthcare, 17-1071-01) in SEC buffer

(20 mM Tris, pH 8.0, 300 mM NaCl, 1 mM TCEP, 0.007 % (w/v)

tween-20 (Sigma Aldrich, P1379)) on an €Akta pure system (Cytavia,

25M1). Pure fractions (as analyzed by silver staining) were pulled

and concentrated again with Amicon Ultra-15 concentrators,

aliquoted and snap frozen for storage at �80°C. The MBP-His6 was

purified like the full-length TDP-43, but purity was achieved after

the Ni Sepharose Excel material (Merck, GE17-3712-02) and the pro-

tein was subsequently dialyzed against a storage buffer (20 mM Tris

pH 8.0, 300 mM NaCl, 1 mM TCEP) overnight at 4°C, concentrated
the next day using Amicon Ultra-15 concentrators MWCO 10 kDa

(Merck Millipore, UFC901024), flash frozen and kept at �80°C.

Circular dichroism experiments

Pure full-length TDP-43-MBP constructs were thawed on ice and

centrifuged for 15 min at 17,000 g and 4°C. The buffer was

exchanged to 10 mM sodium phosphate pH 7.4 (0.036 % (w/v)

sodium phosphate monobasic (Sigma Aldrich, S3139), 0.2 % (w/v)

sodium phosphate dibasic (Sigma Aldrich, S5136)) using 500 μl con-
centrators with a MWCO of 10 kDa (Merck Millipore, UFC501024)

5 × (11,000 g, 10 min, 4°C). To ensure the solubility of the isolated

protein, the concentrate was again centrifuged as described above.

Protein concentration was determined by the extinction coefficients

and molecular weights of the constructs (ExPASy ProtParam soft-

ware) and absorbance at 280 nm (NanoDrop, Thermo Scientific).

CD spectra of 200 μg/ml recombinant protein were recorded at 20°C
from 180 to 250 nm with a bandwidth of 1 nm and a sampling

period of 25 s on a Chirascan V100 (Applied Photophysics). Elliptic-

ity (in mdeg) was transformed to molar ellipticity (in

deg cm2 dmol�1) with the following formula, where c (in M) is the
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concentration and L (in cm) represents the pathlength of the

cuvette:

θ½ � ¼ θ

10� c � L

Phase separation experiments

Pure concentrated fractions of recombinant protein MBP-tagged full-

length WT and 6M TDP-43 were desalted in a buffer of 20 mM

sodium phosphate pH 7.2 (0.072 % (w/v) sodium phosphate mono-

basic, 0.4 %(w/v) sodium phosphate dibasic), 300 mM NaCl,

0.001% (v/v) TWEEN 20, 50 mM L-arginine (Merck Millipore,

A5006), 50 mM L-glutamic acid (Merck Millipore, G1251) on a

HiTrap desalting column (Cytavia, 17140801). An equimolar fluoro-

phore labeling reaction was set up with CF660R maleimide (Biotum

Inc., Fremont, CA) previously dissolved in dimethylformamide

(DMF) in an N2-hood and incubated for 16 h at 4°C under constant

rotation. Reaction was stopped with 10 mM DTT and subsequently

passed through a HiLoad 10/300 Superdex 200 pg SEC (Cytiva,

28990944) in SEC buffer on an €Akta pure system (Cytavia). Labeling

position was confirmed by mass spectrometry and labeling ratio was

determined by first determining the correct protein concentration:

Protein concentration Mð Þ ¼ A280� Amax CF660R � CFð Þ
ε

where A280 is the absorbance of the protein at 280 nm, Amax CF660R

is the CF660R dye absorbance at 663 nm (absorbance maximum of

CF660R), CF is the correction factor for the amount of absorbance

at A280 caused by the dye, and ε is the protein molar extinction

coefficient.

The labeling ratio was subsequently calculated with following

formula:

Dye=protein ratio ¼ Amax CF660R

ε0 � protein concentration Mð Þ

where ε0 is the molar extinction coefficient of the CF660R fluores-

cent dye.

Correctly labeled protein with a labeling efficiency of > 75% was

snap frozen and stored at -80°C. TDP-43-MBP constructs were

thawed and centrifuged (17,000 g, 15 min, 4°C) before exchanging

the buffer to a to phase separation buffer consisting of 20 mM HEPES

pH 7.4 (Biosolve, 0008042359BS), 150 mM NaCl, and 1 mM TCEP

with Amicon 10 M WCO concentrators (Merck, UFC501024). The

samples were centrifuged 5 × (11,000 g, 10 min, 4°C) and protein

concentration was determined as described above. Phase separation

of 10 μM TDP-43-MBP containing CF660R-labeled TDP-43-MBP at a

ratio of 1/200 was induced using a TEV protease (Sigma-Aldrich,

T4455) at a final concentration of 0.0045 mg/ml in phase separation

buffer and incubation for 30 min at 22°C in μ-Slide Angiogenesis

glass-bottom coverslips (ibidi, 81507). Images were acquired on a

fluorescence microscope (Nanoimager S, ONI) with an Olympus

100× objective (1.4 NA) using a wavelength of 640 nm and 10%

laser power. Reversibility was tested by adding 1,6-hexanediol

(Sigma, 240117) to a final concentration of 8% (w/v) in phase sepa-

ration buffer from the beginning of the reaction. Image analysis and

condensate counts were performed with ImageJ (1.52k).

Cell line culture

All cells were cultured at 37°C with saturated humidity and an atmo-

sphere of 5% CO2, and regularly tested for mycoplasma contamina-

tion. HeLa (ATCC, CCL-2) cells were cultured in DMEM (Gibco,

61965-059) supplemented with 1% non-essential amino acids (Gibco,

11140035) and 10% fetal bovine serum (FBS; Gibco, 10270-106).

Mouse motor neuron-like hybrid cells NSC-34 (Bioconcept,

CLU140) were proliferated on Matrigel (Corning, 354234)-coated

dishes in Dulbecco’s modified Eagle medium (DMEM; Sigma,

D5671) supplemented with 10% FBS, 1× GlutaMAX (Gibco, 35050-

061), 100 U/ml penicillin, and 100 μg/ml streptomycin (Gibco,

15140-122). For experiments, differentiation was induced by

switching to DMEM/F12 medium (Gibco, 21331-020) supplemented

with 1× GlutaMAX, 1× B27+ supplement (Gibco, 17504-044), 1× N2

supplement (Gibco, 17502-048), 100 U/ml penicillin, and 100 μg/ml

streptomycin.

HEK293 Flp-In T-REx stable lines were cultured in DMEM (Sigma,

D5671) supplemented with 10% FBS, 1× GlutaMAX, 15 μg/ml blasti-

cidin S (Gibco, R21001; Invivogen, ant-bl-10p), 100 μg/ml hygro-

mycin B (Gibco, 10687010), 100 U/ml penicillin, and 100 μg/ml

streptomycin. HEK293 Flp-In T-REx stable lines were as previously

described (Laferriere et al, 2019). In brief, HEK293 Flp-In T-REx

(Invitrogen, R78007) cells were cultured in DMEM supplemented

with 10% FBS, 1× GlutaMAX, 15 μg/ml blasticidin S, 100 μg/ml

zeocin (Gibco, R25001), 100 U/ml penicillin and 100 μg/ml strepto-

mycin. 3 × 105 HEK293 cells/well were plated in a 6-well plate and

transfected after 48 h with 125 ng of the corresponding pcDNA5

plasmid (GFP-TDP-43 WT, 6M, RRMm or 6M&RRMm) and 1,125 ng

of pOG44 plasmid with 6.25 μl Lipofectamine 2000 (Invitrogen,

11668019) according to the manufacturer’s instructions. After recov-

ery for 48 h, cells were passaged to a 10-cm dish with DMEM supple-

mented with 10% FBS, 1× GlutaMAX, 15 μg/ml blasticidin S,

100 μg/ml hygromycin B, 100 U/ml penicillin, and 100 μg/ml strep-

tomycin. Cells were selected for 2–3 weeks, expanded and subse-

quently frozen, and then cultured in the same medium.

When required, cells were treated with the appropriate chemicals

at the following concentrations: 1 μg/ml doxycycline (Clontech,

631311), 2.5 μM MG132 (APExBIO, A2585), 1.25 μM MLN9708

(Selleck Chemicals, S2181), 500 nM bortezomib (BTZ; APExBIO,

A2614), 100 nM bafilomycin A1 (Sigma-Aldrich, SML1661), 100 μg/
ml cycloheximide (Sigma-Aldrich, C4859), 5 μg/ml actinomycin D

(Sigma-Aldrich, A1410), 10% 1,6-hexanediol, 500 μM or 1 mM

sodium arsenite (Alfa Aesar, 41533; Sigma-Aldrich, 35000-1L-R),

dimethyl sulfoxide (DMSO; Sigma-Aldrich, D2650).

Human neural culture

Human neural networks were differentiated from an in-house-

developed iPSC-derived self-renewing human neural stem cell line

(iCoMoNSCs) obtained from control human skin fibroblast, as

described previously (preprint: Hruska-Plochan et al, 2021). In brief,

600,000 iCoMoNSCs were plated onto Matrigel-coated (Corning,

354234) 6-well plates in DMEM/F12 medium, supplemented with

0.5× B27– supplement (Gibco, 12587-010), 0.5× N2 supplement; 1×
GlutaMAX and 25 ng/ml bFGF (Gibco, PHG0261) and complete

medium was changed daily. When confluency reached ∼ 95%, the

medium was switched to DMEM/F12 (Gibco, 11330-032), 0.5× B27+
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supplement, 1× N2 supplement, 1× GlutaMAX, 100 U/ml penicillin

and 100 μg/ml streptomycin, 5 μM forskolin (Cayman, AG-CN2-

0089-M050), 1 μM synthetic retinoid Ec23 (Amsbio, AMS.SRP002-2),

and 500 nM smoothened agonist SAG (Millipore, 5666600) for the

first 5 days. The majority of the medium was changed daily. On days

6–10, Ec23 was increased to 2 μM. The majority of the medium was

changed daily. On days 11–25, Ec23 was decreased to 10 ng/ml,

SAG to 50 nM and 20 ng/ml BDNF (PeproTech, 450-02), 20 ng/ml

GDNF (PeptroTech, 450-10) and 20 ng/ml CNTF (Alomone labs, C-

240) were added. Two-thirds of the medium was changed three

times per week. From day 26 onwards, media was switched to a neu-

ral maturation medium consisting of 1:1 DMEM/F12:neurobasal

medium (Gibco, 21103-049), 1× B27+ supplement, 1× N2 supple-

ment, 1.5× GlutaMAX, 5 μM forskolin, 20 ng/ml BDNF, 20 ng/ml

GDNF, 20 ng/ml CNTF, 20 ng/ml NT-3 (PeproTech, 450-03), 20 ng/

ml IGF-1 (Stem Cell, 78022), and 10 μM cAMP (Sigma, D0260). Two-

thirds of the medium was changed three times per week. 14–
22 weeks old neural cultures were used for the experiments.

Cultures were dissociated into single cell suspension using a

Papain Dissociation System (Worthington, LK003150), including pass-

ing through 70 μm (Falcon, 08-771-2) and 40 μm (Falcon, 08-771-1)

cell strainers and resuspended in neural maturation medium. Cells

were plated onto Matrigel-coated 96-well plates (135,000 cells/well)

(Greiner Bio-One, 655090), 8-well glass-bottom chambers (between

2,400,000 and 425,000 cells/well) (ibidi, 80,827) or Matrigel-and-poly-

D-lysine-coated 18-well glass-bottom chambers (100,000–120,000
cells/well) (ibidi, 81817). For non-transduced cultures, medium was

regularly refreshed. For expression of TDP-43-HA variants, cultures

were transduced with 1,000 ng/ml lentivirus in neural maturation

medium 2–14 days after subculturing. The following day, the com-

plete medium was refreshed. Two days after transduction, complete

medium was exchanged to neural maturation medium containing

1 μg/ml doxycycline to induce transgene expression. When required,

doxycycline was included in subsequent medium refreshments. Cul-

tures were fixed at days 2–9 after doxycycline addition and appropri-

ate treatments if required.

When required, neural cultures were treated with the appropriate

chemicals at the following concentrations: 1 μg/ml doxycycline,

10 μM MG132, 10 μg/ml actinomycin D, and 25 μM ivermectin

(Sigma-Aldrich, I8898).

Lentiviral vector production

TDP-43-HA variants were packaged into lentivirus, harvested and

concentrated as described previously (preprint: Hruska-Plochan

et al, 2021). Lentiviral pellets were resuspended in neural matura-

tion medium (containing all supplements but forskolin and cAMP),

achieving 10x concentrated preparations of which the lentiviral titer

was determined using Lenti-X GoStix Plus (Takara, 631280). Lenti-

viral preparations were aliquoted and stored at -80°C until use.

Quantitative PCR (qPCR)

HEK293 stable lines were plated at a density of 3 × 105 cells/well in

a 6-well plate (TPP, 92406). Expression of GFP-TDP-43 was induced

with 1 μg/ml doxycycline after 24 h and cells were harvested 48 h

later. Total RNA from cells in a single well of a 6-well plate was iso-

lated using the RNeasy Plus Mini Kit (Qiagen, 74134) according to

the manufacturer’s instructions. Complementary DNA (cDNA)

corresponding to 1 μg was generated using oligo(dT)20 primers and

the SuperScript™ III First-Strand Synthesis SuperMix (Invitrogen,

18080400) according to the manufacturer’s instructions. A qPCR of

50 cycles was performed with 10 ng of cDNA and 6.6 pmol of each

of the primers (Appendix Table S2) per reaction using Fast SYBR™
Green Master Mix (Applied Biosystems, 4385612) in an AriaMx

Real-Time PCR System (Agilent, G8830A). Relative fold gene expres-

sion was calculated with the 2–ΔΔCt method.

GFP complementation assay

Tripartite GFP complementation experiments were performed as

described before (Afroz et al, 2017; Foglieni et al, 2017). Cells

grown on poly-D-lysine (Sigma-Aldrich, P6407)-coated 24-well

plates (ibidi, 82426) or 8-well glass chambers (ibidi, 80827) to 70%

confluency were transfected with Lipofectamine 2000 or jetPRIME

(Polyplus-transfection, 114-15) according to the manufacturer’s

instructions. Cells were incubated for at least 1 day before immuno-

cytochemistry analysis.

Protein–protein cross-linking in cells

Native protein–protein interactions were stabilized by crosslinking

with disuccinimidyl glutarate (DSG; Thermo Scientific, 20593 or

A35392) as previously reported (Afroz et al, 2017). In brief, cells

grown to 80% confluency in 6-well or 10 cm plates were washed

once in cell culture-grade PBS (Gibco, 10010-015), scrapped in ice-

cold cell culture-grade PBS and collected at 300 g and 4°C for 5 min

in a 1.5-ml microfuge tube. Cells were resuspended in 100 or 600 μl
ice-cold cell culture-grade PBS containing protease inhibitors and a

freshly prepared 20 mM or 100 mM DSG solution in DMSO was

added to the suspension to a final concentration of 1 mM. After incu-

bation at 25°C and 1,500 rpm for 30 min in a Thermomixer (Eppen-

dorf, 2230000048), the reaction was quenched by addition of Tris

base to a final concentration of 20 mM and further incubation for

15 min. Cells were collected by centrifugation at 300 g for 5 min.

Nucleocytoplasmic fractionation of cells

Nucleocytoplasmic fractionation of the GFP-TDP-43 (mutNLS) iso-

genic HEK293 lines was performed following a previously published

protocol (Suzuki et al, 2010) with the following changes. Cells in 10-

cm dishes at 80–90% confluency were scrapped in 1 ml cell culture-

grade PBS, collected by centrifugation at 300 g for 5 min and resus-

pended in 880 μl cell culture-grade PBS supplemented with 0.1%

NP-40 (Sigma, 74385). The final pellet fraction enriched in nuclei

was resuspended in 380 μl of 1× Laemmli buffer and 1× reducing

agent (Invitrogen, B0009) in cell culture-grade PBS supplemented

with protease inhibitors, and 10 μl of each three of the final fractions

were loaded onto the polyacrylamide gel for western blot analysis.

Immunocytochemistry

For immunocytochemistry experiments, cell lines were plated onto

poly-D-lysine (Sigma-Aldrich, P6407)-coated 96- or 24-well plates

(Greiner Bio-One, 655090; ibidi, 82426) or 8-well glass chambers

(ibidi, 80827). Unless stated otherwise, cell line cultures were fixed
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in 4% methanol-free formaldehyde (Thermo Scientific, 28908) in

warm medium for 15 min, washed with cell culture-grade PBS,

permeabilized and blocked in 10% donkey serum (Sigma-Aldrich,

S30-M) and 0.1% Triton X-100 in cell culture-grade PBS for 10 min

at RT. Neural cultures were plated onto Matrigel-coated 96-well

plates (135,000 cells/well) or 8-well glass-bottom chambers

(between 2,400,000 and 425,000 cells/well). Neural cultures were

fixed in 4% methanol-free formaldehyde in cell culture-grade PBS

for 25 min, washed with cell culture-grade PBS, permeabilized in

0.5% Triton X-100 in cell culture-grade PBS for 5 min and blocked

in 10% donkey serum and 0.1% Triton X-100 in cell culture-grade

PBS for 30 min at RT. Primary antibodies (Appendix Table S3) were

diluted in the same buffer and incubated with the samples overnight

at 4°C. After three washes with cell culture-grade PBS, Alexa Fluor-

conjugated donkey secondary antibodies (Appendix Table S3) were

incubated for 1 h at RT and subsequently further washed with cell

culture-grade PBS. Nuclei were counterstained with 1 μg/ml DAPI

(Thermo Scientific, 62248) and samples imaged in cell culture-grade

PBS.

Proximity ligation assay (PLA)

Cell lines plated on 96-well plates were fixed in pure ice-cold metha-

nol for 7 min at �20°C, followed by three cell culture-grade PBS

washes. PLA assay was performed using custom labeled antibodies

and the Duolink In Situ Detection Reagents Red (Sigma-Aldrich,

DUO92008) as described by the manufacturer but with slight modifi-

cations. In brief, antibodies of choice (anti-TDP-43, anti-GFP, and

anti-HA in Appendix Table S3) in a carrier-free buffer were labeled

with MINUS and PLUS probes using the Duolink In Situ Probemaker

MINUS (Sigma-Aldrich, DUO92010) and Duolink In Situ Probe-

maker PLUS (Sigma-Aldrich, DUO92009) according to the manufac-

turer’s instructions. After blocking for at least 15 min with blocking

solution at room temperature, probe-conjugate antibodies were

incubated overnight at 4°C. After two washes of 5 min each with

buffer A (10 mM Tris, 150 mM NaCl 0.05% Tween 20), ligation

reaction was performed as indicated by the manufacturer. After an

additional two washes of 5 min each with buffer A, amplification

reaction was performed as indicated by the manufacturer. The reac-

tion was quenched with buffer B (100 mM Tris, 100 mM NaCl). If

required, secondary antibodies were incubated in cell culture-grade

PBS overnight at 4°C, followed by DAPI counterstaining and imag-

ing in cell culture-grade PBS.

Fluorescence in situ hybridization (FISH)

FISH assay was performed using target probes for NEAT1 (Invi-

trogen, VX-01) and the View RNA Cell Plus Assay (Invitrogen, 88-

19000) according to the manufacturer’s instructions with slight

modifications. HEK293 stable lines were plated at a density of

10 × 104 cells/well onto poly-D-lysine-coated 96-well plates. After

24 h, expression of GFP-TDP-43 was induced and, after further

48 h, cells were fixed in ViewRNA Cell Plus Fixation/Permeabiliza-

tion Solution for 30 min at room temperature. After five washes

with 1× PBS with RNase Inhibitor, ViewRNA Cell Plus Probe Solu-

tion containing the target probes was incubated for 2 h at 40°C. Fol-
lowing, the cells were washed with ViewRNA Cell Plus Wash Buffer

Solution and Signal amplification was continued as indicated by the

manufacturer. Nuclei were counterstained with DAPI and samples

were imaged in cell culture-grade PBS.

RNA sequencing (RNA-seq)

HEK stable lines were plated at a density of 73 × 105 cells/well in 6-

cm dishes (TPP, 93060). Expression of GFP-TDP-43 was induced

with 1 μg/ml doxycycline 24 h later and cells were harvested after

further 48 h. Total RNA from cells in a single well of a 6-well plate

was isolated using the RNeasy Plus Mini Kit (Qiagen, 74134)

according to the manufacturer’s instructions with an additional on-

column DNase I (Qiagen, 79254) treatment at room temperature for

15 min to ensure the removal of all traces of genomic DNA. RNA

quality was assessed by TapeStation (Agilent, Waldbronn, Ger-

many) before being sent to Fasteris (Plan-les-Ouates, Switzerland)

for RiboZero library preparation and paired-end NovaSeq Illumina

sequencing. The RNA sequencing data been deposited to the

Sequence Read Archive (SRA) with the dataset identifier

PRJNA970105. Each sample (four biological replicates per condi-

tion) was sequenced twice and the resulting fastq files were merged

before the analysis. Trimmomatic (Bolger et al, 2014) was used for

quality trimming and adapter clipping of the reads and alignment to

the Ensembl GRCh38 reference sequence was performed with STAR

v.2.7.6a (Dobin et al, 2013). Gene counts were generated using

featureCounts v.1.4.6-p2 (Liao et al, 2014) with default options

based on the Ensembl Homo sapiens GRCh38v.102 gene annotation

file. Differentially expressed genes were identified using the DESeq()

function from the DESeq2 package v.1.18.1 of the R statistical soft-

ware (Love et al, 2014), applying an adjusted P-value cutoff of 0.05.

For differential splicing analysis, the aforementioned trimmed reads

were aligned to the combined splice junction files from the previous

STAR runs for all samples. Counts were calculated for all exons

using the dexseq_count.py script from the DEXseq software (Anders

et al, 2012) and differential splicing events between conditions were

detected using the R software in conjunction with the DEXseq pack-

age, applying an adjusted P-value cutoff of 0.01.

Mass spectrometry and label-free quantification (LFQ) of whole-
cell lysates

HEK stable lines were plated at a density of 73 × 104 cells/dish in 6-

cm dishes (TPP, 93060). After 24 h, expression of GFP-TDP-43 was

induced and, after further 48 h, cells were collected by pipetting up

and down in cell culture-grade PBS and centrifugation for 5 min at

300 g. Pellets were snap frozen in liquid nitrogen and stored at

�80°C until use. Four biological duplicates per condition were col-

lected with a difference of two passages each, but sample prepara-

tion for mass spectrometry (MS) was performed simultaneously for

all samples regardless of the replicate.

Samples were prepared by using a commercial iST Kit (PreOmics,

P.O.00027) with an updated version of the protocol. Briefly, 50 μg
of the samples were solubilized in “Lyse” buffer, boiled at 95°C for

10 min and processed with high intensity focused ultrasound for

30 s at an amplitude of 85%. Samples were then transferred to the

cartridge and digested with 50 μl of the “Digest” solution for 60 min

at 37°C before stopping the reaction with 100 μl of “Stop” solution.

Solutions in the cartridge were removed by centrifugation at

3,800 g, while the peptides were retained by the iST-filter. Finally,
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digested peptides were washed, eluted, dried, and re-solubilized in

20 μl of “LC-Load” buffer. Samples were further diluted 1:10 prior

for MS analysis.

MS analysis of samples was performed on a Q Exactive HF-X

mass spectrometer (Thermo Scientific), equipped with a Digital

PicoView source (New Objective) and coupled to an M-Class UPLC

(Waters). Solvent composition at the two channels was 0.1% formic

acid for channel A and 0.1% formic acid, 99.9% acetonitrile for

channel B. For each sample, 2 μl of peptides were loaded on a com-

mercial MZ Symmetry C18 Trap Column (100 �A, 5 μm,

180 μm × 20 mm, Waters) followed by nanoEase MZ C18 HSS T3

Column (100 �A, 1.8 μm, 75 μm × 250 mm, Waters). The peptides

were eluted at a flow rate of 300 nl/min by a gradient from 8 to

27% B in 85 min, 35% B in 5 min, and 80% B in 1 min. Samples

were acquired in a randomized order. The mass spectrometers were

operated in data-dependent mode (DDA) acquiring a full-scan MS

spectra (350–1,400 m/z) at a resolution of 120,000 at 200 m/z after

accumulation to a target value of 3,000,000, followed by higher-

energy collision dissociation (HCD) fragmentation on the 20 most

intense signals per cycle. HCD spectra were acquired at a resolution

of 15,000 using a normalized collision energy of 25 and a maximum

injection time of 22 ms. The automatic gain control (AGC) was set

to 100,000 ions. Only precursors with intensity above 250,000 were

selected for MS/MS. Charge state screening was enabled. Singly,

unassigned and charge states higher than seven were rejected. Pre-

cursor masses previously selected for MS/MS measurement were

excluded from further selection for 30 s, and the exclusion window

was set at 10 ppm. The samples were acquired using internal lock

mass calibration on m/z 371.1012 and 445.1200. The mass spec-

trometry proteomics data have been deposited to the ProteomeX-

change Consortium via the PRIDE partner repository with the

dataset identifier PXD041795.

The mass spectrometry proteomics data were handled using the

local laboratory information management system (LIMS; Türker

et al, 2010). The acquired raw MS data were processed by

MaxQuant (version 1.6.2.3), followed by protein identification using

the integrated Andromeda search engine (Cox & Mann, 2008). Spec-

tra were searched against a Swiss-Prot Homo sapiens (Human) ref-

erence proteome (taxonomy 9606, version from 2019-11-02), [PN3]

concatenated to its reversed decoyed fasta database and common

protein contaminants. Carbamidomethylation of cysteine was set as

fixed modification, while methionine oxidation and N-terminal pro-

tein acetylation were set as variable. Enzyme specificity was set to

trypsin/P allowing a minimal peptide length of seven amino acids

and a maximum of two missed-cleavages. MaxQuant Orbitrap

default search settings were used. The maximum false discovery

rate (FDR) was set to 0.01 for peptides and 0.05 for proteins. Label-

free quantification was enabled and a 2-min window for match

between runs was applied. In the MaxQuant experimental design

template, each file is kept separate in the experimental design to

obtain individual quantitative values.

Protein fold changes were computed based on peptide intensity

values reported in the MaxQuant-generated peptides.txt file, using

linear mixed-effects models (Bates et al, 2015). Peptide intensities

reported in the peptides.txt file were processed as follows: all pro-

teins with only one identified and quantified peptide were removed,

as well as intensities equal to zero. Non-zero intensities are log2

transformed and modified using robust z-score transformation.

Afterwards, for each protein, a mixed-effects model was fitted to the

peptide intensities, and fold changes and P-values were computed

based on this model for each contrast (Kuznetsova et al, 2017). For

a contrast, all the protein P-values were adjusted using the Benja-

mini and Hochberg procedure to obtain the FDR (Benjamini &

Hochberg, 1995).

To estimate fold-changes for proteins for which a mixed-effects

model could not be fit because of an excess in missing measure-

ments, we proceed as follows. First, we compute the mean intensity

for all peptides for each condition. For the proteins with no mea-

surements, we impute the peptide intensities using the mean of the

10% smallest average peptide intensities computed in step one.

Afterwards, we compute contrasts (differences between conditions)

for each peptide and finally, the median of the peptide estimates is

used to provide a per protein fold change estimate.

Sodium dodecyl-sulphate polyacrylamide gel electrophoresis
(SDS-PAGE)

Unless indicated otherwise, cells were lysed in RIPA buffer

consisting of 10 mM Tris-Cl pH 8.0, 1% Triton X-100 (Sigma-

Aldrich, T9284), 0.1% sodium deoxycholate (Sigma-Aldrich,

D6750), 0.1% SDS (Sigma-Aldrich, 05030), 140 mM NaCl, supple-

mented protease inhibitors, 2 mM MgCl2 (Sigma-Aldrich, M8266),

and 1 U/μl Benzonase (Millipore, 71205-3).

Protein concentration of analyzed samples was measured by

bicinchoninic acid assay (Thermo Scientific, 23227) or with Pierce

660 nm Protein Assay Reagent (Thermo Scientific, 22660).

Equal protein amounts from cell lysates or of recombinant pro-

teins were mixed with LDS loading buffer (Invitrogen, B0008)

supplemented with reducing agent (Life Technologies, B009) and

denatured for 10 min at 90°C or 5 min at 95°C. Samples were

loaded on 15- or 17-well BOLT 4–12% Bis-Tris precast gels (Invi-

trogen, NW04125BOX or NW04127BOX). SDS–PAGE was performed

in MES buffer (Invitrogen, B000202) at 90 V for 15 min and 150 V

until the lowest marker band (Thermo Scientific, 26617 or 26619)

reached the bottom line.

Coomassie staining

Gels were stained in a staining solution containing 0.25% (w/v)

Coomassie Brilliant Blue R-250 (Bio-rad, #1610400), 45% (v/v)

methanol (Merck Millipore, 67-56-1), 10% (v/v) acetic acid (Merck,

100063.1000) for 1 h at room temperature and subsequently double

destained for 1 h and overnight at RT in destaining solution (45 %

(v/v) methanol, 10% (v/v) acetic acid).

Silver staining

Gels were fixed for 45 min at room temperature in a fixation solu-

tion of 30% (v/v) ethanol (VWM Chemicals, 20821.296), 10% (v/v)

acetic acid, and subsequently sensitized for 45 min at RT in a sensi-

tizing solution of 7.5% (v/v) ethanol, 6.8% (w/v) sodium acetate

(Sigma Aldrich, S2889), 0.2% (w/v) sodium thiosulfate (Sigma

Aldrich, S6672), and 0.03125 % glutaraldehyde (v/v) (Sigma

Aldrich, G5882). Gels were then washed three times for 5 min with

Milli-Q water at room temperature and incubated for 20 min at

room temperature in a silver staining solution of 0.2% w/v silver
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nitrate (Sigma Aldrich, 31630) and 0.0028% formaldehyde (v/v)

(Sigma Aldrich, F8775). The gels were washed for 30 s with Milli-Q

water and immersed in a developing solution of 2.5% (w/v) sodium

carbonate (Sigma Aldrich, S2889) and 0.0014 % (v/v) formaldehyde

for 5–7 min at room temperature. The reaction was stopped with a

stopping solution of 1% (w/v) glycine (Sigma Aldrich, G7126) and

washed three times for 5 min with Milli-Q water at room tempera-

ture. All steps were performed using 50 ml of solution.

Western blot

Using an iBlot Gel Transfer Device (IB21001), proteins were blotted

onto nitrocellulose membranes (Invitrogen, IB23002 or IB23001),

which were subsequently blocked in 5% skimmed milk (Coop) in

PBS (PanReac AppliChem, A0965) 0.05% TWEEN 20 (PBS-T). Pri-

mary and horseradish peroxidase-conjugated secondary antibodies

(Appendix Table S3) were incubated in 1% milk in PBS-T overnight

at 4°C or for 1 h at room temperature. Western blots were devel-

oped with SuperSignal West Pico PLUS Chemiluminescent Substrate

(Thermo Scientific, 34577) or SuperSignal West Femto Maximum

Sensitivity Substrate (Thermo Scientific, 34095) in an ImageQuant

LAS 4000 system in semi-automatic chemiluminescent mode.

Western blot analysis

Analysis of chemiluminescent signals from western blots was

performed with Fiji (Schindelin et al, 2012). Raw integrated density

(RawIntDent) was calculated for each band by selecting equal-sized

areas including the band corresponding to the protein of interest per

condition and one area for background control. Background RawInt-

Dent was subtracted from the signal of interest (GFP, TDP-43)

before normalizing by the values of the loading control (SOD1,

GAPDH), previously controlled for background as well. For nucleo-

cytoplasmic fractionation ratios, values were normalized by the

respective fraction loading controls before calculating the ratio.

Image acquisition

Confocal fluorescence microscopy images were acquired on Leica

SP5 or SP8 Falcon inverted confocal laser microscopes using a 63×
objective (NA 1.4) with oil immersion and between 1× and 4 zoom

or a 40× air objective (NA 0.9). Widefield microscopy images and

live cell imaging were performed using a IN Cell Analyzer 2500HS

microscope using a 40X CFI Plan Apo Lambda objective (NA 0.9).

Fluorescence recovery after photobleaching (FRAP)

FRAP experiments and analysis were performed as described before

(Scotter et al, 2014) in a Leica SP5 inverted confocal laser micro-

scope using 63X objective (NA 1.4). Cells were plated on 24-well

plates and cultured with phenol red-free DMEM (Gibco, 31053028).

Image analysis

For quantification of the GFP-TDP-43 variants or endogenous TDP-

43 in HEK293 cells, widefield microscopy fields were randomly

selected in the DAPI channel and optimal focus obtained using the

DAPI and G3BP channels (Fig 2A and I; Appendix Fig S6H).

Trainable Weka Segmentation (Arganda-Carreras et al, 2017) plug-

in from Fiji (Schindelin et al, 2012) was trained to create regions of

interest (ROIs) corresponding to the nucleus and cytoplasm of the

cells in the field based on the DAPI and G3BP signals, respectively.

The ROIs were subsequently used to measure the TDP-43 signal in

the corresponding channel (Appendix Fig S2A), from which the

nucleocytoplasmic (N/C) ratio was calculated. The same pipeline

was followed to determine the N/C ratio of endogenous TDP-43 in

human neural cultures upon mock, ActD or IVM treatment (Fig 2K),

but using DAPI and MAP2 signals to identify the neuron-specific

nuclei and cytoplasm instead.

For analysis of TDP-43-HA localization in human neurons

(Fig 2C), confocal microscopy fields were randomly selected in the

DAPI channel. After transgene expression was verified in the HA

channel, optimal focus was obtained using the DAPI and MAP2

channels and single focal planes were acquired. Using Fiji (Schin-

delin et al, 2012), mean intensity of the HA channel was measured

in ROIs manually drawn based on the DAPI and MAP2 signal to

identify the nucleus and the cytoplasm and the N/C ratio was subse-

quently calculated.

Quantification of the number, volume and localization of nuclear

droplets in HEK cells was performed using Imaris (RRID:SCR_

007370) on confocal microscopy Z-stacks acquired in steps of

0.21 μm. After three-dimensional reconstruction of the nucleus, a

“Nucleus” surface was created using the DAPI channel with a sur-

face detail of 0.1 μm in absolute intensity mode and thresholding to

the nearest ten below. The biggest surface computed based on vol-

ume was chosen as the nucleus. Mean intensity signal from the

TDP-43 channel was measured within the “Nucleus” surface to cal-

culate the “nuclear TDP-43” values. TDP-43 droplets were modeled

by creating a “Droplets” surface using the TD-43 channel with a sur-

face detail of 0.1 μm and background subtraction mode of 0.1 μm.

All bodies bigger than 0.003 μm3 were considered droplets. The

“Droplets” surface was used to quantify the number and volume of

nuclear TDP-43 droplets (Fig 3B and F; Appendix Fig S3A and B).

For colocalization analysis (Fig 5B and C; Appendix Fig S5B), sur-

faces of the different nuclear subcompartments were created follow-

ing the same approach as for the nuclear TDP-43 droplets. Distance

between the center of mass of each droplet to the nearest nuclear

body and between each nuclear body to the nearest droplet was cal-

culated in order to determine the percentage of TDP-43 droplets

colocalizing with a known nuclear body and the percentage of TDP-

43+ nuclear bodies of each type, respectively. A distance < 500 nm,

the axial resolution limit of confocal microscopy (Fouquet

et al, 2015), was considered as colocalization.

Analysis of GFP-TDP-43 aggregate localization in mock- and

MG132-treated in HEK293 lines (Fig 7B; Appendix Fig S7A–C) was

performed in randomly acquired widefield microscopy images with

Fiji (Schindelin et al, 2012). Cells were manually divided into four

groups using the GFP and DAPI signals: no aggregation, nuclear

aggregation, cytoplasmic aggregation and both nuclear and cytoplas-

mic aggregation. For quantification of TDP-43-HA aggregate locali-

zation in mock- and MG132-treated human neural cultures (Fig 7D;

Appendix Fig S7D), confocal microscopy images were analyzed with

Fiji (Schindelin et al, 2012) to identify transduced neurons using the

MAP2 and HA channels. Using the HA and DAPI channels, the neu-

rons were manually divided into the four aforementioned groups.

Only aggregates were counted, meaning that neurons exhibiting
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diffuse nuclear extraction of TDP-43-HA were classified under “no

aggregation.”

Statistical analysis

Depending on the experimental design and whether the dataset

followed a normal distribution (as determined by a Shapiro–Wilk

normality test), statistical analysis was performed with a unpaired

two-tailed t-test, a Mann–Whitney U-test, a repeated measures or

unpaired one-way analysis of variance (ANOVA) with Tukey’s or

Dunnett’s multiple comparisons post hoc test, a two-way ANOVA

with Tukey’s multiple comparisons post hoc test or a Kruskal–Wallis

test with Dunn’s multiple comparisons post hoc test, as specified in

the legends of each figure. ns: not significant, *P < 0.05,

**P < 0.01, ***P < 0.001 and ****P < 0.0001. Error bars in graphs

represent the standard deviation of the dataset (SD). Horizontal

lines in violin plots represent the mean and quartiles of the dataset.

In cases where the data was represented as a percentage of control,

statistical analysis was performed with the original data in order not

to skew the variances and the normal distribution of the data (Lew,

2007).

Data availability

All data needed to evaluate the conclusions in the paper are present

in the paper and/or the supplementary materials (Extended View

and Appendix). The mass spectrometry proteomics data have been

deposited to the ProteomeXchange Consortium via the PRIDE part-

ner repository (https://www.ebi.ac.uk/pride/archive/projects/

PXD041795) with the dataset identifier PXD041795 and the RNA

sequencing data been deposited to the Sequence Read Archive

(SRA) (https://www.ncbi.nlm.nih.gov/bioproject/970105) with the

dataset identifier PRJNA970105.

Expanded View for this article is available online.
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